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ABSTRACT 

The diagenetic history of reservoir sandstones of the gas-bearing Kiskatinaw 

Formation was determined using core examination, petrography, x-ray diffraction, 

isotopic analysis, electron microprobe analysis, water analyses, and burial history 

modeling. 

Early diagenetic siderite and ankerite precipitated at shallow depths in pore 

waters which were a mixture of fresh and marine waters. Pervasive early cementation of 

high quantities of pore space (average 37.8 %) by anhydrite preserved intergranular 

volume and created the opportunity for later porosity creation. During up to 30 Ma years 

of pre-Permian exposure and erosion, anhydrite was dissolved by meteoric waters below 

the unconformity. Porosity created by anhydrite dissolution was greatly reduced by 

compaction and quartz cementation at deeper burial depths. 

During renewed burial, kaolinite, siderite cement, and quartz overgrowths were 

formed at temperatures of about 40 to 70 OC. Quartz dissolution occurred during the 

period of deepest burial and smectite, chlorite, and bitumen formed during uplift. 
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Chapter 1 


BACKGROUND 


1.l Introduction 

The Mississippian (Visean) Kiskatinaw Formation is an important gas producing 

sandstone in the Peace River region of northwestern Alberta and northeastern British 

Columbia. It has been the subject of significant exploration activity in recent years. This 

regional study investigates the diagenetic history of the Kiskatinaw and how diagenetic 

events influenced porosity destruction and creation. Also examined are the extent of 

various controls on diagenesis and porosity distribution in the Kiskatinaw. 

Paleozoic sandstones are uncommon in the Western Canada Sedimentary Basin 

and they have been the focus of little diagenetic research. The Kiskatinaw is 

significantly different from Mesozoic clastic rocks which have been the subject of most 

clastic diagenetic studies in western Canada. During its long (340 Ma) diagenetic 

history, the Kiskatinaw experienced a wide range of pore water and burial conditions. 

Originally, Kiskatinaw diagenesis was influenced by complicated stratigraphy, 

sedimentology, and structure largely due to its deposition over the collapsed Peace 

River Arch. Faults were active during Kiskatinaw deposition and continued to be active 

during much of its burial history. Significantly, the Kiskatinaw was eroded and trl~ncated 

updip (to the north and east) by the pre-Permian unconformity. 

1.2 Objectives 

The principle objectives of this project are to study the diagenetic history of the 

Kiskatinaw Formation and the extent to which diagenesis controlled reservoir quality. 

This includes the investigation of the extent of various controls on the diagenesis and 

porosity distribution of the Kiskatinaw. Possible controls include lithofacies, proximity 

(laterally) to the erosional edge, distance below the unconformity, proximity to faults, 

burial depth, grain size, hydrocarbon distribution, and timing of hydrogeological events. 

Oil industry geologists have long recognized that diagenesis in the Kiskatinaw is a 

significant control on reservoir quality, which can vary over short distances vertically and 

horizontally. Although there have been several oil industry proprietary studies with 



diagenetic components, little published information is available on Kiskatinaw 

diagenesis. Better understanding of diagenesis in the Kiskatinaw will facilitate more 

accurate prediction of porosity distribution. 

Core control in the Kiskatinaw is biased toward the basal channel sands which 

are the primary reservoir and accordingly, this study has focused on the basal sands. 

1.3 Location 

This study encompasses a 50 township (4660 km*) subsurface area within 

northwestern Alberta, north of Grande Prairie and east of Dawson Creek and Fort St. 

John. It includes the area from Township 75 to 84, Ranges 7 to 11, west of the Sixth 

Meridian (Figure 1 .I). The study area is adjacent on the north and east sides to the 

east-west and north-south trending erosional edge of the Kiskatinaw Formation (Figure 

1 .I). 

This area has been selected because it includes a number of gas fields, a good 

distribution of cored wells, and allows the study of the Kiskatinaw over a significant range 

of porosity and permeability, burial depth, paleogeography, and distance from the 

erosional edge. 

1.4 Prevlous Work 

Early work on Carboniferous sediments in the Peace River area concentrated on 

stratigraphic and age relationships. The Kiskatinaw Formation was named after the 

Kiskatinaw River in northeastern British Columbia and described at the subsurface type 

section by Halbertsma (1 959). Halbertsma (1 959) noted that sandstones higher in the 

Kiskatinaw section are similar petrographically to the basal sandstones, but generally 

less porous. Hobdevo (1 962) and Irish (1 963) demonstrated that Kiskatinaw equivalents 

outcrop in the British Columbia foothills west of Fort St. John. 

More recently Barclay and Devaney (1 986) recognized paleosol beds in the 

Kiskatinaw and Barclay and Davies (1 989) described Kiskatinaw lithofacies and tidal 

features. Barclay (1 988) documented sedimentological features of Kiskatinaw basal 

channels and the contact between the Kiskatinaw and the underlying Golata Formation. 

Richards (1 989) and Richards et al. (in press) discussed various aspects of the 
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Figure 1.l.Location of the study area. The Kiskatinaw Formation erosional edge is from 
Barclay et al. (1990). 



Kiskatinaw within overviews of Carboniferous geology in the Western Canada 

Sedimentary Basin. Barclay et al. (1990) discussed Kiskatinaw distribution, lithology, 

stratigraphy, contact relationships, age, and depositional environment. 

The origin and history of the Peace River Arch and its influence on sedimentation 

has been investigated by Sikabonyi (1 957), deMille (1 958), Lavoie (1 958), Williams 

(1 958), Sikabonyi and Rodgers (1959), Cant (1 988), Podruski (1 988), Stephenson et al. 

(1 989), Zelt and Ellis (1 989), and O'Connell et al. (1 990). Barclay et al. (1 990) 

demonstrated that continual synsedimentary movements of growth faults bounding 

grabens in the Peace River Embayment created the thickest Kiskatinaw sections within 

grabens. 

1.5 Methods 

Cores for study were selected so that a reasonable regional distribution of 

lithofacies and samples within the study area might be attained. A total of 441 metres of 

core from 27 wells was logged in detail and sampled (Table 1.I,Figure 1.2). Drill 

cuttings from two wells were also examined. All samples taken during this study were 

numbered using the University of Calgary archival number UCG.003.xxx. The well 

locations and depth of all samples are listed in Appendix A. 150 doubly polished thin 

sections were made to facilitate petrographic, backscattered scanning electron 

microscope (SEM), and microprobe study as necessary. The samples were 

impregnated with blue epoxy (with the exception of 31 which were impregnated with 

clear epoxy in error) to enable easy identification of porosity. The thin sections were 

stained following the method of Dickson (1 966) to allow easier identification of carbonate 

minerals. Eight doubly polished unstained electron micro-probe mounts containing 

representative carbonate cements were probed to determine carbonate compositions. 

Optical petrography, backscattered SEM petrography, secondary SEM examination of 

fracture samples and x-ray diffraction were used to identify and characterize diagenetic 

phases. Several of the diagenetic phases were separated pliysically or chemically for 

isotopic analysis. 

Core analysis data from 49 wells (Figure 1.2) and numerous geophysical well 

logs were used to help characterize porosity and permeability trends. 



Table 1.l.List of logged cores, cored intervals, and sample numbers. 

WELL LOCATION CORED INTERVAL* LENGTH ISAMPLE NUMBERS** 
I I I 


N.S.= no samples taken 
* core depths are calibrated to geophysical well log depths 
** all sample numbers are preceded by UCG.003. 



Figure1.2. Map of the study area showing core control and producing areas. The solid dots 
display the locations of cores examined (numbers are the legal subdivision and section of The 
Dominion Land Survey system). Additional wells with analysed core in the basal or lower 
Kiskatinaw Formation are indicated with open dots. The shaded areas outline field areas for 
Kiskatinaw reserves as defined by the Energy Resources Conservation Board (ERCB, 1992a). 
Also included are area names for non-productive areas. 
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Chapter 2 


GENERAL GEOLOGY 


2.1 Stratigraphy 

Early work on Carboniferous sediments in the Peace River arch area 

concentrated on stratigraphic and age relationships. Rutgers (1 955, 1958) proposed the 

name Stoddart Formation for sediments above the Debolt Formation and below the 

"Permo-Pennsylvanian". The "Permo-Pennsylvanian" was defined as the Belloy 

Formation by Halbertsma (1 959). Sikabonyi (1 957), Lavoie (1 958), Macauley (1 958), 

and Barclay et al. (1 990) showed the distribution and thickness of the Stoddart and its 

relationships with underlyirlg and overlying sediments. Halbertsma (1 959) proposed that 

the Stoddart Formation be raised to group status and be broken up into the Golata, 

Kiskatinaw, and Taylor Flat Formations (Figure 2.1). Halbertsma (1 959) also informally 

subdivided the Kiskatinaw into "Lower Sand" and "Upper Shale" units. As the 

Kiskatinaw and Golata are both Visean in age, and there is difficulty establishing the 

boundary between them where the Kiskatinaw is poorly developed, Halbertsma (1 961) 

suggested that the Kiskatinaw and Golata Formations be combined and raised to group 

status under the name Floral Group. This proposal has never been recognized by 

subsequent workers in the area. 

Hobdevo (1 962) and lrish (1 963) presented correlations showing that Kiskatinaw 

equivalents outcrop in the British Columbia foothills west of Fort St. John. Barclay et al. 

(1 990) divided the Kiskatinaw into a "lower subdivision" and "upper subdivision". The 

lower subdivision is equivalent to the "Lower Sand" of Halbertsma (1959) and consists of 

the basal sand and equivalent mudstone-rich facies. The basal sandstone is usually 

overlain by a distinct regional shale (Figure 2.2). Their "upper subdivision" consists of 

interbedded sandstone, shale, and carbonates. The Stoddart Group passes westward 

into the Besa River Formation within the foothills and grades northward into the Mattson 

Formation (Macauley, 1958; Bamber and Mamet, 1978). 

Paleontolgical work on the Stoddart conducted by Halbertsma (1 959), 

Halbertsma and Staplin (1 960), Hobdevo (1 962), lrish (1 963), Bamber and Mamet 

(1 978), Utting (1 987, 1989; in Barclay et al., 1990), and Barclay (1 988) has dated the 



Figure 2.1. Stratigraphic column of the Debolt Formation to Belloy Formation interval in the 
study area (modified after Barclay et al., 1990). 
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Figure 2.2. Gamma raylsonic well log illustrating the well log character of formation picks in the 
study area. The working stratigraphy used for the Kiskatinaw sands in this study is also shown. 
Formation picks were derived in part from Barclay et al. (1 990)and Barclay (1 988). 



Golata and Kiskatinaw as Late Visean and the Taylor Flat as Pennsylvanian. The Late 

Visean age was determined by examination of palynomorphs, brachiopods, corals, 

bryozoans, and foraminifera from the Golata and Kiskatinaw. 

The Kiskatinaw and Golata Formations are separated by a basin-wide 

unconformity. This is suggested by a paleosol unit which is often present where the 

Golata is thickest (that is, where it has not been incised) (Barclay et al., 1990) and 

extensive subaerial erosion of the Golata (Richards, 1989; Barclay et al., 1990). Barclay 

et al. (1 990) postulated that the Golata surface was above sea level and was incised by 

pre-Kiskatinaw erosion. In the eastern part of the study area, the incision cuts into the 

Debolt Formation which underlies the Golata. The incised valleys are filled by basal 

channel sands and tidal and muddy facies. When the basal sand is not present, the 

contact is gradational and is indicated only by an upward increase in sandstone content 

(Barclay, 1988; Barclay et al., 1990) or by paleosol development (Barclay et al., 1990). 

Some unconformities appear to be present within the Kiskatinaw (Barclay et al., 1990) 

and the Kiskatinawl Taylor Flat contact may also be a regional unconformity (Richards et 

al., in press; Barclay et al., 1990). 

Some oil industry scout sheets for wells drilled during the 1970's in the Balsam 

and Josephine area refer to the Kiskatinaw basal sand as the "Royce" or "Blueberry" 

sands. Current industry terminology is highly inconsistent and may include upper and 

lower Kiskatinaw sands, upper, middle and lower Kiskatinaw, or no internal subdivisions. 

The working stratigraphy used in this study is shown on a type well log in Figure 2.2. 

The sand at the base of the Kiskatinaw Formation is referred to as the "basal" sand. The 

basal sand or overlying finer-grained sediments are usually overlain by a radioactive, 

regional shale. In some wells, there is a thin sand within the regional shale. The sand 

overlying the regional shale is referred to in this study as the "lower" sand. Gas 

production is primarily from the basal sand, but the lower sand is also productive in some 

places. 

The Taylor Flat Formation overlies the Kiskatinaw Formation. The Taylor Flat is 

characterized by sonic log profiles which are less spiky than those in the upper part of 

the Kiskatinaw and by a radioactive shale at its base which has decreasing gamma-ray 

values upward (Barclay et al., 1990). The pick of the top of the Kiskatinaw is usually 

very difficult, and is usually not as obvious as in Figure 2.2, as the level at which the 



Kiskatinaw is eroded by the Taylor Flat varies and the contrast in sonic log profiles is 

usually not distinct. 

2.2 Regional Setting 

2.2.1 Tectonic Setting 

The Kiskatinaw Formation was deposited in a large structurally controlled 

depression which formed when the Peace River Arch collapsed in the late Devonian to 

Mississippian (Cant, 1988). 'This low, originally called the Peace River basin 

(Halbertsma and Staplin, 1 960; Proctor and Macauley, 1 968), is now called the Peace 

River Embayment (Douglas, 1970; Richards, 1989; Barclay et al., 1990) (Figure 2.3). 

The embayment was a broad, arcuate re-entrant into the cratonic plafform which opened 

westward into the Prophet Trough. The Prophet Trough was the western margin of the 

North American plate (Richards et al., in press). The Peace River Embayment was 

formed by block faulting and regional flexural subsidence (Richards et al., in press). 

The Peace River ArchIEmbayment has played a very significant role in the 

depositional, structural, and hydrogeological setting of the Kiskatinaw. The granitic 

basement of the area stands about 800 to 1000m above its regional elevation. The arch 

has had a complex and active history with early Paleozoic uplift, middle to late Devonian 

faulting and onlap, Mississippian block subsidence, Pennsylvanian faulting, Mesozoic 

downwarp (Cant, 1988), and Late Cretaceous uplift (Podruski, 1988). A series of horsts 

and grabens were active during Debolt Formation and Stoddart Group deposition. The 

grabens and horsts had a general northeast to southwest orientation with a second 

perpendicular set (Sikabonyi and Rodgers, 1959; Cant, 1988; O'Connell et al., 1990). 

The Kiskatinaw has long been known to thicken abruptly over some of the grabens 

(Cant, 1988). Early interpretations suggested that the thicker Stoddart sections in 

downthrown fault blocks resulted from protection from erosion (Sikabonyi, 1957; 

Macauley, 1958; and Sikabonyi and Rodgers, 1959) or from graben infill (Lavoie, 1958). 

Barclay et al. (1 990) demonstrated that Stoddart Group distribution and thickness was 

controlled by a high relief complex of active grabens which they named the Dawson 

Creek Graben Complex (Figure 2.3). Structural controls were also important on the local 

scale as the large scale grabens contain many smaller, kilometre-scale horst and graben 

blocks. Growth faulting penecontemporaneous with deposition resulted in thickening of 



SATELLITE GRABENS 

-

I 

1 km 

1- F O R M A T I O N  
HUDSGHOPE 


T.87 LOW 

Figure2.3. Tectonic elements of the Stoddart Peace River Embayment (PRE). The location 
of the Dawson Creek Graben Complex (Fort St. John, Hines Creek, Whitelaw, and Cindy 
grabens) during Kiskatinaw deposition is shown: A) plan view (modified after Barclay et al., 
1990 and Richards, 1989); B) block diagram showing vertical relief within the graben complex 
(from Barclay et al., 1990). 



sedimentary units into grabens, especially during Kiskatinaw deposition (Barclay et al., 

1990). 

2.2.2 Sediment Source 

There was a major influx of terrigenous clastics into the Peace River Embayment 

during upper Visean and Serpukhovian time. Richards et al. (in press) suggested that a 

change in sediment dispersal patterns or uplift in northern source areas was the main 

cause of the sediment influx as there were numerous minor global sea level fluctuations 

during this time. Core observations, which show an indistinct coarsening trend toward 

the east with a higher proportion of fine to medium grained sandstone, suggest that the 

basal and lower sands appear to have been sourced from the east within the Peace 

River Embayment. Barclay et al. (1 990) interpreted an eastern Canadian Shield source 

for the Kiskatinaw because of north-south facies belts becoming increasingly marine to 

the west, and because the monomineralic fine grained quartz arenites and a lack of 

igneous or metamorphic rock fragments indicate a cratonic source. The cratonic 

platform was located to the east of the embayment and most of it was exposed during 

Stoddart time (Richards, 1989). The abundant siliciclastics may have been supplied 

from the high relief, block faulted Ellesmerian Fold Belt of the Canadian Arctic 

Archipelago (Richards, 1989). On the southwest side of the Peace River Embayment, 

the Sukur~ka Uplift (Figure 2.3) appears to have been subaerially exposed during 

Stoddart Group deposition and probably supplied some Kiskatinaw sediment (Richards, 

1989). The source area was composed of at least a small component of sediments as 

the basal sand contains a trace of quartz grains with inherited overgrowths (Figure 2.4). 

2.2.3 Paleogeography 

Early Carboniferous paleogeographic reconstructions show that the Peace River 

Embayment was about 25 O N during Stoddart time (Richards, 1989). The climate during 

Kiskatinaw deposition was probably seasonally dry, subtropical or somewhat more 

humid (Richards, 1989). Terrestrial plant remains observed in some Kiskatinaw channel 

sands support the interpretation of Richards (1 989) that the climate in the northwest was 

more humid during Stoddart Group deposition than during deposition of the underlying 

Rundle Group. 



Figure 2.4. Photomicrographs of quartz grains with inherited quartz overgrowths (io). All three 
are the "double overgrowth" type of Sanderson (1984). 

A) sample UCG.003.004, 7-36-82-1 1 W6, 6167.5 feet (1879.9 m). 

B) sample UCG.003.004, 7-36-82-1 1 W6, 61 67.5 feet (1 879.9 m). 

C) sample UCG.003.129, 1 1-18-83-9W6,5769.5 feet (1 758.5 m). 
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2.2.4 Present Situation 

Due to basinward thickening during deposition resulting from ongoing 

syndepositional movement of growth faults (Barclay et al., 1990), the Kiskatinaw was 

inclined. The Kiskatinaw was later truncated updip (to the north and east) by pre- 

Permian erosion resulting in thinning of the Kiskatinaw near the erosional edge and there 

is no record of sediments deposited further to the east (Figures 2.5,2.3, and 1 . l )  

(Sikabonyi, 1957; Barclay et al., 1990). Tilting was increased by post-Laramide 

sediment dumping whicli thinned away from the disturbed belt (Kalkreuth and 

McMechan, 1988). The present structure of the Kiskatinaw trends approximately 

northwest-southeast, with the shallowest part in the northeast and the deepest part in the 

southwest (Figure 2.6). In addition, there are abrupt thickness variations caused by 

block faulting (partly syndepositional) and subsequent differential erosion. 

2.3 Lithology 

Quartzose sandstone with subordinate shale, skeletal limestone, dolostone, and 

siltstone constitute the Kiskatinaw (Halbertsma, 1959; Bamber and Mamet, 1978). The 

Kiskatinaw is characterized by marked lateral and vertical lithofacies variations, with 

southwestward increase in the proportion of shale, siltstone and carbonates (Richards et 

al., in press). Toward the top and toward the basin centre, limestone occurs (Barclay et 

al., 1990). The upper part of the Kiskatinaw consists of a wide variety of sediments 

which include vari-coloured quartz sands, shales, oolitic quartz sands, bioclastic sands, 

carbonate sands, sandy bioclastic carbonate, and skeletal limestone. 

2.4 Lithofacies 

Barclay and Davies (1 989) described Kiskatinaw lithofacies, identifying nine 

lithofacies. As this study encompassed a more restricted geographic area and had a 

less sedimentological focus, some differences in facies classification and description 

resulted. In the following section, the lithofacies identified in this study, highly modified 

after Barclay and Davies (1 989), are described, and their log character and distribution 

are discussed. 
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Figure 2.5. Schematic east-west cross-section of the Kiskatinaw Formation through the middle 
of the study area from the sixth meridian (1 18") to the AlbertalBritish Columbia border (120") 
(modified after Barclay, 1988). 

Figure 2.6. Structure contour map of the 
Kiskatinaw in the study area in metres 
subsea (from Barclay et al., 1990). 



2.4.1 Crossbedded and Massive Sandstones (XBMS) 

This lithofacies, most common in Kiskatinaw basal and lower sands, usually is 

the reservoir facies. Consequently, the majority of the core and samples examined in 

this study are from the XBMS lithofacies. Grain size is usually vertically constant in 

individual wells, resulting in blocky, low-radiation gamma ray profiles (Figure 2.7a, b, c). 

There is often a gamma-ray break within clean XBMS channels, suggesting that there 

may have been stacking of channels (Figure 2.7~). Some XBMS sections have gamma- 

ray profiles which are less blocky, without apparent changes in grain size or clay content 

(Figure 2.7d). The maximum thickness (interpreted on well logs) of the XBMS lithofacies 

in the study area is 35 m, but thicknesses of about 25 m are most common. 

The most common sedimentary structures in XBMS are massive beds (Figure 

2.8a, b, c, d), low to medium angle cross-beds (Figure 2.8e), trough cross-bedding 

(Figure 2.8f), and parallel bedding. Small amounts of herringbone cross-bedding are 

rare (Figure 2.89). Bedding features, often only faintly visible, are demarcated by 

remnants of anhydrite cement (Figure 2.8e, f), hematite staining, and concentrations of 

shale clasts, intraclasts, phosphatic clasts and carbonaceous material (Figure 2.89). 

Throughout the study area, grain size ranges from very fine to medium grained 

and is pebbly in some places. As discussed previously, in Section 2.2.3, there is a 

vague trend suggesting coarsening to the east. XBMS sands are light grey, tan, brown, 

and rarely dark grey in colour. Sands of various colours commonly have a mottled to 

banded appearance due to remnant white patches of anhydrite cement (Figure 2.8b, c, 

d, e, f). XBMS sands are quartzose and most are quartz arenites using the Folk (1 968) 

classification system. In addition, these sands are well sorted and range from rounded 

to well rounded. 

XBMS sands are mainly cemented by early calcite, siderite, ankerite, and 

anhydrite and later quartz overgrowths. When deposited, the sands were very clean as 

detrital clay is only rarely present. Authigenic clays include illite, kaolinite, chlorite, and 

smectite. Bitumen is also often present in XBMS sands. Porosities range from 1 to 22 

% and permeabilities range from 0.02 to about 1000 md. 

Within XBMS sandstones there are also occasional shale laminae (often crinkled 

to stylolitized) and rare coals and rooted zones. 

As Barclay and Davies (1989) noted, this sandstone facies is typically 
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Figure 2.7. Gamma ray well log profiles characteristic of lithofacies identified in this study. The 
lithofacies are described in the text. The scale on all gamma ray profiles is 0 to 150 API units. 
Cored intervals are indicated by black vertical bars. The working stratigraphy used in this study 
is labeled on profile A). CRLS = climbing-ripple laminated sandstone, ILSS = interlaminated 
siltstone and sandstone, MDSS = muddy sandstone, PBCG = pebble conglomerate, RUCG = 
rip-up conglomerate, XBMS = cross-bedded and massive sandstone. 



Figure 2.8. Core photographs of cross-bedded and massive sandstone lithofacies (XBMS). The 
scale bar divisions in all photographs are 1cm. 

a) anhydrite cemented XBMS, 0217-25-80-8\1\16, 1954 m. 


b) mottled XBMS resulting from small remnant anhydrite patches, 10-3-83-1 OW6, 61 68 

feet (1880.0 m). 


c) mottled XBMS with larger, less abundant remnant anhydrite patches than (B), 6-30-81-
10W6,2130.9 m. 


d) mottled XBMS with larger, more continuous remnant anhydrite patches, 1 1-22-75- 

7W6,2475 m. 


e) XBMS with some laminae cemented by anhydrite (white), 10-1 6-83-9W6, 5663 feet 
(1726.1 m). 


f) XBMS with anhydride cement in some laminae of trough cross-bedding, 10-1 6-83-9\1\16, 

5661 feet (1725.5 m). 


g) bi-directional cross-bedding in XBMS. 





unburrowed, but locally there are Skolithos, Arenicolites, and Diplocraterion burrows at 

the tops of XBMS sandstones. Round features 1 to 3 mm across containing mud and 

siltstone noted in some thin sections may be burrows. 

XBMS sands are often overlain by a variety of interbedded to interlaminated very 

fine grained sandstone, siltstone, and shale (Figure 2.7b1 c, d). In some places, these 

shales to sandstones also occur beneath (Figure 2.7h) or are laterally equivalent (Figure 

2.7f, g) to XBMS sands. These units have a ragged gamma-ray profile and often have a 

fining-upward appearance. This apparent fining-upward trend must be related to factors 

other than grain size (such as clay and shale content) as core and thin section 

examination shows that the sands within the capping sediments are generally 

consistently very fine grained. Barclay (1 988) noted that these capping sediments 

include rippled, flaser, wavy, linsen, starved ripple bedding, horizontal lamination, 

herringbone crossbeds, and mud couplets. Rooting and paleosol development are also 

locally present in capping sediments (Barclay and Devany, 1986). The primary capping 

lithofacies noted in this study are climbing-rippled sandstones (CRLS) and interlaminated 

siltstones and sandstones (ILSS) and are described later in this section. In some places, 

XBMS sands are, instead, directly overlain by green to grey shale to siltstone units 

(Figure 2.7a) (Barclay, 1988). 

2.4.2 Pebble Conglomerates (PBCG) 

Matrix supported pebble conglomerates occur as basal lags in XBMS, as lags 

within XBMS, and as pebbly layers within XBMS. Pebble conglomerates occur as thin 

beds centimetres to tens of centimetres thick. The clasts are rounded to subangular with 

most falling in the granule to pebble size range, and supported in a matrix of fine to 

coarse grained quartz sand. PBCG clasts are composed of intraclasts of adjacent 

mudstone-rich facies, clasts of Golata black and green shale and Debolt Forniation 

carbonate (Barclay et al., 1990), sideritized mudstone intraclasts, anhydrite, siderite, 

phosphate, rare pyrite pebbles, and plant fragments. Shale clasts are often replaced, to 

varying degrees, by rhombs of siderite and ankerite. 

The most common occurrence of PBCG lithofacies is as conglomerate lags at the 

base of XBMS channels (Figure 2.9a), above the erosive contact with the underlying 

Golata Formation or Debolt Formation. Within basal lags, the size of the clasts often 



Flgure 2.9. Core photographs of pebble features and lithofacies. The scale bar divisions in all 
photographs are 1 cm. 

a) Pebble conglomerate (PBCG) lag with matrix supported rounded pebbles of shale, 
siderite, and pyrite, 1-15-82-1 OW6, 21 1 1.3 m. 

b) Erosive pebble lag of pisolitic phosphate clasts, 7-19-83-9\1\16, 5659 feet (1 724.9 m). 

c) Thin matrix supported pebbly bed within thicker XBMS sandstone, 10-3-83-1OW6, 
61 73 feet (1881.5 m). The pebbles are predominantly black phosphate. 

d) Reactivation surface within a XBMS sandstone which has a bleached appearance, 7-
36-82-1 1 W6, 6149 feet (1874.2 m). 

e) Sparsely distributed clay armoured anhydrite clasts within XBMS sandstone, 11 -22-75- 
7W6, 2472.7 m. 





decreases upward. In some cores erosive (sharp) contacts with the Golata are 

preserved, but no overlying conglomerate lag is present. In some of the cores examined 

the contact was not preserved so its nature could not be determined. In one well, 7-36- 

82-1 1 W6, the basal lag contains one contorted and angular interlaminated sandstone 

and mudstone clast 8 cm thick. This is similar to what Barclay and Davies (1 989) 

interpreted as caving from bluffs of supratidal flat sediments (after Clifton, 1983). 

In the Josephine area, phosphatic conglomerate lags with erosive bases occur 

within the XBMS lithofacies. As the phosphate is radioactive, these lags appear as 

radioactive kicks on gamma-ray logs. Three phosphatic lags and three corresponding 

radioactive log kicks are present in 7-19-83-9W6 (Figure 2.7e). The phosphatic lags are 

up to 18 cm in thickness and are composed primarily of matrix supported, rounded 

medium red-brown pisolitic phosphate clasts up to about 5 cm long (Figure 2.9b). 

Thin matrix supported pebbly beds (Figure 2 .9~)  are present within some thick 

XBMS sands, often above slightly erosive surfaces which may be reactivation surfaces 

formed by migration of bedforms during deposition (Reineck and Singh, 1980; Allen, 

1982). Black phosphate pebbles are important components of some pebble beds. In 

some cases, the area above the reactivation surface has a much lighter colour, 

appearing somewhat bleached (Figure 2.9d). 

In addition to occurring in some basal lags, isolated anhydrite clasts of pebble to 

cobble size are found within XBMS sands (Figure 2.9e). Isolated anhydrite clasts are 

usually armoured with shale or siderite. 

2.4.3 Rip-Up Conglomerates (RUCG) 

Matrix supported conglomerates of lenticular to blocky, often contorted, clasts 

were noted in a few cores. The thickness of RUCG is normally 10 to 20 cm with a 

maximum observed thickness of 1.2 m. The clasts are composed of mudstone and 

interlaminated mudstone and siltstone and are supported by a matrix of fine grained 

sand (Figure 2.1 Oa). The clasts range in size from about 1 mm up to cobble size, but 

are primarily of granule to pebble size. RUCG is gradational with PBCG in some places, 

with rip-up clasts occurring with rounded pebbles (Figure 2.10b). 



Figure 2.10. Core photographs of rip-up conglomerates and tidal features. The scale bar 
divisions in all photographs are 1 cm. 

a) Rip-up conglomerate of deformed and angular shale clasts, 7-1 9-83-9\1\16, 5647 feet 
(1 721.2 m). 

b) Rip-up conglomerate of lenticular shale clasts with some rounded clasts, 1 1-22-75- 
7\1\16, 2485.3 m. 

c) Climbing-ripple laminated sandstone (CRLS), 10-15-83-9\1\16, 571 1 feet (1 740.7 m). 
The dark patches are siderite. 

d) Thinly interlaminated sandstone and siltstone (ILSS) with cyclic appearance, 7-36-82- 
1 1 W6, 6092 feet (1856.8 m). 

e) Interlaminated sandstone and siltstone (ILSS) with two levels of cyclicity which may 
represent daily and monthly tidal cycles, 10-15-83-9\1\16, 571 6 feet (1742.2 m). 





2.4.4 Muddy Sandstone (MDSS) 

This lithofacies was noted in the basal sand equivalent of the well 6-27-80-1 1 W6. 

MDSS lithofacies has a slightly ragged gamma-ray profile 20 to 30 API more radioactive 

than XBMS sands (Figure 2.7f). MDSS consists of structureless quartz sand which 

originally had abundant detrital clay. The quantity of detrital clay was so substantial that 

many of the quartz grains are floating, with no grain-to-grain contacts visible in thin 

section. Most of the detrital clay has since been replaced by ankerite rhombs. The 

grains are moderately sorted, subrounded to subangular, with grain size ranging from silt 

to medium grained sand. 

2.4.5 Climbing-Ripple Laminated Sandstone (CRLS) 

CRLS occurs within fine-grained capping sediments above XBMS which are 

characterized by ragged gamma ray log profiles which are more radioactive than XBMS 

(Figure 2.7b, c, d, g). More radioactive layers may correspond to thin muddy siltstone 

interbeds. 

CRLS sandstone is very fine to fine grained (predominantly very fine), quartzose, 

and light green-grey to light grey in colour with dark green shale laminae demarcating 

the climbing ripples and the pseudobed bounding planes (Figure 2.1 0c) (Reineck and 

Singh, 1980). This climbing-ripple lamination is Type 2 ripple lamination in-drift, as 

defined by Reineck and Singh (1980), as only lee sides of the ripples are preserved. 

CRLS typically has common shale clasts and variable quantities of detrital green clay. In 

two samples, abundant detrital clay matrix has been mostly replaced by ankerite cement 

with the detrital grains floating in the clay and cement. 

2.4.6 lnterlaminated Siltstone and Sandstone (ILSS) 

This lithofacies is characterized by light grey to light green-grey, thinly 

interlaminated siltstone and very fine grained sandstone (Figure 2.1 Od, e). The 

interlaminations have a very cyclic appearance, and in some places there appear to be 

different levels of cyclicity (smaller cycles) within larger cycles (Figure 2.10e). ILSS 

detrital grains are predominantly quartz, but there also are common muscovite flakes 

(often silt size and between quartz grains), and minor amounts of shale clasts, feldspar, 



and heavy minerals. Thin section study indicates that the laminae appear to be a 

function of slight differences in grain size and quantities of detrital clay surrounding the 

grains. 'The grain size ranges from very fine to fine grained sand with some silt with 

moderate sorting. There are common siderite concretions, some concentric, about 100 

pm in size, some spherulitic, and some botryoidal. 

2.5 Detrital Mineralogy 

Various workers have reported that Kiskatinaw basal sandstones are clean 

quartz sandstones (Macauley, 1958; Halbertsma, 1959; Hovdebo, 1962; Irish, 1963). 

Hovdebo (1 962) and Irish (1 963) noted that there are small quantities of dark grey to 

black chert grains and pebbles. More recently, Kiskatinaw basal sands have been 

classified according to the Folk (1968) system as quartz arenites (Barclay and Davies, 

1989; Barclay et al., 1990; Richards et al., in press). Barclay (1 988) found that basal 

sandstones commonly contain carbonaceous debris and plant material. 

Detailed petrographic study has revealed that clastic mineralogy of the XBMS 

lithofacies is not as simple as previous workers have concluded. Quartz is, by far, the 

most significant detrital component of Kiskatinaw basal sands. Also present are several 

varieties of phosphate, shale (black and green), intraclasts, ooids, echinoderm 

fragments, siderite, heavy minerals (rutile and rare tourmaline), muscovite, chert, and 

rare glauconite. Deep, downdip from the erosional edge, where porosities are lower, 

potassium and plagioclase feldspar are present in small quantities. 

Most of the quartz grains are monocrystalline, although there are some 

metamorphic grains. There are traces of inherited quartz overgrowths in some samples 

(Figure 2.4), indicating that the source area had at least a minor sedimentary 

component. Most of the inherited overgrowths identified are the "double overgrowth" 

type of Sanderson (1984). The actual quantity of inherited overgrowths in Kiskatinaw 

basal sands is probably higher as Sanderson (1 984) showed that calculated proportions 

are twice that observed in thin section. 

Locating feldspars in the basal Kiskatinaw was fairly difficult as very few were 

noted with obvious twinning, thus makirrg most optically similar to quartz which is the 

dominant detrital mineral in the Kiskatinaw. Petrographic examination revealed traces of 

perthitic grains (Figure 2.1 1 a) and rare plagioclase grains (Figure 2.1 1 b) in a number of 



Flgure 2.1 1. Photomicrographs of detrital feldspar grains. 

a) Photomicrograph of a perthitic potassium feldspar grain with a potassium feldspar 
overgrowth, crossed nicols, sample UCG.003.086, 1-30-77-1 OW6, 2429.2 m. 

b) Photomicrograph of a detrital plagioclase grain, crossed nicols, sample UCG.003.085, 
1-30-77-1 OW6, 2430.1 m. 

c) BSEM image of a potassium feldspar grain, sample UCG.003.086, 1-30-77-1 OW6, 
2429.2 m . The outer non-microporous part appears to be potassium feldspar overgrowth 
(arrows) which incorporated some infiltrated? illite. 

d) BSEM image of a prismatic potassium feldspar grain, sample UCG.003.086, 1-30-77- 
10W6,2429.2 m . 

e) BSEM image of a skeletal potassium feldspar grain, sample UCG.003.085, 1-30-77- 
10W6,2430.1 m . 

f) BSEM image of a skeletal detrital albite grain, sample UCG.003.148, 6-30-81 -1OW6, 
2135.6 m. The EDX spectrum indicated that the grain was albite. 
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thin sections of low porosity samples. In sample 086 only a trace of perthitic potassium 

feldspar grains were noted during petrographic investigation, but examination using 

backscattered SEM indicated 2.0 volume % K-feldspar. Similarly, sample 085 was found 

to have 0.6 volume % K-feldspar. Sodium plagioclase (albite) is difficult to distinguish 

from quartz using backscattered SEM as quartz and albite have similar mean atomic 

numbers ( 2 )and back-scattering coefficients ( i )resulting in insufficient con,trast to 

distinguish between them (White et al., 1984). Calcic plagioclase (anorthite) should be 

distinguishable from quartz in backscattered SEM. Staining thin sections for feldspars 

following the method of Laniz et al. (1964) proved to be inconclusive. Even where K- 

feldspars were known to be present from backscattered SEM examination the yellow 

stain is quite pale and indistinct. The staining was probably unsuccessful because of the 

fine to very fine sand size of the stained samples as the accuracy of the method 

decreases with decreasing grain size (Miller, 1988). 

The feldspars in these samples are very fresh and commonly display prismatic 

habit (Figure 2.1 lc,  d). Rare potassium feldspar grains are skeletal (Figure 2.1 1 e). No 

examples of partially dissolved feldspar with adjacent kaolinite clusters have been 

observed as would be expected if feldspar is dissolving and authigenic kaolinite is 

precipitating (Siebert et at., 1 984; Stoessel, 1987). One highly skeletal albite grain was 

identified in sample 148 using EDX elemental analysis (Figure 2.1 If).  

Detrital phosphate is ubiquitously present in small quantities (<I %) in several 

forms. These include grains with no apparent internal structure, grains with quartz silt in 

them, peloids, large lenticular grains, and light brown grains with dark brown and black 

internal structure which may be bone fragments. Phosphate also occurs in some places 

as black granules to pebbles. XRD analysis of black granules and pebbles from one 

sample (022) indicate that the black phosphate is fluorapatite, the most common 

sedimentary phosphate mineral (Blatt et al., 1980). 

Dissolution of clasts appears to be very significant in cores and occurs most 

commonly in P BGL conglomerates and above erosional (reactivation) surfaces within 

XBMS sands. To a large extent, this dissolution appears to have resulted from water 

washing of cores during examination by various users at the ERCB Core Research 

Centre, with the unstable clasts breaking down and washing/falling out. Shale clasts are 

the most unstable, with green shale being very unstable. Significant subsurface 



dissolution of shale clasts is not supported by thin section petrography. 

2.6 Sedimentology 

2.6.1 Previous Work 

Early papers did not discuss the sedimentology of the Kiskatinaw Formation. 

Recently, various workers (Barclay, 1988; Barclay and Davies, 1989; Richards, 1989; 

and Barclay et al., 1990) have suggested that the Kiskatinaw was formed during a 

transgression. It appears that the basal Kiskatinaw was deposited on a weathered 

Golata surface, either as valley-fill in an incised Golata surface (Barclay and Davies, 

1989; Barclay et al., 1990) or as channels downcut into the Golata and underlying Debolt 

Formations (Barclay, 1988). Incision is suggested by erosional topography developed 

on the Debolt surface (O'Connell et al., 1990). Whether the Golata was incised or 

downcut by the basal Kiskatinaw channels, thins in the Golata isopach indicate that the 

valleys had an east-northeast trend (Barclay, 1988). 

The Kiskatinaw has been interpreted as having been deposited in an estuary 

system (Shawa and Harris, 1991) with associated deltas and coastal plain complex 

(Barclay et al., 1990). Zaitlin and Dalrymple (1 988) speculated that the Kiskatinaw may 

be tidally-dominated estuarine deposits. The Kiskatinaw depositional setting may also 

have been deltaic (Richards et al., in press) or a complex of tidally dominated deltas 

(Barclay, 1988). There are north-south facies belts which become more niarine 

westward (Barclay et al., 1990) which are indicated by a southwestward increase in the 

amount of shale, siltstone, and carbonates (Richards et all in press). 

Depositional environments within the basal Kiskatinaw have been interpreted as 

fluvial, estuarine, coastal plain, shoreline, and shallow marine (Barclay et al., 1990). 

Barclay (1 988) interpreted that the basal channel sands were deposited under shallow 

marine influence with associated tidal flat sedimentation. Barclay (1988) argued that 

crossbedding, good sorting, clean composition, erosional bases and pebbly to fine grain 

size indicate that the basal sands were deposited in a high energy depositional setting. 

He also reasoned that channel deposition is suggested by fining upward profiles, current 

ripples, trough crossbedding, slumped bedding, and the abrupt lateral changes of the 

sandstone units into shale. Rare Paleophycus and Skolithos burrows suggest that a 

shallow marine influence affected the channel sandstones (Barclay, 1988). Richards et 



al. (in press) stated that the sharp-based sequences of sandstone grading upward into 

shale have gamma-ray signatures and deposits characteristic of estuary and fluvial 

channel fills. 

2.6.2 'This Study 

In the study area, XBMS sands have to varying degrees, blocky log character, 

erosive bases, pebble to cobble lags, reactivation surfaces, and low to medium angle 

and trough cross-bedding. These features suggest that the basal sands were lateral 

accretion charmel deposits (point bars) in fluvial or tidal channels (Reineck and Singh, 

1980; Allen, 1982). Some of the deposits may also have been alternate bank-attached 

bars and mid-channel bars (Dalrymple et al., 1992). The lack of bidirectional flow cross- 

bedding in XBMS indicates that deposition of the reservoir lithofacies was dominated by 

fluvial processes. The observed lack of fining upward sequences within XBMS channel 

sands does not correspond with the expected fining upward trend in lateral accretion 

deposits, but may reflect a lack of availability of a wide range of grain size in Kiskatinaw 

sediment (Reineck and Singh, 1 980). The 25 to 35 m maximum thickness of XBMS 

sands suggests that the channels were that depth as point bar sequences may be as 

thick as the depth of the channel (Reineck and Singh, 1980), or that there was stacking 

of channels as is suggested by gamma-ray breaks (Figure 2 .7~)  in some wells. If the 

XBMS sands were deposited as just one point bar sequence, it indicates that the river 

system was of substantial size as the modern Mississippi and Brazos Rivers have point 

bar sequences 20 to 25 m and 15 to 20 m thick, respectively (Reineck and Singh, 1980). 

Erosive phosphatic lags (Figure 2.9b) which occur within XBMS sands in some 

wells in the Josephine area may represent erosive lags of shelf material carried by storm 

tides (Allen, 1982) or, less likely, transgressive flooding surfaces. 

As RUCG clasts are angular to contorted, they are interpreted to have been rip- 

up clasts of penecontemporaneous unlithified sediment. Barclay (1 988) interpreted that 

the rip-up clasts were derived from intertidal to supratidal sediments. 

The MDSS lithofacies is interpreted to have been a muddy channel fill as it has a 

distinctive blocky profile and overlies a clean PBGL lag and XBMS sandstone (Figure 

2.7f). Muddy channel fill deposits are to be expected in channel or valley-fill settings and 

occur through processes such as cut-off, avulsion, and waning channel energy due to 



relative sea level rise. 

Fine-grained sediments (CRLS and ILSS) often occur capping XBMS (Figure 

2.7b1 c, d), but also occur under (Figure 2.7h) and adjacent to (Figure 2.79) XBMS. The 

distinct finer grain size, higher detrital clay content, and sedimentary structures indicate 

that substantially different sedimentary processes were active during deposition of the 

finer grained lithofacies CRLS and ILSS. The development of climbirlg-ripple lamination 

from ripples requires that abundant sediment is continually available to a current or 

wave. Environments of periodic rapid accumulation of sediment are favourable for their 

development. These include fluvial, overbank flow, floodplain, natural levee, deltas, 

turbidites (Reineck and Singh, 1980), and within some intertidal sand bodies (Allen, 

1982). As these are Type 2 ripple lamination in-drift (stosses eroded), there was a low 

ratio of suspended loadlbed load. As CRLS can occur in many different environments, 

its presence is not in itself diagnostic. The other major lithofacies of fine-grained capping 

sediments, interlaminated shale to siltstone and sandstone (ILSS), often is very cyclic, 

appearing to contain monthly cycles in some places (Figure 2.1 Oc). The occurrence of 

CRLS with cyclic ILSS and rare bidirectional cross-bedding suggests that the fine- 

grained capping sediments were deposited in tidally dominated sedimentary 

environments. 

Although, on a macroscopic scale, the basal channels have fluvial character, 

microscopic evidence indicates that there was tidal influence. This is suggested by trace 

amounts of variable assemblages of detrital grains with marine origin in most samples. 

Grains with an interpreted marine origin include phosphatic grains, peloids, ooids and 

bone fragments (?), carbonate ooids and grains, intraclasts, bioclastic material, and rare 

glauconite. Concentrations of clasts with marine origin also occur locally. Sample 028, 

less than one metre above one of the phosphatic lags in 10-16-83-9W6, contains 6.6 % 

marine shelf carbonate material (rounded echinoderm and carbonate fragments and 

ooids), 0.6 % phosphatic, and 0.3 % glauconite grains. Sample 064 has a detrital 

composition which includes 12.3 % intraclasts and 1.3 % phosphatic grains. Some tidal 

influence is not surprising as the tidal bore in modern estuaries commonly extends for 

considerable distances upriver (Dalrymple et al., 1992). Additional evidence for a setting 

with some tidal influence are the rip-up conglomerates which occur in some places within 

XBMS sands. As RUCG clasts are angular to contorted, they are interpreted to have 



been rip-up clasts of penecontemporaneous unlithified sediment. Barclay (1 988) 

interpreted that the rip-up clasts were derived from intertidal to supratidal sediments. 

Kiskatinaw lithofacies, sedimentary structures, and detrital composition in the 

study area were compared with the estuarine facies models proposed by Dalrymple et 

al. (1 992). It appears that the Kiskatinaw within tlie study area was deposited in the 

upper river-dominated zone of tide-dominated estuaries (Figure 2.12). Dalrymple et al. 

(1992) argued that the input of bed material from both fluvial and marine sources is the 

most significant difference between estuaries and deltas. The combination of quartz, 

feldspar, and shale clast dominated fluvial deposits (XBMS) with very rare bidirectional 

cross-bedding and a minor marine detrital component suggests that the Kiskatinaw was 

deposited in an estuarine setting. 

2.7 Sequence Stratigraphy 

Numerous minor global sea level fluctuations occurred during the upper Visean 

to Serpukhovian (Richards et al., in press; Ross and Ross, 1985, 1988). The Stoddart 

Group is a second order sequence (1 0 to 80 million years) and contains three third order 

(1 to 10 million years) and numerous higher order subsequences (Richards, 1989). 

Shawa and Harris (1 991) noted that subdividing the Kiskatinaw into parasequences 

facilitates understanding of reservoir distribution. 

The down-cutting of Kiskatinaw channels, phosphate lags, and early siderite 

cements may have sequence stratigraphic significance. Wickert et al. (1 989), McKay et 

al. (1989), Longstaffe et al. (1992), and Hart et al. (1992) showed that carbonate 

minerals, especially siderite are commonly associated with sequence boundaries. 

2.8 Petroleum Geology 

The Kiskatinaw Formation produces gas primarily from the basal channel sands. 

Most pools occur near the erosional edge where porosities and permeabilities tend to be 

highest (Figure 1.2). Curr~mulative natural gas production in the study area has totaled 

3.7 x109 m3 to June, 1992 from 32 wells. This prospect is not yet mature as the Energy 

Resources Conservation Board (199213) estimated that 56 % of the ultimate gas in place 

is undiscovered in the Alberta Kiskatinaw and Taylor Flat play area. Barclay et al. (1 992) 
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Flgure 2.12. Tide-dominated estuary facies model (from Dalrynple et al., 1992). Distribution of 
A) energy types, B) morphological elements in plan view, and C) sedimentary facies in 
longitudinal section. The Kiskatinaw in the study area appears to have been within the river- 
dominated part. 



projected that 83.7 % of all Kiskatinaw pools (Alberta and British Columbia) remain 

undiscovered, but that these pools would be less than 109 m3 gas in place. This large 

potential for Kiskatinaw discoveries is countered by small pool size and high risk caused 

by diagenetic and structural complexities. As a result, several large oil and gas 

companies have recently abandoned the Kiskatinaw play and sold their properties. 

Water cuts in producing wells are usually very low ( 4 % )  and H2S is rare, 

occurring in trace quantities in just 3 of 82 Alberta pools (ERCB, 1992a). 

Due to structural, stratigraphic and diagenetic complexity, Kiskatinaw reservoirs 

are usually small, often limited to single well pools (74 % of Alberta Kiskatinaw pools are 

one section [259 hectares] or less in size; ERCB, 1992a). Pools are proportionately 

smaller within the study area, as 82 % are smaller than one section. The most importa~it 

trapping mechanism is isolation of fault blocks. Other trap types include 

stratigraphiclfacies changes, horst block drapes, depositional highs, and capped subcrop 

surfaces (Barclay et al., 1992; Podruski et al., 1988). 

Barclay (1988) suggested that the underlying Golata and Debolt Formations are 

potential source rocks for Kiskatinaw hydrocarbons. He found that the Golata typically 

has total organic carbon content of 1 to 2 %, with local maximums of 6.6 %. Piggott and 

Lines (1992) argued that the Golata is not a viable source as 20 immature to early 

mature samples had low source potential. In addition, although the Golata is radioactive, 

it has low uranium content, in contrast to other rich source rocks such as the Nordegg 

and Doig (Piggott and Lines, 1992). The Debolt has total organic carbon values as high 

as 10.6 % (Barclay, 1988). Western Canada Sedimentary Basin syntheses of 

hydrocarbon generation and migration (Creaney and Allan, 1990) and oil families (Allan 

and Creaney, 1991 ) did not propose a source for Kiskatinaw hydrocarbons or the 

possible timing of their generation. Modeling by Bachu and Cao (1 992) showed that 

Paleozoic source rocks (e.g. Debolt and Golata Formations) in tlie Peace River Arch 

area entered the oil generation zone during the Late Cretaceous and early Tertiary. 

Piggott and Lines (1 992) postulated that the Kiskatinaw was charged with gas 

generated in the Exshaw shale which is approximately 800 m below Kiskatinaw 

reservoirs. They argued that oil was generated during burial of the Exshaw, but retained 

in or near the Exshaw as the intervening Mississippian section is tight in the Peace River 

Arch area. Further burial during the Late Cretaceous to Paleogene resulted in gas 



generation from kerogen and cracking of unexpelled oil. The gas-phase migrated 

vertically through the Rundle Group and Debolt Formation up to the Kiskatinaw. Piggott 

and Lines (1 992) additionally speculated that the gas phase was saturated with 

condensate, and migrated updip in the porous Kiskatinaw, with progressive condensate 

stripping due to lower temperatures and pressures. Tliis would have resulted in higher 

gas to condensate ratios downdip and to the west which is the observed distribution 

(Piggott and Lines, 1992). 

2.9 ThermalIBurial History 

In order to constrain the timing and temperature of diagenetic events and mineral 

reactions, it is important to understand the burial and thermal history of the Kiskatinaw. 

Uncertainty about both present and paleogeothermal gradients make estimation of 

maximum burial temperatures difficult. Within the study area present day reservoir 

temperatures range from 52 to 100 OC (average = 73.5 OC) (ERCB, 1992a). There is a 

general trend of increasing temperature with increasing depth corresponding to the 

regional dip (Figure 2.6). The average present geothermal gradient for 33 Kiskatinaw 

gas pools within the study area is 38.1 OC / km. The average current geothermal 

gradient for all 82 Alberta Kiskatinaw gas pools is 36.6 OC / km (ERCB, 1992a). These 

gradients were determined using a present mean surface temperature of 1.1 OC which is 

the average of 30 year averages for Grande Prairie, Fort St. John, and Dawson Creek 

(Environment Canada, pers. comm., 1992). Corrected formation temperatures of eleven 

salt water saturated wells in the study area were determined from bottom hole 

temperatures obtained during well logging using the Horner method (Chapman et al., 

1984). Terr~peratures range from 44 to 74 OC, with an average of 58.7 OC and an 

average geothermal gradient of 31.1 OC Ikm. These lower values suggest that this 

technique is underestimating Kiskatinaw formation temperatures because the correction 

is not reaching the equilibrium temperature. The difference could also be a function of 

the common association of higher local geothermal gradients with hydrocarbon 

occurrences, especially with respect to large pools (Hitchon, 1984; Meyer and McGee, 

1985). 'This is speculative, however, as all Kiskatinaw pools are small in size. Meyer 

and McGee (1985) suggested that the primary cause of anomalous subsurface 

temperatures is the movement of both heat and hydrocarbons with upward moving water 



and their trapping together in reservoirs. Kalkreuth and McMechan (1984) determined 

that present geothermal gradients are 27 "C 1km in the area adjacent to the foothills. 

The geothermal gradient map of North America (USGS and AAPG, 1976) showed that 

the study area has an average geothermal gradient of about 32 to 33 "C / km. The 

previous discussion shows that estimates of current geothermal gradients have a 

substantial range from 27 to 38 "C / km, but suggests that a mirrimum current 

geothermal gradient of 33 "C/ km is reasonable for the study area. 

There is also considerable uncertainty with respect to paleogeothermal gradients 

in the study area. Kalkreuth and McMechan (1 984) constructed burial history curves for 

sections in the foothills and wells in the subsurface adjacent to the study area. Their 

curves were based on stratigraphic estimates and used a paleogeothermal gradient of 

27 OC 1km and 20 "C surface temperature to calculate maximum vitrinite reflectances 

(%Rmax) using the Lopatin-Waples method. The good agreement between their 

measured and calculated %Rmax values allowed them to conclude that 27 "C / km was 

a valid paleogeotherrnal gradient. Hitchon (1 984) inferred that the geothermal gradient 

in the study area was about 27 "C1 km at the time of maximum burial. Tilley et al. 

(1 989) determined fluid inclusion temperatures on quartz druse and later calcite cement 

in Lower Cretaceous sands directly southwest of the study area. Their data show that 

the formation fluids attained temperatures up to 190 "C. If the high fluid temperatures 

were a function of burial rather than a hydrothermal event, geothermal gradients may 

have been as high as 38 "C / km ('rilley et al., 1989). Extrapolation of their maximum 

burial temperatures for the Lower Cretaceous Falher Member of the Spirit River 

Formation calculated from vitrinite reflectance data, 27 "C / km paleogeothermal 

gradient, and the Lopatin-Waples method, indicates that the Falher experienced 

maximurrl burial temperatures up to 11 1 "C in the southwest part of the study area. This 

temperature yields a geothermal gradient of 38.6 "C / km which is in agreement with the 

value of 38 "C/ km determined by Tilley et al. (1989). Tilley et al. (1 989) noted 

uncertainties in the Lopatin-Waples time-temperature indices (TI-1)-Ro% calibration. The 

most significant concern is that the calibration is an average of regression equations for 

many different basins. For TTI values >10 (19 and 136 in this study), the different 

regression equations give a wide range of Ro values for one TTI value. As the correct 

TTI is dependent on both the estimated paleogeothermal gradient and the correct 



regression equation, TTI modeling appears to be subject to significant uncertainty. Tilley 

et al. (1 989) also used the Barker and Pawlewicz (1 986) method and found that 

maximum burial temperatures were 56 "C higher than estimated by the Lopatin-Waples 

method. 'Thermal modeling by Bachu and Cao (1992) tested three vitrinite reflectance 

models (not including Barker and Pawlewicz, 1986) in the Peace River Arch area and 

determined that the Lopatin-Waples model had the best fit. Interpretation of figures in 

Bachu and Cao (1 992) indicated that maximum Kiskatinaw burial temperatures in the 

central part of the study area were about 11 5 to >I20 OC for current burial depths of 

1825 to 2575 m. 

The previous discussion indicates that there is a substantial range, from 27 to 38 

OC / km, in estimated paleogeothermal gradients in the study area. The uncertainty is 

primarily a function of assumptions necessary in vitrinite reflectance modeling and 

assuming that geothermal gradients were constant throughout the entire section. 

As no published data are available, burial history curves for the Kiskatinaw in the 

study area were constructed. Published estimates of post-Laramide erosion were used 

to determine maximum Kiskatinaw burial depths. Erosion estimates are based on 

stratigraphic estimates (Issler et al., 1990), vitrinite reflectance gradient extrapolations to 

surface (Pearson and Associates, 1985; and Kalkreuth and Marchioni, pers. comm., 

1990; both in lssler et al., 1990), and burial history curves (Kalkreuth and 

McMechan,1988). Erosion estimates range from 1230 to 1625 m within and adjacent to 

the study area. Burial history curves (Figure 2.1 3) were constructed for the Kiskatinaw 

using the erosion estimates, available stratigraphic and isopach data (Barclay et al., 

1990; Gibson and Edwards, 1990; Poulton et al., 1990), and burial history modeling for 

Cretaceous rocks adjacent to the study area (Kalkreuth and McMechan, 1984, 1988, 

1991). Two curves were constructed (Figure 2.1 3); one for the shallowly buried 

northeast and one for the more deeply buried southwest parts of the study area. Details 

of the rationale of burial curve construction are given in Appendix B. To attempt to 

confirm that these curves are reasonable, the thermal maturation for each time-depth 

curve was calculated using the "Lopatin-Waples method" outlined in Kalkreuth and 

McMechan (1984), assumed paleogeothermal gradient of 27 OC / km and surface 

temperature of 20 OC, and a modern geothermal gradient of 33 OC / km and surface 

temperature of 1.1 OC (as discussed above). Details of the calculations are also in 
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Figure 2.13. Burial history curves for the Kiskatinaw Formation. The solid line represents the 
southwest part of the study area and the dashed line represents the northeast part. See the text 
and Appendix B for details of curve construction. Also shown on the curves are burial 
temperatures assuming paleogeothermal gradients of a) 27 OCIkm; and b) 38 OC/km. The 
modern (last 30 M.a.) geothermal gradient is assumed to have been 33 OCkm in both a) and b). 



Appendix B. The curve for the southwest part of the study area has a calculated 

maximum vitrinite reflectance (%Rmax) of 1.22 and the shallower northeast curve has a 

value of 0.74. When compared with available vitrinite reflectance data for the Stoddart 

Group (Table 2.1), the value for the southwest curve seems reasonable. This value also 

agrees with thermal modeling conducted by Bachu and Cao (1992) through the central 

part of the study area where they determined a calculated VROof -1.20 at Kiskatinaw 

depth (2575 m). The vitrinite reflectance value of 0.83 % for the Golata Formation at 6- 

5-84-5\1\18 indicates that the burial history curve for the shallow northeast part of the 

study area is reasonable as well. Preliminary vitrinite reflectance data obtained by J. 

Barclay (pers. comm., 1992) also confirms that the calculated Ro values are reasonable. 

It appears that 27 OC / km is a reasonable paleogeothermal gradient value for the study 

area, providing the Lopatin-Waples model is valid. 

Table 2.1. Stoddart Group vitrinite reflectance data. The value for 7-8-80-1 2W6 appears to be 
invalid. 

02 
6-27-84-1 3W6 11943.7 Ishale? 11.04 1 1 
*Sources: (1) Pearson and Associates, 1985; (2) Marchioni, 1991. 

6-5- 4-5\1\16 14 0 

The burial history curves were also plotted assuming a paleogeothermal gradient 

of 38 OC / km (Figure 2.13b). As discussed above, 38 OC / km appears to be the highest 

long term geothermal gradient which the Kiskatinaw may have experienced. Early 

geothermal activity is not considered in Figure 2.13a or 2.13b. As heat flows are high in 

tectonically active areas (Jowett et al., 1993), geothermal activity may have occurred 

during the early (50 Ma) stages of Kiskatinaw burial history. 



Significantly, the burial history curves (Figure 2.13) show that following 

deposition, the Kiskatinaw experienced burial depths less than 500 m for the first 95 

million years and less than 1300 m for the subsequent 125 million years. Maximum 

burial to depths of 2900 to 4000 m did not occur until approximately 48 million years 

before present (Kalkreuth and McMechan, 1984). Continuous deposition of Early 

Cretaceous and Cenozoic sediments in the subsiding foreland basin which formed in 

front of the emerging Cordillera resulted in rapid deeper burial of the Kiskatinaw. 

Isostatic uplift began when loading due to compressional deformation ended; probably 

during the Middle Eocene (Kalkreuth and McMechan, 1984). Initiation of uplift was 

estimated at 48 Ma by Kalkreuth and McMechan (1 984) from K-Ar cooling dates in the 

Omineca Crystalline Belt to the west (Gabrielse, 1975). 

Clearly there is a problem constraining present and past geothermal gradients in 

this area which introduces substantial uncertainty into estimating the temperatures 

experienced during burial diagenesis. If exposed to the lower possible paleogeothermal 

gradient of 27 "C / km at maximum burial depth, the Kiskatinaw had maximum burial 

temperature from 98 to 128 "C within the study area. At the higher possible 

paleogeothermal gradient of 38 OC / km, the Kiskatinaw was subject to maximum burial 

temperatures of 130 to 172 "C. This leaves a considerable window of 98 to 1 72 OC for 

maximum Kiskatinaw burial temperature in the study area. Additional temperature data 

such as fluid inclusions and apatite fission track data are necessary to more accurately 

constrain burial temperatures. 

2.1 0 Formation Water 

Fluid compositions can provide valuable information as they allow determination 

of whether formation waters are in chemical equilibrium with the host minerals and the 

extent to which mixing of waters has occurred (Hutcheon, 1989). Processes controlling 

diagenetic reactions can be indicated by quality water samples. 

As water cuts in all producing wells are very low (less than 1 %), it was not 

possible to collect water samples from producing wells. Thus, the or~ly available water 

data is from samples taken from drill stem test recoveries over the years. Standard oil 

field water analyses tend to be unreliable as unstable species are not analyzed in the 



Figure2.14. Plot of Na versus conservative CI in the Kiskatinaw Formation for all Kiskatinaw 
water analyses. The data are separated nto two groups. Solid circles represent analyses in 
which potassium and sodium were analysed separately. Open circles represent those 
analyses in which sodium was determined by charge balance difference as Na + K. There 
does not appear to be much diference between the two types of analyses. The linear trend of 
the data indicates that Kiskatinaw waters evolved by mixing of two distinct waters. 



field or preserved for later analysis, and sodium is often determined by charge balance 

difference. Sodium determined by charge balance difference as Na + K, does appear to 

be reliable, as the values follow the same trend as those from water analyses where 

sodium and potassium were measured separately (Figure 2.14). 

In order to utilize the industry data available, water analyses for the large area in 

Alberta where the Kiskatinaw is present (Townships 70-86, Ranges 1-1 3 W6) were 

compiled, culled for quality, and the stratigraphic intervals tested were determined using 

well logs. Forty-four water analyses were found to be of reasonable quality; only nine of 

these samples were analyzed for potassium and sodium, the remainder reported sodium 

as sodium plus potassium. All analyses and stratigraphic data are reported in Appendix 

C. No analyses of water from production or production testing were used as the origin of 

commingled waters can not be determined. Measured total dissolved solid (TDS) 

contents of Kiskatinaw waters are quite high, ranging up to 221,000 mgll and 

significantly exceeding the lower limit for classification as brine (TDS > 35,000 mgll) 

(Hanor, 1987). Based on the nine water analyses which reported potassium, Kiskatinaw 

waters in Alberta are Na-Ca-CI brines, with Na comprising 82.6 to 88.3 % of reported 

cations, Ca making up 8.5 to 14.3 % of cations and CI dominating reported anions at 

97.4 to 99.2 % (all milliequivalent basis). 

Mapping of TDS, chloride, and sulphate concentrations from the culled data 

showed no trends. The lack of apparent spatial trends in the distribution of TDS 

contents is shown in Figure 2.1 5. Plotting the same concentrations versus depth also 

showed no trend for TDS (Figure 2.16a) and chloride. Stratigraphic position within the 

Kiskatinaw appears to have no control on TDS contents (Figure 2.1 6b). Present TDS 

contents also appear to have no relationship with distance from the Kiskatinaw erosional 

edge (Figure 2.1 7), thickness of the Stoddart Group or Stoddart + Belloy Formation 

(Figure 2.1 8a), or the distance of the drill stem test below the pre-Triassic or pre- 

Permian unconformities (Figure 2.1 8b). Indistinct trends in Figures 2.1 6b and 2.1 7b 

indicate that TDS decreases with depth in the upper Kiskatinaw. The distance of each 

tested well from the erosional edge was determined by measuring perpendicular to an 

assumed constant southwest dip. Sulphate shows a slight tendency to decrease with 

depth (Figure 2.1 8). 

A plot of Na versus conservative CI (Figure 2.1 4) shows that present day 
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Figure 2.15. Map showing the total dissolved solids (1o3mg/L) content of Kiskatinaw formation 
waters from oil field water analyses of water recovered during drill stem tests. The study area is 
outlined with the dashed line. 



Figure2.16. a) Plot showing TDS versus depth for all Kiskatinawwater analyses. b) Plot 
showing TDS versus depth for Kiskatinaw water analyses differentiated by stratigraphic position 
within the Kiskatinaw Formation. Drill stem tests overlapping stratigraphic intervals are not 
included in the plot. The upper Kiskatinaw samples show a tendency to lower TDS at increased 
depth. 
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Figure2.17. a) Plot of TDS versus distance from the erosional edge in the Kiskatinaw for all 
water analyses. b) Plot of TDS versus distance from the erosional edge differentiated by 
stratigraphic position in the Kiskatinaw. Drill stem tests overlapping stratigraphic intervals are 
not included in the plot. The upper Kiskatinaw shows a slight tendency to lower TDS at 
increased distance from the erosional edge. 
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Figure 2.18. a) Plots of TDS versus 1) Belloy to Debolt thickness and 2) Stoddart thickness for 
all Kiskatinawwater analyses. b) Plots of TDS versus 1) distance of the drill stem test below 
the Belloy unconformity and 2) distance of the drill stem test below the Stoddart unconformity 
for all Kiskatinawwater analyses. 

Figure 2.19. Plot of SO, versus depth for Kiskatinaw water samples. 



Kiskatinaw formation waters likely evolved from the mixing of two types of water. 



Chapter 3 


PETROGRAPHY AND PARAGENESIS 


3.1 Introduction 

Halbertsma (1 959) noted that the Kiskatinaw Formation basal sand is a clean 

and rather mature quartzose sandstone. In the type well for the Stoddart and Kiskatinaw 

(3-29-83-1 8W6) some anhydrite was documented in the lower sand (Rutgers, 1958). 

Hobdevo (1 962) and Law (1963) observed that calcareous sands are common in 

Kiskatinaw equivalents in the British Columbia foothills. Barclay et al. (1 990) noted that 

the basal sands are generally tightly cemented with silica, carbonate, or anhydrite and 

that pyrite commonly occurs as nodules or as disseminated cement. Shawa and Harris 

(1 991) stated that the quartz-rich reservoir sandstones have secondary porosity. They 

also interpreted that interstitial clay was introduced through tidal action (clay infiltration), 

soil forming processes, and diagenesis. Shawa and Harris (1 991) also suggested that 

formation damage which is caused by clay minerals and reaction of drilling and 

completion fluids with carbonate, sulphate, and sulphide cements is a significant problem 

in the Kiskatinaw. 

This study is the first to comprehensively document various aspects of 

Kiskatinaw diagenesis at both a regional and local scale. 

3.2 Fossil Branches 

Calamites branches (A. MacRae & F. Krause, pers. comm., 1991) are present 

near the base of the core in 10-3-83-1 OW6 (Figure 3.1 a, b). The branches are 

predominantly oval in shape and range from < 1 mm to 5 cm in diameter. Calamites 

were treelike horsetails that attained a height of 10 to 20 m in the Carboniferous (Taylor, 

1981;Stewart, 1983). Calamitesstems had hollow central canals which were commonly 

infilled by sediments which solidified while the more resistant stem tissues were broken 

down by biological activity. The resultant mold-cast preservation type is called a 'pith 

cast' (Taylor, 1981). One sand filled cast with vertical ribbing is present in the core of 

10-3-83-1 OW6 at 6138 feet (1870.9 m) (Figure 3.lc), 4 m above the concentration of 



Figure 3.1. Photographs of Calamites features. The scale bar divisions in A) to D) are 1 cm. 

a) Cross-sectional view of Calamites branch infilled with massive anhydrite (lower part of 
photograph). An unreplaced branch or wood fragment is present at the top of the 
photograph. Also present are numerous small wood fragments, some of which are 
infilled with anhydrite, 10-3-83-1 OW6, 6185 feet (1885.2 m). 

b) Plan view of anhydride infilled Calamites branch with vertical ribbing, 10-3-83-1OW6, 
6185.3 feet (1885.3 m). 

c) Plan view of sand filled Calamitesbranch with vertical ribbing in the remnant organic 
material, 10-3-83-1 OW6, 6138 feet (1870.9 m). 

d) Large Calamites?feature infilled with massive anhydrite within remnant organic 
material, 10-3-83-1 OW6, 61 22.5 feet (1 866.1 m). 

e) Cross-sectional view of a Calamitesbranch infilled with anhydrite. The outer part of 
the branch consists of remnant organic material (black) and pyrite, sample UCG.003.062, 
1 1-22-75-7\1\16, 2484.7 m. 

f) Wood cells infilled with pyrite. The black part is remnant organic material, sample 
UCG.003.026, 10-3-83-1 OW6, 61 22.1 feet (1 866.0 m). 





anhydrite infilled casts. A similar bedding plane exposure near the base of the core 

revealed similar vertical ribs preserved in organic material which is infilled with anhydrite 

(Figure 3.1 b). Many of the preserved branches have massive anhydrite in their centre 

and pyrite, remnant orgarric material, and ankerite in their outer portion (Figure 3.1 e). 

Some branches are infilled only with massive pyrite. In some places, wood cells were 

infilled by pyrite (Figure 3.lf) or anhydrite, and preserved. The cell walls remain as black 

organic material. A feature at a much larger scale (20 cm long, > 7.5 cm wide) with a 

pyrite and organic rim of similar width, but much thicker massive anhydrite, is present 

near the top of the core, at 6122 feet (1 866 m), in 10-3-83-1OW6 (Figure 3.ld). This 

may represent part of a larger Calamitesphysical feature such as a trunk. Similar 

anhydrite and pyrite infilled features which are not as distinct in their morphology are 

also present in wells 1-1 5-82-1 OW6 and 1 1 -22-75-7W6. 

3.3 Compaction 

Kiskatinaw basal sands are under compacted for the burial depths which they 

experienced at maximum burial and at which they are currently situated (Figure 2.12). 

Grain contacts are predominantly tangential and long contacts (Figure 3.2a) (Taylor, 

1 950). Concave-convex and sutured grain contacts (Figure 3.2b) are very rare 

indicating that compaction by pressure solution was insignificant. More ductile grains 

such as shale clasts and intraclasts also appear to have not experienced niuch 

mechanical deformation. Samples which are still pervasively cemented by anhydrite or 

carbonate cement have virtually no grain to grain contacts, as most of the grains are 

floating in cement (Figure 3.2~). Grains within remnant anhydrite patches also have 

grains floating in cement. Grain collapse occurred subsequent to anhydrite dissolution 

(Figure 3.29) leaving an open porosity network in many samples, particularly those close 

to the erosional edge. In many deeper samples, post dissolution collapse and grain 

rearrangement resulted in closely packed grains. 

Some mechanical compaction is indicated by the crushing and spalling into pore 

space of outer layers of ankerite concretions with concentric bands (Figure 3.2d). 

Crushing of ankerite concretions is most prorrrinent in sample 034. Some of the 

concretions show localized dissolution of some outer concentric bands. The concretions 

may have been deformed through crushing with subsequent dissolution of some layers, 



Figure 3.2. Photomicrographs of compaction features. 

a) Open porosity typical near the erosional edge. The grain contacts are predominantly 
point and long contacts, sample UCG.003.024, 10-3-82-1 OW6, 61 43.0 feet (1872.4 m). 

b) Sutured (interpenetrating) grain contacts, crossed nicols, sample UCG.003.001, 7-36- 
82-11W6, 61 74.3 feet (1881.9 m). 

c) XBMS sandstone pervasively cemented by anhydrite. The quartz grains are floating in 
the cement with some point contacts, sample UCG.003.088, 0217-25-80-8\1\16, 1954.3 m. 

d) Partially crushed ankerite concretion, with the outer concentric layers pushed outward. 
Grain rimming siderite is abundant, sample UCG.003.034, 7-1 9-83-9\1\16, 5668.7 feet 
(1 727.8 m). 

e) Lenticular detrital muscovite grain deformed around quartz grains, sample 
UCG.003.121, 6-21 -83-8W6,5430.7 feet (1 655.3 m). 

f) Muscovite grain crushed between two quartz grains (arrow) and fanning out into the 
adjacent pore, sample UCG.003.114, 10-19-81-7W6, 5664 feet (1 726.4 m). 

g) Edge of anhydrite patch with high intergranular volume (bright birefringence), with 
more closely packed grains in the area where the anhydrite was removed by dissolution, 
sample UCG.003.151, 6-30-81 -1 OW6, 21 30.9 m. 
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or some of the outer layers were dissolved, making the outer parts of the concretions 

more susceptible to crushing. The deformation is similar to ooids deformed by burial 

diagenesis and compaction (Davaud et al, 1990). 

Additional evidence for some mechanical compaction are rare lenticular 

muscovite grains which commonly show crushing effects such as bending around grains 

or mica layers at the end of grains fanning out into what was available pore space 

(Figure 3.2e, f). 

Stylolites occur frequently within parts of sands, but usually do not occur 

throughout. The stylolites are usually sub-parallel to bedding and commonly are 

crinkled, apparently representiqg conipression of shale laminations. The majority of 

stylolites in the Kiskatinaw do not appear to represent dissolution surfaces. Small (up to 

1 cm) pyrite nodules and siderite cement are present within some stylolites. 

3.4 Authigenic Minerals 

3.4.1 Ankerite Concretions (A1) 

Early ankerite concretions are present in a small portion of samples. They often 

incorporate one or more detrital grains and normally range up to about 3.5 mm in 

diameter. Several centimeter scale pyritized ankerite concretions are present in the well 

10-1 5-84-8\1\16 (Figure 3.3a) at about 51 43.5 feet (1 567.7 m) and 51 46.5 feet (1 568.7 m). 

Sample 134 from this well contains a concretion 12.5 mm long and 7.5 mm wide in which 

most of the ankerite has been replaced by pyrite in approximately the inner two-thirds of 

the concretion. As the pyrite has encroached or lapped onto most of the quartz grains, 

only the outer portion was point counted indicating an intergranular volume of 43.7 % 

(1 37 counts) within the concretion. 

The concretions often have a concentric appearance in thin section (Figure 3.3b, 

c; 3.2d) and have high intergranular volumes, rangirlg from 40 to 60 % (visual 

estimates). Parts of some outer layers have been removed by dissolution in some 

concretions (Figure 3.2d). Ankerite concretions were noted in only a small number of 

samples, up to a maximum quantity of 1 to 2 volume % in sample 083 and 5 1 volume % 

in several other samples (visual estimates). The concretions are often rimmed by grain- 

rimming siderite. Pyrite has replaced some of the concretions, extensively in the well 10- 

15-84-8W6 as noted above. Although ankerite concretions are present in a limited 



Figure 3.3. Photographs of ankerite concretions and spherulitic siderite. 

a) Early ankerite concretions partially replaced by pyrite (centers), scale bar divisions are 
1 cm, 10-15-84-8W6,5146.5 feet (1568.7 m). 

b) Small concentrically zoned ankerite concretion encompassing several detrital grains 
and replacing clay in a stylolite (top). The concretion is rimmed by grain-rimming siderite 
and is replaced by rare pyrite (black), sample UCG.003.034, 7-19-83-9W6, 5668.7 feet 
(1727.8 m). 

c) Concentrically zoned ankerite concretion (about 400 by 550 pm) incorporating 
numerous detrital grains. The concretion is rimmed by grain-rimming siderite and is 
replaced by minor pyrite (black). The path of the microprobe traverse (Figure 3.5) is 
shown with black dots, unstained thin section, sample UCG.003.034, 7-19-83-9\1\16, 
5668.7 feet (1727.8 m). 

d) Individual spherulitic siderite concretions and flattened siderite rhombs within stylolitic 
clay (left side) and adjacent mass of spherules and rhombs (right side). A distinct 
spherule is at the bottom of the siderite mass, unstained thin section, sample 
UCG.003.030, 10-1 6-83-9\1\16, 5653.5 feet (1 723.2 m). 

e) BSEM image showing spherulitic siderite concretions within shale or clay. The darker 
concretion centers are joined by rimming feathered siderite rhombs. The larger 
concretion center has faint concentric zonation, sample UCG.003.027, 10-1 6-83-9\1\16, 
5671.5 feet (1 728.7). 

f) Photomicrograph showing an isolated siderite spherule within a pore. The darker 
center is rimmed by feathered flattened siderite rhombs, sample UCG.003.147, 6-30-81- 
1OW6,2138.1 m. 

g) Mass of siderite spherulitic concretions and rhombs. The centers of many of the 
spherules are now voids, sample UCG.003.029, 10-1 6-83-9\1\16, 5657.1 (1724.3 m). 

h) Isolated siderite spherulitic concretions with removed centers and isolated siderite 
rhombs within pore space, unstained thin section, sample UCG.003.145, 6-30-81-1OW6, 
21 43.4 m. 





number of samples, it has a wide areal distribution as it is present in the Cecil, 

Josephine, and Braeburn areas (Figure 1.2). 

The compositions of A1 ankerite concretions and other representative carbonate 

cements discussed in the following sections were measured on an ARL SEMQ electron 

microprobe at the University of Calgary using mineral standards of known composition. 

Unstained polished thin sections were used to avoid problems with leaching of iron by 

potassium ferricyanide (Sommer, 1975). Analyses were performed at 15 kV with a beam 

current of 0.1 pA, emission current of 300 pA, beam diameter of 8.0 pm, and counting 

time of 20 seconds. Summaries of analyses and precision and detection limits are listed 

in Appendix D. 

Microprobe analysis of sample 034 indicates that the concretions have a range of 

Ca~.~Fe0,17Mg0.76Mn0.07(C03)2 C~.88Fe~.58M~0.53Mn0.02(Co3)2 and 

an average composition (22 points) of Ca, ,,Feo,28Mgo~6,Mno,,3(C03)2. Following the 

definition of ankerite having > 20 mol percent (Fe + Mn) / Mg (Deer et al., 1966) and 

stoichiometric ankerite = Ca(Mg, Fe)(CO,),, these concretions are ankerite (Figure 

3.4a). Mn content in the analyses increases with increasing Mg content up to a 

maximum Mn content of 7 mol % (Figure 3.4b). There is compositional zoning of these 

concretions which is primarily a function of variations in iron and magnesium + 
manganese composition. The compositional variations are illustrated (Figure 3.5) by a 

traverse from the edge to the center of the concretion shown in Figure 3 .3~.  Iron content 

is substantially higher near the edge of the concretion. There is a tendency for 

manganese composition to mirror highs and lows in magnesium composition which 

corresponds to the trend in all of the data. 

3.4.2 Spherulitic and Grain-Rimming Siderite 

Small spherulitic siderite concretions occur commonly within detrital shale clasts 

(Figure 3.3d, e) and within clay concentrations along stylolites. They are also present as 

pore-filling concretions either singly (Figure 3.3f) or as clusters (Figure 3.39). Green 

shale clasts, which are often concentrated within laminae, are extensively replaced in 

some samples (e.g. 036, 039) by spherulitic siderite and pyrite. Small siderite 

concretions are oval to round in shape and range from about 20 to 150 pm in size. The 

concretions are usually rimmed by siderite rhombs (S2). Tlie centers of spherulitic 



Figure3.4. a) Expanded mol percent FeCO, - CaCO, - MgCO, ternary diagram showing the 
distribution of values for ankerite concretions in sample 034 (22 points). The values show a 
rangeof Fe content, with little variation in Ca. The one vabe with lower Ca has high Fe and Mg. 
b) Expanded mol percent MnCO, - CaCO, - MgCO, ternary diagram showing the distribution of 
values for ankerite concretions in sample 034. Increasing Mn values correspond to increasing 
Mg values. 
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Figure 3.5. Microprobe traverse from the rim to the center of the ankerite concretion shown in 
Figure 3 . 3 ~ .  The plot shows the composition of FeO, MgO, and MnO in weight percent . The 
points of analysis are shown in Figure 3 . 3 ~ .  



siderite concretions are medium to dark brown in colour, have faint concentric zonation 

(large concretion in Figure 3.3e), and lack fibro-radial structure which is commonly a 

feature of spherulitic carbonate concretions (Fritz et al., 1971 ; Hodgson, 1968). The 

outer part of spherulitic concretions consists of overlapping amber siderite rhombs which 

often have "feathered" margins (Figures 3.3d, e, f, h) (Hodgson, 1968). Hodgson (1 968) 

described very similar spherulitic rhodochrosite concretions and attributed feathered 

margins to growth on a distorted rhombohedra1 structure. 

Spherulitic concretions often occur in clusters, with the concretions connected by 

the rimming feathered siderite rhombs (Figure 3.3d, e). There appears to be a gradation 

between individual or separate concretions (Figure 3.3d, f, h), clusters of concretions 

(Figure 3.3d, e), and grain-shaped clusters or aggregates of siderite spherules (Figure 

3.3d, g). As with the spherules described by Hodgson (1 968), individual spherules or 

clusters of spherules making up the siderite aggregates often have round voids in their 

centres (Figure 3.39, h), indicating that spherulitic siderite concretions were probably 

originally present, but the centers were later dissolved or replaced. The concretions are 

often encompassed by ankerite rhombs (Figures 3.8f, g; 3.9e), indicating that their 

formation preceded ankerite formation. 

Backscattered SEM examination shows that the concretion centers (medium 

grey) have a lower average atomic number (2)than the feathered rim siderite (white) 

(Figure 3.3e). 'The colour (transmitted light) and 2 (grey level) contrasts are not 

consistent with compositional data. Microprobe analysis of sample 030 indicates that the 

concretion centers, feathered rims, and siderite aggregates all have very similar 

compositions. The concretion centers (8 points) have an average composition of 

(Feo,78Mg0,16CQ,05Mno,ol)C03,
feathered rims (6 points) have an average composition of 

(Feo,,6Mgo~17C~,06Mno,ol)C03,and siderite aggregates (22 points) have an average 

composition of (Feo,77Mgo,,6C~,,Mno~o,)C03. A possible explanation for the lower 2 
of the concretion centers is a tendency for them to have higher SiO, contents (up to 1.25 

weight %) than other types of analysed siderites. Fritz et al. (1971) described spherulitic 

siderites, with similar darker centers, from the Whitemud Formation in southwestern 

Saskatchewan, and noted that the centers consisted of a microgranular aggregate of 

siderite and clay particles. As many of the siderite spherules formed within shale clasts 

or clay, such a scenario is possible and could account for the lower 2 and higher SiO, 



contents in the centers of Kiskatinaw spherules. 

It appears that the feathered rim siderite of spherulitic siderite concretions is a 

phase equivalent to grain-rimming siderite. Grain-rimming siderite (S2) is present as 

small (15 to 30 ~ m ) ,  amber flattened rhombs. The flattened rhombs are oriented normal 

to grain surfaces (Figure 3.6a, b), forming a honeycorr~b pattern (Figure 3.6a). The 

rhombs rim detrital grains in some samples (Figure 3.3d, e, f) and some early ankerite 

concretions (Al)  (Figure 3.2d; 3.3b, c). Siderite grain-rimming flattened rhombs and 

grains rimmed by S2 rhombs are often encompassed by ankerite A3 rhombs or 

anhydrite (Figure 3.8h) indicating that S2 was formed before both ankerite A3 rhombs 

and anhydrite. Large aggregates of spherules and small, flattened S2 siderite rhombs fill 

pores in some places (Figure 3.6~). In some samples S2 rhombs are present within 

quartz overgrowths, along the detrital grain boundary ("dust rim") (Figure 3.6d), 

indicating that S2 rhomb formation preceded overgrowth precipitation. In sample 028 

abundant carbonate and echinoderm grains and ooids are rimmed preferentially with 

respect to quartz grains (Figure 3.6d). The siderite coated grains are visible as orange 

grains in the core in the area of sample 028. 

Where little pore space remains due to lack of later cements or dissolution of 

later cements the grain-rimming siderite has been squeezed between detrital grains 

(Figure 3.6e). 

In some samples, there are well formed pore-filling siderite rhombs which appear 

to be a phase equivalent to the grain-rimming siderite (Figures 3.6f; 3.3h). 

Siderite spherules and pore-filling siderite are common in the well 6-30-81 -1 OW6, 

constituting 1.7 volume % in sample 145. Sample 145 has a large area (3 mm wide), 

with higher intergranular volume than the surrounding sandstone, which is cemented by 

abundant siderite spherules and siderite crystals. 

In sample 145, crystalline siderite has an average composition (9 points) of 

(Fe,,,Mg,,,,Ca, ,, Mn, ,,)CO,, and spherulitic siderite has an average composition (1 5 

points) of (Fe,,,,Mg,,,,Ca,,,, Mno,ol)CO,, which are virtually identical. 

The compositional data for siderite in concretion centers (S1) in samples 030 and 

165 and feathered, grain-rimming, and siderite rhombs (S2) in samples 030 and 145 is 

summarized in ternary diagrams (Figure 3.7). The concretion centers are similar in 

composition to the S2 in sample 030. S2 in sample 145 has similar Fe and Mn content, 



Flgure3.6. Photographs of grain-rimming siderite, crystalline siderite, and botryoidal siderite. 

a) SEM image of grain-rimming flattened siderite rhombs in honeycomb pattern, sample 
UCG.003.028, 10-1 6-83-9W6,5661.3 feet (1 725.6 m). 

b) BSEM image showing siderite rhombs rimming a detrital carbonate grain. The siderite 
is oriented normal to the grain surface, sample UCG.003.028, 10-1 6-83-9W6,5661.3 feet 
(1 725.6 m). 

c) Pore-filling aggregate of flattened siderite rhombs, sample UCG.003.034, 7-19-83- 
9W6, 5668.7 feet (1 727.8 m). 

d) Grain-rimming and pore-lining siderite rhombs within ankeriie rhomb, along dust rims 
within quartz overgrowths (arrow), and squeezed between quartz grains, sample 
UCG.003.028, 10-1 6-83-9W6,5661.3 feet (1 725.6 m). 

e) 52 siderite rhombs squeezed and cemented between quartz grains, sample 
UCG.003.089, 0217-25-80-8\1\16, 1950.0 m. 

f) Pore-filling crystalline sideriie and a siderite spherule with its center removed (arrow), 
sample UCG.003.145, 6-30-81-1OW6, 21 43.4 m. 

g) Botryoidal siderite with two thin layers of ferroan carbonate cement (blue stain), 
sample UCG.003.032, 10-15-83-9W6, 5709.5 feet (1740.3 m). 
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Figure3.7. Expanded mol percent a) FeCO, - CaCO, - MgCO, and b) MnCO, - CaC03-
MgCO, ternary diagrams showing the distribution of values for spherulitic, grain-rimming, and 
crystalline sideriie . The S1 and S2 siderites in sample 030 have similar compositional ranges 
which is distinct from the S2 siderites in sample 145. The two groups are similar in iron 
content, but sample 145 analyses have higher Mg and slightly higher Mn contents. 



but has a distinct separation due to higher Mg contents. 

3.4.3 Botryoidal Siderite 

Botryoidal siderite in is present in tidal samples (CRLS and ILSS lithofacies) in 

the Josephine well 10-15-83-9\1\16. The siderite is visible in core as rust coloured spots. 

'Thin section examination shows that the siderite consists of isolated amber coloured 

botryoids and botryoids connected by rust coloured interstitial siderite. The botryoids 

range from 0.4 to 0.9 mm in size, are round to oval in shape, and have fibro-radial 

structure. Botryoids commonly contain no detrital quartz, and the interstitial cement 

contains only small quantities of detrital grains. In some of the botryoids in sample 033, 

there are up to three thin (up to 20 Fm thick) interlayers of Fe carbonate which is 

indicated by blue stained colour (Figure 3.69). Some relicts of spherulitic siderite appear 

to be present within the rust coloured interstitial siderite cement. Abundant spherulitic 

siderite is present in other parts of these samples which have botryoidal siderite. 

3.4.4 Ankerite (A2, A3) 

Two generations of ankerite rhomb cement are present in the Kiskatinaw. The 

earlier generation of ankerite rhombs (A2) are present in some places as small (about 5 

to 25 pm) rhombs in pores (Figure 3.8a) and within shale clasts. More commonly, small 

rhorr~bswere incorporated within larger and later ankerite rhombs. The presence of 

earlier small rhombs within larger, later rhorr~bs is indicated by their different extinction 

angle in crossed nicols (Figure 3.8b) or flecks of compositionally heavier (lighter colour) 

material within large ankerite masses in BSEM (Figure 3 . 8 ~ ~  d). 

Ankerite commonly occurs as concentrically zoned ankerite rhombs up to about 

650 pm across (Figure 3.8e, f, g, h) which often incorporate detrital grains and cement 

high intergranular volumes. Ar~kerite rhombs also occur as patches of coalesced 

rhombs up to 1 to 2 mm across which have large scale compositional variations in some 

places (Figure 3.8d). In transmitted light, ankerite cement has a pale to deep turquoise 

colour after staining following the method of Dickson (1966) (e.g. Figure 3.8e). Ankerite 

falls within the ferroan dolomites of Dickson (1 966) which had a colour range of pale to 

deep turquoise. The rhombs postdate S1 and S2 siderite as spherulitic siderite, siderite 

rhombs, and siderite-rimmed grains are included within some rhombs (Figure 3.89, h). 



Figure 3.8. Photomicrographs of ferroan carbonates. 

a) Photomicrograph of small pore-filling ferroan dolomite rhombs adjacent to a large 
ankerite rhomb, sample UCG.003.141, 10-15-84-8W6,5077.6 feet (1547.7 m). 

b) Earlier small A2 rhombs which have a different extinction angle than the large ankerite 
rhomb which they were encompassed by, sample UCG.003.004, 7-36-82-1 1 W6,6167.5 
feet (1 879.9 m). 

c) BSEM image of a large ankerite mass with light grey flecks of encompassed earlier 
small rhombs, sample UCG.003.004, 7-36-82-1 1 W6, 6167.5 feet (1879.9 m). 

d) BSEM image of a large mass of ankerite cement with non-concentric compositional 
variation. The oval grain-shaped area (arrow) which contains light grey flecks of small A2 
rhombs may be a replaced shale clast. The white cement in the right half is S3 siderite 
cement. White pore-lining chlorite rosettes are also present in the right half, sample 
UCG.003.004, 7-36-82-1 1 W6, 61 67.5 feet (1 879.9 m). 

e) Zoned ankerite rhombs replacing a shale clast. The darker blue stained center is due 
to lower Fe contents, sample UCG.003.028, 10-1 6-83-9\1\16, 5661.3 feet (1 725.6 m). 

f) BSEM image of zoned ankerite rhombs. The rhumb on the right side is stair-stepped 
on its left edge. The rhombs encompassed a pyrite framboid (bright white), siderite 
rhombs, a siderite mass, and a siderite spherule (arrow). The medium grey areas have 
high iron contents and the darker grey areas have high magnesium contents. The center 
of the rhomb is pockmarked with microporosity and has remnant patches and fingers of 
darker colour (lighter composition), sample UCG.003.028, 10-1 6-83-9\1\16, 5661.3 feet 
(1 725.6 m). 

g) Spherulitic siderite concretions and siderite rhombs encompassed by an ankerite 
rhomb. The pore is partially lined by smectite (arrow), sample UCG.003.030, 10-16-83- 
9W6, 5653.5 feet (1723.2 m). 

h) Euhedral ankerite rhomb faces abutted by later anhydrite cement. The ankerite rhomb 
encompassed a carbonate grain rimmed by grain-rimming siderite, sample UCG.003.028, 
10-1 6-83-9W6,5661.3 feet (1 725.6 m). 
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A3 an kerite rhombs preceded anhydrite cementation as an hydrite abuts eu hedral 

ankerite crystal surfaces in some places (Figure 3.8h). 

Most ankerite rhombs have not undergone significant dissolution, even in porous 

sands. Where exposed to open pores, the rhombs usually have uncorroded euhedral 

grain boundaries (Figures 3.8a, d, f, g, 3.9a). An exception is the interpreted bacterial 

sulphate reduction well 11 -1 8-83-9\1\16 where most rhombs have experienced some 

corrosion of external surfaces (Figure 3.9b). Many rhombs do appear to have 

undergone internal alteration which resembles calcitized dolomite rhombs described by 

Theriault and Hutcheon (1 987). Thin section and SEM examination shows that the outer 

part of rhombs are unaltered with insignificant rnicroporosity. Darker blue staining in 

rhomb centers corresponds to higher Mg concentrations within those zones. 

Backscattered and secondary SEM shows that the cores (innermost zones) of the 

rhombs are often pockmarked with microporosity (Figures 3.8f and 3.9~). Remnant 

patches and fingers of lighter composition cement visible in backscattered SEM (Figure 

3.8f) indicates that the alteration of rhomb cores has involved the replacement of higher 

Mg cement by heavier cement (higher Fe). 

In some places, ankerite has notable relationships with shale clasts. Ankerite is 

in various stages of replacing shale clasts, occurring within, impinging upon, and 

completely replacing shale clasts (Figures 3.8e; 3.26d, e, f). Ankerite rhombs also occur 

replacing detrital clay which is abundant in muddy sandstones (e.g. 6-27-81 -1 OW6, 

Figure 2.7f). 

The quantity of ankerite varies widely, from trace amounts to high intergranular 

volumes cemented by ankerite (Figure 3.9d). Ankerite cement is most significant in the 

Balsam, Josephine, and Cecil areas. Quantities of ankerite within specific wells can be 

highly variable. 

Large A3 ankerite rhombs from four samples (004, 01 0, 030, and 141) were 

analysed using the microprobe. Small pore-filling rhombs were analysed in sample 141 

(Figure 3.8a) and sample 004. Compositionally, the large rhombs probed range from 

near stoichiometric ankerite (Ca1,03Feo,,,Mgo~4,Mno,ol (CO,),) to ferroan dolomite 

(Cal,02Feo,,Mgo,88Mno,01(C0,)2) (Figure 3.1 0). The average composition of large 

ankerite rhomb cement probed (1 19 points) is (Cal,04Feo,31 Mgo,64Mno,ol(C03)2). Boles 

(1978) and Kantorowicz (1 985) found that the Ca content of ankerite cements decreased 



Figure3.9. Ankerite and siderite (S3) cement photomicrographs. 

a) SEM image of a pristine ankerite rhomb within an illitic shale clast, sample 
UCG.003.006, 7-36-82-1 1W6, 6156 feet (1876.3 m). 

b) SEM image of a corroded ankerite rhomb within the interpreted BSR well, sample 
UCG.003.129, 1 1-18-83-9W6,5769.5 feet (1 758.5 m). 

c) SEM image of an ankerite rhomb with microporosity in its core, sample UCG.003.009, 
7-36-82-1 1 W6, 6132.5 feet (1869.2 m). 

d) Pervasive ankerite cement occluding high intergranular volumes, sample 
UCG.003.010, 7-36-82-1 1 W6, 6129 feet (1868.1 m). 

e) Ankerite rhomb which replaced a shale clast and incorporated spherulitic siderite 
concretions. The dots show the locations of analyses in the microprobe traverse shown 
in Figure 3.1 2, unstained thin section, UCG.003.030, 1 0-1 6-83-9\1\16, 5653.5 feet 
(1 723.2 m). 

f) Ferroan calbonate rhomb between blades of displacively grown anhydrite (A) nodule. 
The rhomb has been segregated into blue (ankerite?) and white (siderite?) zones, sample 
UCG.003.105, 6-27-80-1 1W6, 2331.3 m. 

g) Pore-filling S3 siderite cement which has preceded quartz overgrowth formation. The 
overgrowth only formed where 53 was not present on the grain surface (arrows), sample 
UCG.003.006, 7-36-82-1 1W6, 61 56 feet (1 876.3 m). 

h) Pore-filling S3 siderite cement, sample UCG.003.165, 6-28-81 -8W6, 61 73.7 feet 
(1881.7). 





with increasing depth. The four Kiskatinaw samples analysed, from three different 

depths, indistinctly show the reverse trend (Figure 3.1 Oa), with Ca composition 

increasing with depth. 

The small rhombs probed in samples 004 and 141 range in composition from 

ankerite (Ca, ,03Feo,4,Mgo,7Mno,,(C03)2) to ferroan dolomite 

(Cal,o,Feo,07Mgo,87Mno,ol(C03)2). The small rhombs in sample 004 have a similar range 

of composition and compositional average to adjacent large rhombs (Figures 3.10a and 

3.1 la). The small rhombs in sample 141 are distinctly different than the large rhombs in 

that sample, with an average composition (28 points) of (Cal,03Feo~,8Mgo,77Mno,o,(C03)2) 

(Figure 3.1 la). A cluster of about half the analyses falls well into the ferroan dolomite 

field and the average composition for the small rhombs is within the ferroan dolomite 

field (Fe + Mn = 19 mol %). Both the large rhombs and small rhombs show no variation 

in Mn composition as a function of Ca and Mg composition (Figures 3.1 0b and 3.1 1 b). 

The zoning which is visible in both small and large rhombs in stained thin 

sections, and is very distinct in backscattered SEM (Figure 3.8f) is a function of 

variations in Fe and hlg content. The variation in Fe and Mn is shown by the cluster of 

the analyses along a straight line parallel to the Fe and Mg end member join (Figures 

3.10a and 3.1 1 a). Higher Fe zones are lighter colour in BSEM images and darker BSEM 

zones are a function of higher Mg content. The coupling of Fe and Mg compositional 

variations is illustrated by a microprobe traverse (Figure 3.1 2) from the edge to the 

center of a large ankerite rhorr~b shown in Figure 3.9e. The compositional variations are 

more subdued in the rhomb center. Zoning appears to be independent of Mn content. 

Four percent of the analyses in large rhombs contained < 20 mol % Fe + Mn, indicating 

that some of the Fe poor zones are ferroan dolomite. 

3.4.5 Siderite Cement (S3) 

Grain-rimming and pore-filling siderite cement occurs as large crystals and 

crystal masses (up to 350 pm) filling pores and partially to completely surrounding 

detrital grains, or simply as intergranular material up to 190 pm wide. This type of 

siderite is also present as small rhombs (about 50 to 100 pm) rimming grains and is 

massive appearing and rather colourless to amber in thin section (Figures 3.99, h, 3.8d). 

It is also associated with stylolites in some samples. The siderite cement formed after 
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Figure3.10. Expanded mol percent a) FeCO, - CaCO, - MgCO, and b) MnCO, - CaCO, -
MgCO, ternary diagrams showing the distribution of values for large ankeriie rhombs in samples 
004,010,030, and 141. 



Figure 3.11. Expanded mol percent a) FeCO, - CaCO, - MgCO, and b) MnCO, - CaCO, -
MgCO, ternary diagrams showing the distribution of values for small ferroan carbonate rhombs 
in samples 004 and 141. 
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Figure3.12. Microprobe traverse from the edge to the center of a large ankerite rhomb in 
sample 030. The plot shows the composition of FeO, MgO, and MnO in weight percent. 
Zones in the ankerite correspond to coupled changes in Fe and Mg composition. Mn content 
appears to be independent of the changes in iron and magnesium. 



ankerite as it abuts euhedral ankerite crystal faces. In addition, it formed before quartz 

overgrowths, as overgrowths are absent on parts of grains cemented by siderite cement 

(Figure 3.99). S3 siderite is often sparsely distributed through samples and tends to 

cement smaller pore spaces than large A3 ankerite rhombs. The tendency to cement 

smaller pore spaces and its absence within anliydrite cement may indicate that this 

cement formed after anhydrite dissolution occurred. S3 siderite is abundant in the 

Balsam 7-36-82-1 1 W6 well, constituting up to 4.6 volume % in 3 samples point counted. 

Siderite cements were probed in samples 004, 153, and 165. The analyses from 

the three samples plot as distinct groups on the Fe-Ca-Mg ternary diagram (Figure 

3.13a). Analyses of samples 004 and 165 fall within fairly tight groupings, but sample 

153 has a wide rarlge of Fe composition, from 76 to 96 mol 5%. Tlie average 

compositions for samples 004 and 153 are distinctly different from the S1 and S2 

siderites probed (Appendix Dl Figure 3.7a), with Fe contents greater than 80 mol %. 

With an average Fe content of 75 mol %, sample 165 (Figure 3.1 3a) is very similar in 

composition to the S2 siderites in sample 145 (Figure 3.7a). Similar to the other probed 

siderite types (Figure 3.7b), Mn contents in the S3 siderite cements increase slightly with 

increasing Mg content (Figure 3.1 3b). 

3.4.6 An hydrite 

Anhydrite is interpreted to have been volumetrically the most significant cement 

in the Kiskatinaw basal and lower sands. It occurs pervasively and tightly cementing 

sands, as remnant patches or layers, and less commonly as branch infillings and bladed 

nodules. All types of anhydrite have been replaced to varying degrees, in some places, 

by pyrite. 

Sands tightly cemented with anhydrite are clean and white in appearance (Figure 

2.8a). The tight sands or tight parts of sands are very distinct on porosity well logs 

(Figure 3.1 4) where they have low sonic velocities of about 170 to 180 p / m ,  depressed 

neutron porosities, and density porosities (sandstone matrix) less than zero (Figure 

3.14d), on lithodensity logs, where the photoelectric absorption index, Pel increases 

(Figure 3.14d), and on core analysis reports where they have high bulk density values 

(about 2.70 to 2.82 g/cm3) and are described as anhydritic sandstone. 

Tightly cemented, high intergranular volunie XBMS sand was observed in several 



Figure3.13. Expanded mol percent a) FeCO, - CaCO, - MgCO, and b) MnCO, - CaC03-
MgCO, ternary diagrams showing the distribution of values for S3 siderite cements. Samples 
004 and 165 are fairly pure whereas sample 153 has a wide range of Fe composition. Mn 
content in the three samples increases slightly with increasing Mg content. 



A) 0217-25-80-8W6 B) 7-2-81 -8W6 
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Figure3.14. Gamma rayfporosity well logs showing sandstone intervals tightly cemented by 
anhydrite. The anhydrite cemented parts are shaded. All of the porosity logs except D) are 
sonic logs. 180 psfm cutoffs are marked on the sonic logs. The locations of the wells are 
shown in Figure 3.17. Cored intervals are indicated by vertical bars. Note that not all wells are 
shown with the same vertical and horizontal scales. 
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Figure 3.14. (contined). 
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Figure 3.14. (continued). 
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of the cores examined (e.g. Figures 3.14a1 3.15). Features observed in cores and thin 

sections enabled application of the observed parameters to cored wells not examined 

and to wells with only well logs. Tight parts of sands usually constitute only a portion of 

XBMS sands, occurring vertically at various locations in thicknesses of about 5 to 6 m 

(Figure 3.14a1 b, c, d), or interspersed throughout several Kiskatinaw sands (Figures 

3.14e, 3.1 5a). There is a tendency for the tight portion of partially cemented sands to be 

in the lower part (Figure 3.14a1 b), although it can be in the top part (Figure 3 . 1 4 ~ ~  d), 

and for thin (1 to 2 m) tight streaks to be present at the base of sands. In some places, 

the tightly cemented interval is quite thick, up to about 36 m (Figure 3.14f1 g). Tightly 

cemented sand occurs interniittently throughout the study area, although to a lesser 

extent, near the erosional edge in the northern part of the study area where porosities 

are highest, and in the southwest part of the study area (Figure 3.1 6). There is, 

however, a well in the southwest part of the study area (1 1-1 -78-1 1 W6; Figure 3.1 4h) 

with substantial anhydrite cementation. The lack of tightly cemented wells in the 

southwest is in part a function of less dense well control. 

It appears that cementation may have preferentially occurred in cleaner sands 

such as in the well 13-9-80-8W6 where numerous tight streaks correspond to cleaner 

parts of the sand indicated by the gamma ray curve (Figure 3.15e). The less clean 

sands at the top of the thick sand section in the well 6-35-80-1 1 W6 (Figure 3.14f) are 

porous whereas the thick clean sand section in the lower half is tightly cemented. 

Additional evidence for control of anhydrite cementation by the original grain size and 

clay content of the sediments is provided by the well 6-28-81 -8W6 (Figure 3.1 5a), where 

cementation appears to have been controlled by the lithofacies. The clean fine grained 

trough cross-bedded fluvial sands were tightly cemented by early anhydrite in the top 

part of the basal sand and have present porosities of 1.1 to 2.6 % (Figure 3.15b). Tidal 

sands commonly occur with waning energy at the top of channels in the Kiskatinaw and 

are usually very fine grained, have detrital clay, and are tight. In the 6-28 well, the 

opposite occurred, and the tidal sands overlying the basal sand have porosities ranging 

from 8.2 to 10.2 % and higher permeabilities (Figure 3.15b). The initial high porosities 

and permeabilities of the fluvial sands likely resulted in complete cementation by 

anhydrite, whereas the very fine grained tidal sands had lower initial porosities and 

permeabilities and were probably less completely cemented by early cements. The tidal 



Table 3.1. Point count data for some high intergranular volume (IGV) samples. The top part of 
the table shows results for tight samples and the lower part has results for porous samples. Two 
counts are shown for the porous samples: one for within remnant anhydrite (anhy.) and one 
excluding anhydrite cemented patches. 

SAMPLE # WELL LOCATION DEPTH COUNTS ANHY. OTHER POROSITY IGV 

UCG.003.063 11 -22-75-7W6 
(m) 

2483.2 500 
(%) 
25.2 

CEMENTS (%) 
0 

(%) 
0.8 

(YO) 
26.0 

UCG.003.088 02/7-25-80-8W6 1954.3 500 39.6 0 2.2 41.8 
UCG.003.109 0211 0-21 -80-1 1 W6 2339.9 500 28.8 0 1.6 30.4 
UCG.003.163 6-28-81 -8W6 1883.7 500 38.4 0 0 38.4 

UCG.003.028 10-1 6-83-9W6 1725.6 500 34.6 6.5 0 41.1 
(an hy. remnants) 
UCG.003.028 500 0 17.5 10.2 27.7 
(excluding anhy.) 
UCG.003.134 10-1 5-84-8\1\16 1567.7 300 27.7 0.7 0.7 29.1 
(anhy. remnants) 
UCG.003.134 300 0 7.3 18.0 25.3 
(excluding anhy.) 
UCG.003.151 6-30-81 -1 OW6 2130.9 367 52.3 0 5.2 57.5 
(anhy. remnants) 
UCG.003.151 500 0 2.2 19.8* 22.0 
(excluding anhy.) 
*includes intergranular porosity occluded by reservoir bitumen 

sands subsequently experienced either greater porosity generation (dissolution) or 

preservation through incomplete cementation by later cements. 

Examination of well logs adjacent to cores with tightly cemented sands showed 

that tight sands are not generally laterally continuous. The Bilawchuk and Farmington 

areas do, however, have numerous wells with some anhydrite cemented sand (Figure 

3.16). 

Samples tightly cemented by anhydrite are characterized by detrital grains 

(predominantly quartz) floating in anhydrite cement (Figures 3 . 2 ~ ~  3.17a). Where grains 

are in contact, the contacts are usually point contacts. 'The anhydrite consists of large 

(up to 10 mm long, but typically about 3 to 5 mm long) bladed poikilotopic patches with 

felted texture. Within anhydrite cemented sands there are no quartz overgrowths and a 

lack of clay minerals. Tight sands typically have 1 to 3 % porosity developed, primarily 

through minor dissolution of ar~hydrite along grain boundaries. Four tight samples 

pervasively cemented with anhydrite were point counted, and have high intergranular 

volumes ranging from 26.0 to 41.8 % and averaging 34.2 % (Table 3.1). The distribution 

of intergranular volume values is shown on Figure 3.1 6. Fluid inclusions are present 

within the anhydrite cement. Anhydrite cement formed subsequent to ankerite rhombs 



Figure 3.16. Map of the study area showing values (bold type) for point counted intergranular 
volumes in Kiskatinaw basal sands. The underlined bold values are for intergranular volumes 
within remnant anhydrite. The open dots show the locations of wells shown in Figure 3.14 and 
3.15. The lighter type at each well location gives the legal subdivision-section and the letter in 
brackets is the letter used in Figure 3.14. The paucity of data in the southwest corner of the 
study area is a function of lower core and well density in that part of the study area and 
inadequate sampling of available cores in that area (see Figure 1.2 for core control). 



Figure3.17. Anhydrite photomicrographs. 

a) Quartz grains tightly cemented by anhydrite. The anhydrite infilled large quantities of 
intergranular volume, sample UCG.003.162, 6-28-81 -8W6, 6187 feet (1885.8m). 

b) Dissolution fringe on anhydrite near the edge of a remnant anhydrite patch. Needles 
of anhydrite extend into and across the pore. Within the remnant anhydrite patch there 
are very low porosities and high intergranular volumes (arrows), sample UCG.003.034,7- 
19-83-9W6,5668.7 feet (1 727.8 m). 

c) SEM image showing cleavage-related dissolution fringe and dissolution stair-steps 
moving into pore-filling anhydrite mass from the pore edges, sample UCG.003.124, 2-12- 
83-8\1\16, 5527.5 feet (1684.8 m). 

d) SEM image showing initiation of dissolution stair-steps by dissolution on an anhydrite 
mass. Later illite is on the anhydrite, sample UCG.003.141, 10-15-84-8W6, 5077.6 feet 
(1 547.7 m). 

e) SEM image of a large pore-filling anhydrite mass which has undergone dissolution. 
Dissolution stair-steps related to cleavage are present. The dissolution fringe on the 
lower left part of the mass is clearly parallel to one of the cleavage directions, sample 
UCG.003.039, 7-19-83-9W6, 5640 feet (1 719.1 m). 

f) Close-up of the needle-shaped anhydrite dissolution fringe in the lower left part of 
Figure 3.1 7e. Dissolution is also indicated by curved reentrants along cleavage (arrows). 
Minor illite is on the dissolution fringe and kaolinite is in the pore. 

g) Anhydritic gypsum pseudomorphs within organic material in a Calamitesbranch, 
sample UCG.003.021, 10-3-83-1 OW6, 61 85.5 feet (1 885.3 m). 

h) Radiating and cross-cutting anhydrite laths within an anhydrite nodule within muddy 
sandstone, crossed nicols, sample UCG.003.105, 6-27--80-11 W6, 2331.3 m. 





and siderite as, in some places, anhydrite incorporates ankerite rhombs (and preceding 

carbonates) and abuts euhedral ankerite crystal faces (Figure 3.8h). 

More common than sands solidly cemented by anhydrite are sands with remnant 

anhydrite patches ranging in size from less than 1 mm to greater than 1 cm and 

encompassing several grains to hundreds of grains (Figure 2.8b, c, d). Anhydrite 

cement is also present in areas which appear to be controlled by laminae and 

sedimentary structures such as cross-bedding and trough cross-bedding (Figure 2.8e1 f). 

The remnant patches and areas are distinct in core as they are white in contrast to the 

light brown to dark brown-grey colour that areas with no anhydrite cement normally 

have. Remnant anhydrite is present throughout the study area, from wells adjacent to 

the erosional edge to wells deep, downdip from the erosional edge. Some wells have no 

remaining anhydrite cement, most notably the Balsam 7-36-82-1 1 W6 well. 

Within the remnant patches and areas the anhydrite is poikilotopic with felted 

large bladed crystals similar to those present within tightly cemented sands cementing 

high intergranular volumes. As wit11 tightly cemented sands, there are usually no quartz 

overgrowths, rare clay minerals, and very low porosities (Figure 3.1 7b). Some quartz 

overgrowths clearly preceded anhydrite in parts of sample 1 10 in the Farmington area. 

This sample has undergone partial dissolution and the possibility exists that the 

overgrowths were encased in a later anhydrite phase. Anhydrite at or near the edges of 

remnant patches commonly has some pore space along grain surfaces and adjacent to 

grains (Figure 3.17b, c, e). Thin section and SEM examination show that edges of 

remnant anhydrite patches have features identified by Schenk and Richardson (1985) as 

interstitial anhydrite dissolution features. Edges of remnant anhydrite patches commonly 

have cleavage-related dissolution fringes visible in thin section. Thin wafer to needle- 

shaped forms of ar~hydrite extend from remnant masses into pore space, extending 

across pores in some places (Figure 3.1 7b). Cleavage-related dissolution fringes can be 

observed in the SEM (Figure 3.17e1 f). The alignment of a dissolution fringe along 

cleavage is clearly shown in Figures 3.1 7e and c. Additional evidence for a dissolution 

origin for the fringes are curved reentrants between fringe elements and on the edge of 

the anhydrite mass (Figure 3.1 7f). It appears that dissolution was initiated along the 

circumference of pores, as small dissolution fringes are present around the edges of 

some pores (Figure 3.1 7c). 



Dissolution stair-steps (Figure 3.1 7c, dl e) are also visible with the SEM. The 

initiation of dissolution stair-steps through etching along cleavage is shown in Figure 

3.17d. No gypsum rims are visible on the edges of remnant anhydrite patches. Further 

evidence for anhydrite dissolution are separated anhydrite remnants which are optically 

continuous and have the same cleavage direction. 

Three samples with remnant anhydrite patches were point counted both including 

and excluding remnant patches (Table 3.1, Figure 3.1 6). Within the anhydrite remnants, 

intergranular volumes range from 29.1 % to 57.5 % with an average of 42.6 %. These 

values indicate that there were high porosities when cementation occurred and are 

similar to values obtained for the four tightly cemented samples. The detrital grains in 

uncemented sand are packed more closely than the grains within anhydrite rerrlnants 

(Figure 3.2d). The porous sand portions where anhydrite is not present have 

intergranular volumes ranging from 22.0 to 27.7 %. The percentage of apparent IGV 

loss from cemented sand to compacted sand in the three samples ranges from 13.1 to 

61.7 % (average = 35.8 %). 

Massive anhydrite is also present within Calamites branches (Figure 3.1 a, b, d) 

as described in Section 3.2. The anhydrite has felted texture with smaller crystal size 

(0.05 to 1.8 mm, commonly about 0.2 to 0.5 mm). Many of the crystals are equant, with 

random orientation and common intergrowths. Gypsum pseudomorphs are present 

within the organic material in one of the samples (Figure 3.179). 

Several anhydrite nodules (0.2 to 2.0 cm) are present in sample 105 (muddy 

sandstone). The one nodule examined in thin section is composed of anhydrite blades 

radiating at angles of about 30 to 45", with some cross-cutting crystals (Figure 3.17h). 

The anhydrite blades are very large with one greater than 1.5 cm long and the others 

range from 0.25 to 0.95 crrl long. The blades appear to have grown displacively within 

muddy basal sandstone. This is suggested by the presence of detrital grains and clay 

and authigenic ankerite rhombs between some of the anhydrite blades. Some of the 

ankerite rhombs incorporated between anhydrite blades have been deformed, and 

appear to have experienced zonation of iron which is indicated by colourless zones and 

blue zones (Figure 3.9f). 



3.4.7 Kaolinite 

Kaolinite occurs in several forms in the Kiskatinaw sands within the study area. 

The forms include vermicular kaolinite, grain-shaped clusters of kaolinite, pore-filling 

cement, and rare blocky dickite(?). 

Vermicular kaolinite is present in some samples within shale clasts or remnants 

of shale clasts. The vermiforms occur as large curved stacks of pseudohexagonal plates 

in which individual plates range from 30 to 50 pm in diameter (Figure 3.18a) and is most 

abundant in samples proximal to the subsurface erosional edge. Vermiforms are 

commonly corroded (Figure 3.1 8a, b), apparently having experienced some dissolution. 

In some samples, verniicular kaolinite has been replaced by chlorite (Figure 3.26b1 c). 

Volumetrically, the most significant form is grain-shaped clusters of kaolinite 

which occur in quantities up to 3.4 volume % near the subsurface erosional edge of the 

Kiskatinaw. Kaolinite appears to be absent in the wells in the Braeburn and Saddle Hills 

areas which are deep and furthest from the erosional edge. Kaolinite clusters are 

present in the general shape and grain-size of the quartz grains they occur with (Figure 

3.18c, g). In some places the kaolinite patches are squashed between the surrounding 

grains (Figure 3.19d), possibly indicating that some local compaction occurred after the 

kaolinite patches formed. The kaolinite patches are composed of stacks of 

pseudohexagonal plates or booklets (Figure 3.18eI f). Most of the individual crystals are 

approximately 10 Fm in diameter, although they range from about 5 to 10 pm. Extensive 

microporosity is present within the kaolinite patches (Figures 3.1 89; 3.2511; 3.26aI b), 

estimated at 30 to 45 % from backscattered SEM images. The microporosity estimate is 

close to the range of 15 to 30 % for blocky kaolinite determined by Nadeau and Hurst 

(1991) using image analysis and detailed backscattered SEM. Estimates in this study 

are likely higher because the samples studied by Nadeau and Hurst had smaller inter- 

particle pores. In some places, kaolinite is intergrown with quartz overgrowths (Figure 

3.18h; 3.20a). Authigenic illite is commonly present on kaolinite booklets (Figures 3.18eI 

f; 3.20a), appearing to be a later phase. Kaolinite patches are present in some low 

porosity samples such as the Farmington 02110-21-80-1 1 W6 well. 

Some of the kaolinite booklets clearly formed as pore-filling cement. This is 

indicated by the occurrence of kaolinite as patches filling oversized pores (Figure 3.19b), 

small pores (Figure 3.1 9c), pores formed by quartz dissolution (Figure 3.1 9d), porosity 



Figure3.18. Kaolinite photomicrographs. 

a) SEM image of curved, skeletal vermicular kaolinite within an illitic shale clast, sample 
UCG.003.039, 7-19-83-9\1\16, 5668.7 feet (1727.8 m). 

b) SEM image of corroded vermicular kaolinite within flaky detrital illite, sample 
UCG.003.036, 7-1 9-83-9\1\16, 5648.3 feet (1 721.6 m). 

c) Abundant kaolinite patches in pores. Most of the kaolinite probably formed as pore- 
filling cement, sample UCG.003.145, 6-30-81 -1 OW6, 21 43.4 m. 

d) SEM image of kaolinite booklets filling pores between detriial quartz grains, sample 
UCG.003.027, 10-1 6-83-9\1\16, 5671.5 feet (1 728.7 m). 

e) SEM image of kaolinite booklets with later ribbons and fibers of illite attached to 
kaolinite crystals, sample UCG.003.002, 7-36-82-1 1 W6, 61 73 feet (1 881.5 m). 

f) High magnification SEM image of thin, pseudohexagonal authigenic kaolinite. Later 
illite ribbons formed between the kaolinite booklets, sample UCG.003.027, 10-16-83- 
9W6, 5671.5 feet (1 728.7 m). 

g) BSEM image showing abundant microporosity with patches of kaolinite cement. The 
white specks are TiO,, sample UCG.003.027, 10-1 6-83-9\1\16, 5671.5 feet (1 728.7 m). 

h) BSEM image showing kaolinite (dark grey) within quartz overgrowth, sample 
UCG.003.109, 0211 0-21 -80-1 1 W6, 2339.9 m. 





Figure3.19. Kaolinite photomicrographs. 

a) SEM image of blocky kaolinite (dickite?) incorporated within a zoned quartz 
overgrowth. Fibers and ribbons of later illite formed around and on the kaolinite, sample 
UCG.003.120, 6-21 -83-9W6,5430.7 feet (1 655.3 m). 

b) Kaolinite patch filling large oversized pore, sample UCG.003.024, 10-3-83-1 OW6, 61 43 

feet (1872.4 m). 


c) BSEM image showing kaolinite (dark grey) which was incorporated within a quartz 

overgrowth (top right) and filled narrow pores between quartz grains. Some chloride 

needles (white) are present along quartz grain boundaries and at the edge of the pore- 

filling kaolinite, sample UCG.003.109, 0211 0-21 -80-1 1 W6, 2339.9 m. 


d) BSEM image showing pore-filling kaolinite cement (dark grey) within a small pore 

formed by quartz dissolution (large arrow) and within narrow porosity (small arrow) 

developed along grain boundaries through dissolution of anhydrite (A). A trace of chlorite 

needles (white) are present, sample UCG.003.109, 02/10-21-80- 1 1W6, 

2339.9 m. 


e) Kaolinite cement (K) and ankerite (A) within a fracture in a pebble, sample 

UCG.003.038, 7-19-83-9\1\16, 5668.7 feet (1727.8 m). 


f) SEM image of kaolinite booklets, illite specks, a pyrite framboid on the surface of a 

quartz overgrowth, sample UCG.003.130, 11-18-83-9\1\16, 5760.3 feet (1755.7 m). 


g) SEM image of blocky kaolinite (dickite?) with ribbons of later illite (white), sample 

UCG.003.134, 10-15-84-8W6,5143.5 feet (1567.7 m). 






along grain boundaries resulting from anhydrite dissolution (Figure 3.1 9d), pores defined 

by euhedral edges of ankerite or siderite rhombs, within dissolved phosphate grains, and 

wi,thin a fracture in a detrital grain in sample 038 (Figure 3.19e). In addition, isolated 

kaolinite booklets are present on grain surfaces (Figure 3.1 9f). Tlie similarity of the 

shapes of kaolinite cement identified and possible replacive kaolinite patches makes it 

difficult to distinguish between the two types. 

In a few places the kaolinite is smaller in size, about 5 pm in diameter, and more 

blocky in form (Figure 3.1 9a, g), indicating that it may be the dickite polymorph of 

kaolinite. 

3.4.8 Quartz Overgrowths 

Quartz overgrowths are present in most samples, up to a maximum of 18.2 

volume % point counted in sample 158. The overgrowths are up to 100 km thick and 

consist of smooth euhedral crystal faces where they grew into open pores (Figure 3.20a, 

b), although SEM examination revealed some complex stepped overgrowths (Figure 

3.20~). Some of the overgrowths appear to be zoned (Figure 3.19a). Competing 

overgrowths from facing grains in the same pore joined to completely fill some pores 

(Figure 3.20a1 el f), but more commonly a well connected pore system remained after 

quartz cementation (Figure 3.20b1 c, f). Overgrowths normally do not completely cover 

the detrital grains, being absent at grain contacts and wliere earlier carbonate cements 

or anhydrite cement are present (Figure 3.20a, dl el f). As overgrowths are also absent 

in sands tightly cemented with anhydrite, it is clear that quartz overgrowths formed later 

than the carbonate and anhydrite cements, after anhydrite dissolution had occurred. In 

addition, the overgrowths formed slightly later than kaolinite, or at the same time as 

kaolinite, as SEM examination shows overgrowths intergrown with kaolinite in some 

places (Figures 3.1 8h, 3.1 9a). 

The "dust rims" demarcating the original detrital grain surfaces range from well 

defined (Figure 3.20a1 d) to indistinct (Figure 3.20e1 f). It appears that most of the "dust 

rims" are illitic as illite is visible under the SEM extending out from beneath overgrowths 

where they culminate at the ends of grains (Figure 3.23d). Chlorite is present along dust 

rims in some places (Figure 3.26h). Sample 004 has spectacular overgrowth 

development in terms of both thickness of the overgrowths and the defining "dust rims" 



Figure 3.20. Quartz overgrowth photomicrographs. 

a) Euhedral quartz overgrowths which grew into pores, completely occluding some, and 
leaving porosity in others. Overgrowths are not present on parts of grain surfaces where 
earlier carbonate cements are present (arrows), sample UCG.003.003, 7-36-82-1 1 W6, 
61 70.0 feet (1880.6 m). 

b) SEM image of abundant euhedral quartz overgrowths. A well connected pore system 
remains, sample UCG.003.036, 7-19-83-9\1\16, 5648.3 feet (1 721.6 m). 

c) SEM image of a complex stairstepped quartz overgrowth which has experienced minor 
dissolution, sample UCG.003.132, 10-15-84-8\1\16, 5156 feet (1571.5 m). 

d) Very distinct "dust rims" and abundant, thick quartz overgrowths. Despite the 
abundant overgrowths, good porosity remains, sample UCG.003.004, 7-36-82-1 1 W6, 
6167.5 feet (1879.9 m). 

e) Abundant quartz overgrowths with poorly defined "dust rims" have occluded most of 
the pore space, sample UCG.003.090, 0217-25-80-8\1\16, 1944.5 m. 

f) Heterogeneous distribution of quartz cement, sample UCG.003.029, 10-1 6-83-9\1\16, 
5657.1 feet (1724.3 m). 

g) SEM image of a quartz grain etched in HF for 18 hours. Most of the "dust rim" 
connecting the overgrowth on the top of this grain has been removed by the etching, 
sample UCG.003.121, 6-21-83-8\1\16, 5430.7 feet (1655.3 m). See Section 5.4.2 and 
Appendix E for details of overgrowth separation. 

h) SEM image of a separated overgrowth. The euhedral overgrowth faces are at the 
bottom. The pointed white projections from the top surface are the remnants of the "dust 
rim" where the overgrowth was connected to the detrital quartz grain, sample 
UCG.003.083, 02116-19-77-1 OW6, 2427.9 m. See Section 5.4.2 and Appendix E for 
details of overgrowth separation. 





which are chlorite grain coatings (Figure 3.20a). In sample 004 the intergranular volume 

is high, leaving 12.3 % porosity (core analysis) despite 9.1 volume % quartz overgrowths 

(point count). Some samples have areas where most of the available pore space was 

cemented by quartz overgrowths (Figure 3.20e), but this only rarely covers large areas. 

Low porosity samples, such as those far from the subcrop edge in the Braeburn, Saddle 

Hills, and Farmington areas, are often dominated by quartz overgrowths. A shallower 

well (< 1965 m) at 10-8-79-7W6 is also dominated by quartz overgrowths. The 

distribution of areas within samples dominated by quartz overgrowths tends to be 

heterogeneous, with distinct patches or laminae pervasively cemented (Figure 3.20f). 

3.4.9 Potassium Feldspar Overgrowths 

Potassium feldspar overgrowths were identified on two detrital potassium 

feldspar grains (Figure 2.1 la ,  c) in sample 086. 'This authigenic phase does not appear 

to be widespread. 

3.4.10 Quartz Druse 

Several occurrences of quartz druse (likely equivalent to opal-CT discussed in 

Chapter 4) within pores were observed during SEM examination. The druse occurs as 

thin (5 pm or less), euhedral, six-sided crystals up to about 30 pm long (Figure 3.21a, b). 

The druse also occurs in a less crystalline (amorphous) form (Figure 3.21 c). The timing 

of the druse formation is not clear as insufficient occurrences were observed, but it 

appears that druse formed later than quartz overgrowths (Figure 3.21 a) and after some 

quartz dissolution (Figure 3.21 b). Rubble and small crystals visible in pore space in 

some thin sections may be quartz druse. 

3.4.1 1 111ite 

Rarely, it appears that detrital (allogenic) illite may have infilled pore space 

between the quartz grains. The best example of possible clay infiltration is in the 

Braeburn well 1-30-77-1 OW6 (Figure 3.22). Sample 087 at the top of the thick basal 

sand contains abundant illite and pyrite. The basal sand is capped by muddy silty 

sandstone and overlain by interbedded silty shale and sandy muddy siltstone. Possible 

infiltration is indicated by illitic cutans(?) with high birefringence which surround most 



Figure 3.21. Quartz druse and quartz dissolution photomicrographs. 

a) SEM image of euhedral quartz druse filling a pore between quartz overgrowths. 
Blocky kaolinite (dickite?) is on top of the druse, sample UCG.003.120, 6-21-83-8\1\16, 
5449.0 feet (1 660.9 m). 

b) SEM image of euhedral pore-filling quartz druse on the left side of the photograph. 
The large dimpled surface is probably a result of sample preparation, sample 
UCG.003.137, 10-15-84-8\1\16, 51 09.5 feet (1 557.4 m). 

c) SEM image of amorphous quartz druse. lllite (white) is present on and around the 
druse, sample UCG.003.147, 6-30-81-1OW6, 2138.1 m. 

d) Quartz grain with one quadrant removed by dissolution (large arrow). Quartz 
dissolution has probably also occurred in other places (small arrows). Interpreted 
bacterial sulphate reduction resulted in pyrite forming along lines of weakness in the large 
metamorphic quartz grain in the center of the photograph, sample UCG.003.130, 11-18- 
83-9W6,5760.3 feet (1 755.7 m). 

e) BSEM image of a quartz grain which has experienced substantial dissolution. 
Interpreted bacterial sulphate reduction resulted in the formation of several pyrite 
framboids (white) within pores, sample UCG.003.127, 1 1-18-83-9\1\16, 5783.0 feet 
(1 762.7 m). 

f) Quartz grain which has experienced substantial internal dissolution. Chlorite is present 
within some of the intragranular porosity (arrow), sample UCG.003.004, 7-36-82-1 1 W6, 
61 67.5 feet (1 879.9 m). 

g) SEM image of quartz overgrowths which have undergone substantial dissolution. 
Later illite (white) is present within some of the intragranular porosity, sample 
UCG.003.132, 10-15-84-8\1\16, 5156.0 feet (1571.5 m). 
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Figure 3.22. Gamma ray/sonic well log for the well 1-30-77-1 OW6 showing the cored interval 
and the locations of samples referred to in the text. The sampled interval is overlain by shale 
and siltstone. The high radioactivity of sample 087 is caused by the high illite content in the 
sample (Figure 3.23a). 



detrital grains and are oriented parallel to grain surfaces. In addition, there are 

numerous pores and oversized pores filled with massive illite (Figure 3.23a) (Wilson and 

Pittman, 1977; Moraes and De Ros, 1992). The underlying sample 086 also has 

cutans(?) and massive illite, which suggest mechanically infiltrated clay, but to a lesser 

extent. Additional evidence for a non-detrital origin for the illite are small, sparsely 

distributed patches of siderite(?) cement which have largely been pyritized. lllitic 

cutans(?) are not present along grain boundaries within the cement patches. Samples 

lower in the sand in immediately adjacent wells (Figure 1.2) have higher porosities and 

permeabilities and contain only a trace of grains with apparent cutans. 

Most shale clasts and silty shale clasts are composed of illite (Figures 3.264, e). 

In transmitted light, these clasts are usually light to medium brown in colour and rather 

homogeneous in appearance. Under crossed nicols, they have moderate to strong 

birefringence and appear to be made up of many small crystals. In secondary and 

backscattered SEM, it is clear that the illite has been, at least partially, recrystallized, as 

they are composed of many tiny crystals about 5 to 10 pm long associated with more 

massive, less crystalline, and somewhat flaky illite (Figures 3.23b1 c; 3.1 8b). Flaky 

morphology is common in detrital clays (Welton, 1984). Shale clasts have commonly 

been replaced to varying degrees by siderite, ankerite rhombs, or chlorite. 

"Dust rims" demarcating the detrital grain surface are visible in many overgrown 

quartz grains (Figure 3.20a1 dl e). SEM examination showed that the dust rims are 

usually illitic as ribbons of authigenic illite extend out frorr~ beneath overgrowths where 

detrital grains are exposed (Figure 3.23d). The "dust rims" in some samples are chloritic 

or have been replaced by chlorite (Figure 3.26h). 

Discrete illite occurs sparsely and is only visible in SEM fracture samples. lllite is 

most corrlmonly present as ribbons and fibres on kaolinite clusters or crystals (Figures 

3.18e1 f; 319a, g). Discrete illite is also present on the surface of some quartz 

overgrowths (Figures 3.23d1 e; 3.1 9f) and ankerite rhombs (Figure 3.23f). The illite on 

grain surfaces is most commonly isolated micrometre sized specks (Figures 3.1 9f, 

3.23d), but also occurs as a more continuous grain coating (Figure 3.23e) or as masses 

of anhedral to euhedral crystals (Figure 3.23f). In some places, masses of illite fibres 

and ribbons block pore throats (Figure 3.239). In the Josephine 11-18-83-9W6 well 

which is interpreted to have undergone bacterial sulphate reduction, there are abundant 



Figure 3.23. lllite photomicrographs. 

a) Sandstone with abundant illite cutans? and pore-filling massive illite (arrows). Pyrite 
(black) is also commonly present in pores, sample UCG.003.087, 1 -30-77-1OW6, 
2428.4 m. 

b) SEM image of flaky detrital illite and some recrystallized illite ribbons, sample 
UCG.003.009, 7-36-82-1 1 W6, 6132.5 feet (1869.2 m). 

c) BSEM image of massive detrital illite and recrystallized illite in a detrital shale clast. 
Also present are TiO, and chlorite, sample UCG.003.027, 10-1 6-83-9W6, 5671.5 feet 
(1 728.7 m). 

d) SEM image showing illite ribbons extending from the "dust rim" where the overgrowth 
ends at the top of the quartz grain, sample UCG.003.083, 0211 6-1 9-77-1 OW6, 2427.9 m. 

e) SEM image of fine illite covering a quartz overgrowth surface, sample UCG.003.133, 
10-1 5-84-8W6,5150.5 feet (1569.9 m). 

f) SEM image of blocky illite on the surface of an ankerite rhomb, sample UCG.003.009, 
7-36-82-1 1 W6, 6132.5 feet (1869.2 m). 

g) SEM image of illite fibers and ribbons blocking pore throats, sample UCG.003.124, 
2-1 2-83-8W6, 5527.5 feet (1684.8 m). 

h) SEM image of kaolinite, illite (white), and smectite (honeycombs) mass which is 
common in the bacterial sulphate reduction well, sample UCG.003.129, 1 1-1 8-83-9\1\16, 
5769.5 feet (1 758.5 m). 





masses of kaolinite, illite, and smectite (Figure 3.23h). 

3.4.1 2 Dissolution of Quartz, Chert, and Feldspar 

Partially dissolved silicate framework grains are cornmon in the Kiskatinaw, 

especially in samples near the erosional edge. Many quartz grains show obvious signs 

of dissolution, with large dissolution pits, missing portions, or dissection by internal 

dissolution microchannels (Figure 3.21d, el f, g). The quartz dissolution post-dates 

quartz overgrowth formation as overgrowths have often been dissected. The resulting 

intragranular porosity can be significant and constitutes up to 2.7 volume % in the 6-30- 

80-1 1 W6 well. 

Chert grains are rare near the erosional edge and are usually very microporous. 

In sands tightly cemented by anhydrite and in low porosity sands farther from the 

erosional edge, more stable chert grains and metamorphic quartz grains are present. 

As discussed in Section 2.5, up to about 2 % detrital potassium feldspars and a 

trace of detrital plagioclase are present in deep, low porosity wells wliich are far from the 

erosional edge. As feldspars are very rare in samples near the erosional edge, it was 

anticipated that feldspars which had experienced dissolution would be present. During 

extensive backscattered SEM examination, the only feldspar grain under attack 

observed in samples near the erosional edge was a honeycombed albite grain (Figure 

2.1 I f )  in the 6-30-81 -1OW6 well. A potassium feldspar grain which had experienced 

some dissolution (Figure 2.1 1 e) was noted in the well 1-30-77-1 OW6 where 2 % 

potassium feldspar is present. 

3.4.1 3 Chlorite 

Chlorite has been identified in thin section and using backscattered SEM in 

numerous wells throughout the study area. The distribution of chlorite occurrences is 

shown in Figure 3.24. Chlorite occurs in two main forms: 1) pore-lining and pore-filling; 

and 2) rosettes or masses which have replaced kaolinite or shale clasts. A third, but 

rare, form of chlorite occurs along "dust rims" within quartz overgrowths, probably having 

replaced illite. Chlorite is usually pale green and weakly pleochroic, and has dull 

birefringence. In backscattered SEM, chlorite is very distinctive, having a light (white) 

colour, which allows easy distinction of chlorite from other silicates such as quartz, 
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Figure 3.27. A) Gamma raylsonic well log profile from 7-36-82-1 1 W6 with the cored interval 
and gaslwater contact indicated; 6) plots of core analysis porosity and permeability versus 
depth for core #2 and core #3 shown in A). The permeabilility is higher above the gaslwater 
contact where insignificant chlorite is present. 



kaolinite, and illite. Chlorite is bright due to the high 2 (16.05) of iron chlorite (White et 

al., 1984). Chlorite and siderite have similar brightness in backscattered SEM images, 

as the 2 of iron chlorite is close to that of siderite (16.47). 

Chlorite most commor~ly occurs as pore-lining and pore-filling cement. The most 

common habits of chlorite are well-formed rosettes up to 70 pm in diameter and needles 

up to about 50 pm long. Isolated rosettes radiating from pore edges are common 

(Figure 3.25a, b), and some pores are completely filled with chlorite. There is a 

tendency for pore throats to be filled with chlorite rosettes (Figure 3.25a, b). Rarely, 

chlorite occurs as needles radiating into pores from grain surfaces (Figure 3.25c), or as a 

clay coat on all grains (Figure 3.25d). Chlorite is present within quartz removed by 

dissolution (Figure 3.25e, f) indicating that it formed subsequent to quartz dissolution. In 

low porosity samples, such as those far from the erosional edge, chlorite is present most 

commonly as needles within linear pores developed along grain boundaries (Figure 

3.259). 

The second type of chlorite is replacive chlorite which has replaced kaolinite and 

shale clasts. Replacement of grain-shaped clusters of kaolinite and pore-filling kaolinite 

cement is most common. Kaolinite replacement is indicated by progressive phases 

which have been observed. Phase one is shown by small needles and rosettes of 

chlorite which are commonly present along the edges of grain-shaped kaolinite clusters 

(Figure 3.25h) or cement (Figure 3.1 9b, c). Phase two involved the coalescence of 

needles and rosettes along edges, with some movement toward the centers of kaolinite 

clusters (Figure 3.26a). The final phase involved coalescence of rosettes covering large 

areas of kaolinite clusters (Figure 3.26b), eventually resulting in complete replacement of 

the precursor kaolinite. Masses of replacive chlorite rosettes have much less 

microporosity than the kaolinite they replaced (Figure 3.2613). Rarely, large kaolinite 

vermiforms have been pseudomorphically replaced by chlorite (Figure 3.26b, c). No 

pseudomorphs after small kaolinite booklets were observed, as kaolinite booklets were 

replaced by chlorite crystals of a much larger size. 

Chlorite also occurs replacing illitic shale clasts and silty shale clasts. Most 

commonly, there are isolated rosettes along the grain boundaries or partially replacing 

shale clasts (Figure 3.26d, e). Masses of chlorite rosettes also have completely 

replaced shale clasts whose former presence can often be distinguished by red-brown 



Figure 3.25. Chlorite photomicrographs. 

a) Pore-lining and pore-filling chlorite rosettes and needles, sample UCG.003.001, 7-36- 
82-1 1 W6, 61 74.3 feet (1881.9 m). 

b) SEM image of chloride rosettes showing a tendency to form in pore throats, sample 
UCG.003.001, 7-36-82-1 1 W6, 6174.3 feet (1881.9 m). 

c) Pore-lining chlorite oriented normal to the grain surface, sample UCG.003.169, 1-15- 
82-1OW6, 2098.5 m. 

d) Chlorite grain coating, sample UCG.003.005, 7-36-82-1 1 W6, 6160.5 feet (1877.7 m). 

e) Chlorite needles and rosettes and dark, speckled smectite within intragranular porosity 
in quartz, sample UCG.003.004, 7-36-82-1 1 W6, 61 67.5 feet (1879.9 m). 

f) BSEM image showing chlorite needles and rosettes within intragranular porosity in 
quartz, sample UCG.003.113, 02/10-21-80-11 W6, 2320.8 m. 

g) BSEM image with chlorite needles formed within narrow pores along grain boundaries, 
sample UCG.003.109, 02/10-21-80-11 W6, 2339.9 m. 

h) BSEM image showing a patch of kaolinite (dark grey) which has been replaced by 
chlorite needles (white) along its edges, sample UCG.003.113, 0211 0-21 -80-1 1 W6, 
2320.8 m. 





Figure 3.26. Chlorite photomicrographs. 

a) BSEM image showing a large cluster of kaolinite (dark grey) which has been replaced 
by chlorite (white) along edges exposed to open porosity. Replacement has progressed 
so that the chlorite needles have coalesced into well formed rosettes, sample 
UCG.003.002, 7-36-82-1 1 W6, 6173 feet (1881.5 m). 

b) BSEM image showing extensive replacement of a large kaolinite cluster by chlorite. 
The chloride rosettes have coalesced into large chlorite masses. A kaolinite vermiform 
has been pseudomorphically replace (arrow), sample UCG.003.002, 7-36-82-1 1 W6, 
6173 feet (1881.5 m). 

c) BSEM image of vermicular kaolinite pseudomorphically replaced by chlorite (arrow), 
sample UCG.003.113, 0211 0-21 -80-1 1 W6, 2320.8 m. 

d) BSEM image showing shale clast partially replaced by chlorite, sample UCG.003.004, 
7-36-82-1 1 W6, 61 67.5 feet (1879.9 m). 

e) BSEM image showing shale clast replaced by ankerite rhombs and along its edges by 
later chlorite (white), sample UCG.003.002,7-36-82-11 W6, 6173 feet (1881.5 m). 

f) Shale clast replaced by chlorite, sample UCG.003.003, 7-36-82-1 1 W6, 6170.0 feet 
(1 880.6 m). 

g) Chlorite rosettes along "dust rim" within a quartz overgrowth (arrows). Pore-lining and 
pore-filling chlorite is also present, sample UCG.003.005, 7-36-82-1 1 W6, 61 60.5 feet 
(1877.7 m). 

h) SEM image of chlorite blades extending out from the "dust rim" beneath the quartz 
overgrowth, sample UCG.003.003, 7-36-82-7W6, 6170.0 feet (1880.6 m). 





grain boundaries (Figure 3.26f). 

Small chlorite rosettes are rarely present along "dust rims" within quartz 

overgrowths in the Balsam well 7-36-82-1 1 W6. The rosettes are visible in thin section 

and SEM (Figure 3.269, h). 

Chlorite is spectacularly developed in the Balsam well 7-36-82-1 1 W6, particularly 

in sample 004 where replacive chlorite is common (0.6 %) and pore-lining and pore- 

filling chlorite is abundant (2.2 %). Chlorite in the Balsam well is most significant below 

the gaslwater contact (Figure 3.27a), but traces of both pore-filling and pore-lining 

chlorite and replacive chlorite is present in some samples above the gaslwater contact. 

Permeability is enhanced above the gaslwater contact where chlorite is only present in 

trace quantities (Figure 3.27b). 

Small quantities of replacive and pore-filling and pore-lining chlorite are present 

in both the basal and lower sand in four samples from the Farmington 0211 0-21 -80- 

11 W6 well. The 0211 0-21 samples are low porosity (3.4 to 8.7 %) and are probably 

within the gas saturated zone, but the evidence is not clear. Chlorite is also well 

developed in the Balsam 1-1 5-82-1 OW6 well which is wet and downthrown from a gas 

producing well (1 6-1 6-82-1 OW6). Replacive chlorite in the Balsam 7-36 well is 

associated with abundant ankerite and siderite cement. Notably, samples with replacive 

chlorite in both 02110-21 and 1-15 have none to very small quantities of siderite cement. 

3.4.1 4 Smectite 

Smectite is visible in thin section as brown specked material with moderate 

birefringence with speckly extinction. It occurs lining and filling pores, and blocking pore 

throats (Figures 3.28a). Smectite is often present in intragranular porosity within quartz 

grains, indicating that smectite formation occurred after quartz dissolution (Figure 3.28b). 

SEM examination showed that the most common form of smectite is honeycomb-like in 

appearance (Figure 3.28c, d). Smectite is abundant in the Josephine well 11 -1 8-83-9\1\16 

where bacterial sulphate reduction is interpreted to have occurred. In the 11 -1 8 well, 

smectite commonly occurs in large masses with kaolinite and illite (Figure 3.23h). EDX 

elemental analysis showed that the smectite is calcium smectite. XRD analysis of the <2 

km size fraction (Section 4.1) sliowed that the smectite is not a mixed-layer clay. The 

XRD results confirmed thin section and SEM observations that smectite is most corrlmon 
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Figure 3.27. A) Gamma raylsonic well log profile from 7-36-82-1 1 W6 with the cored interval 
and gaslwater contact indicated; B) plots of core analysis porosity and permeability versus 
depth for core #2 and core #3 shown in A). The permeabilility is higher above the gaslwater 
contact where insignificant chlorite is present. 



Figure3.28. Smectite, TiO,, and barite photomicrographs. 

a) Dark speckled smectite fillivg and lining pores, and blocking pore throats, sample 
UCG.003.024, 10-3-83-1 OW6, 61 43.0 feet (1 872.4 m). 

b) Speckled smectite lining pore and filling intragranular porosity within quartz (arrow), 
sample UCG.003.169, 1-15-82-1 OW6, 2098.5 m. 

c) SEM image of fine honeycomb smectite lining the pore walls along with chlorite, 
sample UCG.003.001, 7-36-82-1 1 W6, 61 74.3 feet (1881.9 m). 

d) SEM image showing honeycomb shaped calcium smectite. Also present are kaolinite 
and illite, sample UCG.003.127, 1 1-18-83-9W6,5783.0 feet (1 762.7 m). 

e) BSEM image showing two pore-filling TiO, crystals on the right side of the photo 
(arrows). One of the crystals is euhedral and six sided, sample UCG.003.030, 10-16-83- 
9W6, 5653.5 feet (1 723.2 m). 

f) BSEM image of pore-filling authigenic TiO, (white) within dissolution porosity in a 
quartz grain, sample UCG.003.153, 10-1 6-83-9\1\16, 5637.5 feet (1 718.3 m). 

g) BSEM image showing large anhedral mass of barite (bright white) infilling dissolution 
porosity in quartz. There are also two small, euhedral barite crystals and adjacent pyrite 
framboids, sample UCG.003.030, 10-1 6-83-9\1\16, 5653.5 feet (1 723.2 m). 

h) BSEM image showing barite prisms (white) replacing a chert(?) grain, sample 
UCG.003.128, 11-18-83-9W6,5623.0 feet (1 713.9 m). 





in shallower wells near the erosional edge such as the Balsam, Josephine, Earring, and 

Cecil areas and is only present in trace quantities in deeper areas such as Farmington 

(Figure 1.2). 

3.4.15 Pyrite 

3.4.1 5.1 General 

Pyrite is present in small quantities in most samples, but is generally not 

significant with respect to reservoir quality. Isolated individual pyrite framboids up to 

about 20 pm in diameter are present on grain surfaces or within pores close to grain 

surfaces (Figures 3.29a; 3.289). The tendency for isolated early framboids to form on or 

near original grain surfaces is also shown by framboids encompassed by later cements 

such as quartz (Figure 3.29a) and ankerite rhombs (Figures 3.29b; 3.8f). Less 

commonly, masses of pyrite framboids occur along grain boundaries or within pores 

(Figure 3.29~). Figure 3.29d shows a mass of subhedral pyrite within a kaolinite cluster. 

The subhedral forms appear to have resulted from recrystallization of framboids. 

Pyrite is also commor~ly developed within the clay accumulated along stylolites. 

Within stylolites, pyrite occurs as framboids, euhedral crystals (Figure 3.29f), and small 

concretions up to about 1 cm in diameter. 

Figure 3.29f shows a fanned mica clast which has been pyritized. The outer 

parts of Calamites branches often have been pyritized (Figure 3.le, f) and green shale 

clasts have been extensively replaced by siderite and pyrite in some places. 

An interesting tendency in the Kiskatinaw is the replacement of authigenic 

carbonate by pyrite. Pyrite has replaced ankerite concretions (Figures 3.3a, b, c; 3.30a1 

b, c), ankerite rhombs (Figure 3.299, h), and siderite cement. Early ankerite (Al) 

concretions seem to have been particularly susceptible to pyrite replacement. The 

textures show a gradation from acicular habit (Figure 3.299) to euhedral crystal forms 

and crystal aggregates (Figure 3.3b, c). 'The large pyritized ankerite concretion in 

sample 134 (Figure 3.3a) clearly shows the gradation in textures. The first stage of 

replacement of ankerite by pyrite involved the outward growth of small pyrite needles 

from grain boundaries (Figure 3.30a). The needles accumulated into masses (Figure 

3.30a) which appear to have recrystallized into subhedral grains which coalesced into 

masses (Figure 3.30b). Figure 3 . 3 0 ~  shows the final stage where all of the ankerite was 



Figure 3.29. Pyrite photomicrographs. 

a) Pyrite framboids (black) within pores and within quartz overgrowths (arrows), sample 
UCG.003.012,7-36-82-11 W6, 61 08 feet (1861.7 m). 

b) Pyrite framboids (black) within a large ankerite rhomb, sample UCG.003.012, 7-36-82- 
1 1 W6, 6108 feet (1861.7 m). 

c) Clusters of pyrite framboids (black) within pore space between quartz grains and within 
quartz overgrowth, sample UCG.003.136, 10-15-84-8\1\16, 5127.5 feet (1562.9 m). 

d) Mass of subhedral pyrite (black) surrounded by kaolinite cement. The round shape of 
some of the pyrite (arrows) indicates the anhedral mass may be recrystallized framboids, 
sample UCG.003.036, 7-19-83-9W6, 5648.3 feet (1 721.6 m). 

e) Eu hedral pyrite (black) associated with a stylolite, sample UCG.003.027, 10-1 6-83- 
9W6,5671.5 feet (1 728.7 m). 

f) BSEM image of pyritized mica grain (arrow) which had fanned into pore space due to 
compactional forces. Also present is pore-filling anhedral pyrite (white), sample 
UCG.003.083, 0211 6-19-77-1 OW6, 2427.9 m. 

g) Pyriie replacing large ankerite rhomb which has acicular habit on its edges, sample 
UCG.003.136, 10-15-84-8\1\16, 51 27.5 feet (1 562.9 m). 

h) Ankerite rhomb in the intermeted bacterial sul~hate reduction well which has been 
pYritized along cleavage sample ~ ~ ~ . 0 0 3 . 1 3 0 ,11 -18-83-9\1116, 5760.3 feet 
(1 755.7 m). 





Figure 3.30. Pyrite photomicrographs. 

Pyritized large ankerite concretion, sample UCG.003.134, 10-1 5-84-8\1\16, 51 43.5 feet 
(1567.7 m). 

a) Acicular pyrite initiating ankerite replacement along grain boundary (arrow) and 
forming masses of needles. 

b) Recrystallized subhedral crystals and coalesced crystal masses. 

c) Low magnification view of the pyritization of part of the ankerite concretion showing 
unreplaced ankerite (top), massive replacive pyrite lapping onto quartz grains (center), 
and subhedral masses and crystals of pyrite, primarily along grain boundaries. 

Pyrite textures in the interpreted bacterial sulphate reduction zone in the well 11-18-83-9W6. 

d) BSEM image of pyrite framboids (white) in a pore adjacent to a quartz grain (medium 
grey). Also present are corroded ankerite (light grey) and kaolinite (dark grey), sample 
UCG.003.128, 5773.7 feet (1 759.8 m). 

e) BSEM image showing several pyritized (white) grains, including an ooid (arrow) and 
shale clast? (long grain), and pyrite within quartz grains and kaolinite. The pyrite on the 
exterior of the two pyritized grains is euhedral, sample UCG.003.129, 5769.5 feet (1758.5 
m). 

f) BSEM image of pyritized large shale clast which is rimmed by euhedral pyrite crystals 
lapping onto quartz grains (arrows). Also present are pyrite framboids with pores and 
pyrite within intragranular porosity in quartz grains, sample UCG.003.129,5769.5 feet 
(1758.5 m). 

g) BSE image showing pyritzed shale clast. The ankerite which had impinged upon the 
shale clast (medium grey) is corroded and has been partially replaced by pyrite 
framboids, sample UCG.003.128, 5773.7 feet (1759.8 m). 

h) BSEM image of quartz grain with abundant pyrite within intragranular porosity. The 
large infillings are euhedral, and the small infillings are framboids, sample UCG.003.128, 
5773.7 feet (1 759.8 m). 





replaced and the anhedral masses combined to form large masses. In the final stage 

the pyrite often lapped onto quartz grains, possibly replacing quartz? 

Also showing similar pyritization textures is sample 087 where clay infiltration is 

interpreted to have occurred. The abundant pyrite in sample 087 (Figure 3.23a) occurs 

predominantly within siderite cement. In the interpreted bacterial sulphate reduction 

zone in the well 11 -1 8-83-9\1\16, pyrite replaced ankerite rhombs along cleavage planes 

(Figure 3.29h). Pyrite replacement along cleavage was also observed in a siderite 

rhomb in sample 153. 

3.4.1 5.2 Bacterial Sulphate Reduction 

Examination of the core from well 11-18-83-9\1\16 indicates that it is significantly 

different than normal basal Kiskatinaw cores. This core is very dirty, rusty, friable in 

parts, and has a strong sulphurous odour. The gaslwater contact is present within this 

core, reported by the ERCB at 5786 feet (1763.7 m) (Figure 3.31). Within the core, the 

gaslwater contact appears to be at about 5781 feet (1 762 m) as the core is medium to 

dark grey below that level and rust coloured and friable above that point. 

Josephine field is the largest Kiskatinaw gas field within the study area (Figure 

1.2) and has a reservoir temperature of 69 "C (ERCB, 1992a). It is a fault bounded pool 

which has four productive wells (Figure 3.32); the well under discussion, 1 1 -18-83-9\1\16 

has been suspended since 1986. Another uncored well, 10-8-83-9\1\16 also has the 

gaslwater contact within it, but is still on production. There is also an uncored wet well, 

10-6-83-9W6 where the sand ranges from 4 to 19 m below the gaslwater contact. Drill 

cuttings from these two uncored wells were examined to determine if BSR features were 

laterally and vertically extensive. The wet well is composed of light grey, fairly well to 

well cemented quartz sandstone with no pyrite noted. The well containing the gaslwater 

contact (1 0-8-83-9W6) has poor sample quality above the contact suggesting friable 

sandstone similar to 11-1 8-83-9W6. In addition, there is minor to common pyrite 

present, some replacing grains and some occurring along grain boundaries. Below the 

gaslwater contact the sand is more well cemented. 

Thin section and backscattered SEM petrography revealed that there is abundant 

pyrite up to about 20 % in these samples. There are corrlmon pyrite framboids ranging 

from c: 5 to 30 pm in pore space and within replaced grains (Figures 3.30d, f, g, h; 3.19f; 
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Figure3.31. A) Gamma raylsonic well log profile from 11-18-83-9\1\16 with the cored interval 
and gaslwater contact indicated; B) plots of core analysis porosity, maximum permeability, and 
vertical permeability versus depth for part of the cored interval shown in A). Also shown are 
6348 values for the 2 to 5 pm size fraction for samples 126 to 130. 
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Figure 3.32. Gamma ray log structural cross-section A-A' through Josephine Kiskatinaw "A" pool. The location of the cross-section and wells 
in the Josephine area are shown on the inset map. The relative movement on faults is shown by the arrows. Cored intervals are shown by 
black bars. The interpreted bacterial suiphate zone in the 11-18-83-9\1\16well is indicated by BSR. The fine correlation line at the base of the 
Kiskatinaw is an unconformity. 01 



3.21e) . Ooids, shale clasts, phosphatic grains, and ankerite cement are partially to 

completely replaced by pyrite (Figure 3.30e, f, g), especially within the pervasively 

pyritized sample 129. Grains replaced by pyrite are frequently rimmed with euhedral 

pyrite (Figure 3.30e, f). Many quartz grains have pyrite within them; primarily within 

intragranular porosity, but also along fractures and original lines of weakness such as 

strain interfaces within metamorphic quartz grains (Figures 3.30h, e, f; 3.21 d). There are 

some framboids within these grains, but the pyrite is primarily euhedral. In sample 130, 

there are several ankerite rhombs where pyrite has formed along cleavage planes within 

the rhorr~bs (Figure 3.29h). 

There is extensive reservoir destruction in the samples from the 11 -1 8-83-9\1\16 

well, particularly in sample 129. There is abundant kaolinite, illite, calcium smectite, and 

some chlorite (Figures 3.23h; 3.28b). The ankerite in these samples has undergone 

some dissolution which usually has not occurred in other parts of the study area (Figures 

3.9b; 3.30d, e, g). 

3.4.16 Authigenic TiO, 

Trace amounts of authigenic TiO, was identified in several samples using 

backscattered SEM. No authigenic TiO, was observed in secondary SEM or identified 

using XRD. The TiO, occurs as very small anhedral fillings of dissolution pits within 

quartz grains and within kaolinite clusters (Figure 3.1 89). Euhedral to subhedral pore- 

filling crystals up to about 30 pm in size are also occur (Figure 3.28e, f). The TiO, 

appears to have formed after quartz dissolution as it is present within intragranular 

porosity within quartz grains. 

Three polymorphs of TiO,, rutile, anatase, and brookite occur authigenically in 

sediments (Deer et al., 1966). Anatase is the most common as it is the low temperature 

polymorph. The six-sided crystals shown in Figure 3.28e are possible crystal forms of all 

three polymorphs (Deer et al., 1966; Berry and Mason, 1959). lxer et al. (1 979) showed 

euhedral pore-filling authigenic anatase pyramids. 

3.4.17 Barite 

Small, localized occurrences of barite were noted in samples 030 and 128 

(Josephine area). The barite is massive to prismatic in habit. In sample 030 the barite 



appears to have formed late in pore space and the large, massive patch is about 150 pm 

long (Figure 3.289). In sample 128 barite prisms 50 to 400 Km long replaced a large 

chert (?) grain (Figure 3.28h). 

3.4.1 8 Thorianite 

3.4.1 8.1 Description 

Backscattered SEM examination combined with EDX elemental analysis 

revealed that trace quantities of an authigenic thorium mineral is present in four of the 

samples (022, 036, 039, 152; Figure 3.33). As no silica was present in some of the EDX 

spectra (e.g. Figure 3.34a), the silica present in some (e.g. Figure 3.34b) was interpreted 

to be originating from adjacent or underlying minerals. Thus, it is likely that the mineral 

is the thorium oxide, thorianite (Tho,) rather than the thorium silicate, thorite (ThSiO,). 

Some of the EDX analyses had peaks of expected radioactive disintegration products 

such as radon and lead (Boyle, 1982) (Figure 3.34f). Uranium, which may be present in 

thorianite and thorite (Nininger, 1954; Heinrich, 1958) appears to be present in some 

EDX spectra (Figure 3.34f). Thorianite was only distinguishable as a different heavy 

mineral when BSEM contrast was maximized, thus creating contrast between other 

heavy minerals such as pyrite ( 2  = 20.65) and thorianite ( 2  = 80.05). Consequently, 

other occurrences of thorianite may have been overlooked in samples examined prior to 

the initial identification of thorianite. 

'Thorianite occurs as small, anhedral blobs about 1 to 4 Km wide within 

microporosity in ankerite (Figure 3.34a), within illlite in pyritized and sideritized shale 

clasts, within pores (Figure 3.34b, d, e) and within intragranular porosity developed in 

quartz grains (Figure 3.34b, d). In sample 152, there is an irregular blob of thorianite 25 

bm long which is in the same pore as a detrital rutile grain which has undergone 

dissolution (Figure 3.34~). This patch could not be relocated to confirm it 

petrographically, but it is probably within reservoir bitumen as most of the pore space in 

this sample is filled with bitumen (12 % bitumen, 1 % porosity). Dendritic thorianite is 

extensively developed within clay surrounding a quartz silt sized grain, within pore 

space, and within rnicroporosity within the quartz grain (Figure 3.34d, e). Pore-lining 

bitumen is present in this sample (022). Rare euhedral forms in the dendritic thorianite 

(Figure 3.34e) may be prisms with pyramidal terminations which are more characteristic 



Figure 3.33. Map showing wells referred to in the thorianite description. The wells are 
identified with their legal subdivision and section. The solid circles are wells where thorianite 
has been identified; the sample numbers are in brackets. NGS indicates that there is a natural 
gamma-ray spectra log. 



Figure 3.34. Thorianite photomicrographs. 

a) BSEM image showing an irregular patch of thorianite (white) within microporosity in 
ankerite. The EDX spectrum shows that the patch does not contain silica, sample 
UCG.003.039, 7-19-83-9\1\16, 5640.0 feet (1719.1 m). The Mg, Ca, and Fe energy 
originated in the ankerite. 

b) BSEM image with irregular e l  to 10 pm patches of thorianite (white) associated with 
dissolution pits in quartz (Q) and kaolinite (K), sample UCG.003.022, 10-3-83-1 OW6, 
6181.7 feet (1884.2 m). 

c) BSEM image showing irregular thorianite patch across a pore from a corroded detrital 
rutile grain. The EDX spectrum contains a trace of Rn, sample UCG.003.152, 6-30-81 -
10W6,2130.4 m. 

d) BSEM image showing irregular and dendritic thorianite within detrital clay surrounding 
a quartz silt grain. Thorianite is also present within pore space and within microporosity 
within the quartz silt grain, sample UCG.003.022, 10-3-83-1 OW6, 6181.7 feet (1 884.2 m). 

e) BSEM image showing higher magnification of dendritic thorianite in (d). 

f) EDX spectrum of a thorianite patch in sample UCG.003.039 showing small lead and 
uranium peaks. 
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of tetragonal thorite than cubes expected with isometric thorianite (Nininger, 1954; 

Heinrich, 1958). The large thorianite patch in Figure 3.34b and the patch in Figure 3 . 3 4 ~  

also have poorly developed dendritic form. 

The quantity of thorianite present in the four samples is very small and not likely 

to influence the total thorium content of the sands. As authigenic thorianite is present in 

the Kiskatinaw, it is of interest to examine thorium concentrations within the basal sand 

as indicated by natural gamma-ray spectra (NGS) well logs. NGS logs measure 

individually the concentrations of potassium ( K ~ O ) ,  thorium ( ~ h ~ ~ ~ ) ,  asand uranium ( u ~ ~ ~ )  
well as total radioactivity (Schlumberger, 1991). NGS logs are rare in the study area and 

were not run in any of the wells where thorianite was identified. Only three NGS logs 

were found in wells penetrating the Kiskatinaw within the study area. All of these wells 

were cored; 15-1 9 and 6-30-80-1 1 W6 are in the Farmington area, and 16-1 6-82-1 OW6 is 

in the Balsam area (Figure 3.33). The two Farmington wells with NGS logs are located 

about 13.5 km to the southwest of the nearest well (6-30-81 -1 OW6) where thorianite was 

observed. The Balsam well is in the midst of tlie thorianite occurrences. Thorium 

concentration, within clean basal sand in the NGS logged wells, is consistently very low 

(about 2 ppm). In 15-1 9-80-1 1 W6, the thorium concentration is constant within both the 

upper part tightly cemented by anhydrite and the lower porous part (Figure 3.35). This 

indicates that later diagenesis had insignificant impact on thorium redistribution in this 

well. As no samples were taken from these tliree wells, it is not possible to directly 

compare the authigenic and detrital mineralogy of the NGS logged wells with the wells 

where thorianite is present. Samples from adjacent wells in the Farmington and Balsam 

areas allow comparison with mineralogies where thorianite was identified (Figure 3.33). 

Clean sand samples from the 6-27-80-1 1 W6 well are all tight. Porous clean sand 

samples from the well 0211 0-21 -80-1 1 W6, although less porous, have similar mineralogy 

to wells closer to the erosional edge, with predominantly detrital quartz and variable 

quantities of kaolinite and chlorite and rare siderite. The 1-1 5-82-1 OW6 well adjacent to 

16-1 6 is porous, and contains kaolinite, chlorite, and bitumen. As the three NGS logged 

wells have similar mineralogy to wells where thorianite was identified, it is likely that the 

thorium concentrations are typical. 
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Figure 3.35. Gamma-ray, sonic, and natural gamma-ray spectra logs for the well 15-19-80-
11W6. The thorium content is low and constant in both the tightly cemented zone and the 
porous zone. 



3.4.18.2 Discussion 

The NGS logs (Figure 3.35) indicate low thorium concentrations after early 

diagenesis and after later diagenesis. The 2 ppm concentration in the two NGS logged 

wells is consistent with the reported average sandstone value of 1.7 ppm and c 0.2 ppm 

(Fertl, 1979) and 2 ppm for quartz (Myers and Wignall, 1987), indicating that insignificant 

thorium-bearing detrital or authigenic minerals are present in the basal sands in these 

two wells. Clay minerals commonly have elevated thorium concentrations, particularly 

kaolinite, illite, and smectite (Fertl, 1979; Myers and Wignall, 1987). 

The Th4+ ion has very low solubility and mobility in natural waters. The solubility 

of thorium in ground water is substantially increased when it forms complexes. Thorium 

is usually complexed with sulphate, fluoride, phosphate, hydroxide, and organic anions 

(Langmuir and Herman, 1986). Hurst (1990) argued that the crystallization of authigenic 

thorium minerals near minerals releasing thorium during diagenetic dissolution is more 

likely than thorium transport, due to the low solubility of thorium in formation waters. 

Possible sources of thorium within Kiskatinaw sands are detrital heavy minerals 

such as sphene and rutile, and phosphatic grains (Boyle, 1982). A partially dissolved 

detrital rutile grain is across the pore from the thorianite patch in Figure 3.34~. Another 

possible source of thorium are detrital shale clasts which commonly contain silt or clay 

size heavy minerals. Vermicular kaolinite within some shale clasts may contain thorium 

as detrital kaolir~ite generally contains more thorium (Hurst, 1990). Detrital muscovite 

grains may also have elevated thorium concentrations (Myers and Wignall, 1987). 

Milodowski and Hurst (1989) documented microscopic redistribution of thorium resulting 

from kaolinite replacement of detrital micas. As detrital muscovite is present in trace 

quantities in Kiskatinaw basal sands, it may have been a source of thorium during 

diagenesis. 

A potential external source for thorium in the Kiskatinaw may have been 

hydrocarbons. Thorium and uranium are generally constituents of petroleum and 

bitumen (Boyle, 1982) and some crude oils are significantly radioactive (Heinrich, 1958). 

The bitumen and oil present in some places in the Kiskatinaw may have carried and 

concentrated the thorium. Bitumen nodules containing thorium minerals have been 

documented (Parnell and Eakin, 1989; Parnell et al., 1990; Rasmussen and Glover, 

1990). The occurrence of bitumen exclusively with thorium minerals has been attributed 



to polymerization of fluid hydrocarbon monomers by irradiation from thorium resulting 

from radioactive decay (Boyle, 1982; op cit). Thorium is also probably exsolved from the 

carbonized organic groups during irradiation, forming thorium minerals (Boyle, 1982). In 

some places, it appears that thorium was transported with hydrocarbons and deposited 

penecontemporaneously with the hydrocarbons (Boyle, 1982). 

Irradiation has not controlled the distribution of bitumen in the Kiskatinaw as, 

when bitumen is present, it occurs throughout samples (1 52, 022), whereas only rr~inute 

quantities of thorianite are present. In addition, bitumen is not present in two of the 

samples (036, 039) containing thorianite. It seems most likely that thorianite patches 

formed prior to bitumen emplacement. Thorium could have been supplied by dissolving 

detrital minerals such as rutile, muscovite, phosphate, rare sphene, vermicular kaolinite 

and feldspar and concentrated on a local (microscopic) scale to form thorianite. Hurst 

(1 990) argued that the relationship between kaolinite and thorium is a result of fine- 

grained authigenic thorium-rich minerals associated with authigenic kaolinite rather than 

thorium adsorbed onto kaolinite. Backscattered SEM examination of Kiskatinaw 

samples showed that silt-sized TiO, (likely anatase) is commonly associated with 

authigenic kaolinite (Figure 3.189). Anatase is also present within illitic shale clasts 

which commonly contain vermicular kaolinite (Figure 3.1 8a). Consequently, it seems 

likely that much of the thorium utilized in the formation of thorianite was released during 

dissolution of detrital rutile and silt-sized TiO, associated with kaolinite and illitic shale 

clasts. 

3.4.1 9 Reservoir Bitumen 

Solid hydrocarbon is present in some samples examined in this study. It usually 

occurs without an apparent pattern of distribution as in some places it occurs in isolated 

sample(s) from a well. As no chemical tests were conducted on Kiskatinaw bitumens, 

they can not be classified chemically, but can be genetically classified as reservoir 

bitumens. Rogers et al. (1 974, p. 1806) described reservoir bitumen as "formed by the 

alteration of reservoired oil and are present as black, solid asphaltic or graphitic coatings 

and particles within reservoir porosity". Kiskatinaw reservoir bitumen occurs lining pores 

and blocking pore throats (Figure 3.36a), within kaolinite patches (Figure 3.36b), and 

within intragranular porosity. Limited secondary SEM examination indicates the bitumen 



Figure3.36. Photomicrographs of bitumen textures. 

a) Abundant reservoir bitumen (black) present above the gastoil contact in the 6-30-81-
10W6 well. The bitumen lines pores and fills pores, intragranular porosity (arrows), and 
kaolinite patches. Most pore throats are occluded with bitumen, sample UCG.003.151, 6- 
30-81 -1 OW6, 21 30.9 m. 

b) Pores lined with bitumen and a kaolinite cluster filled with bitumen, sample 
UCG.003.002, 7-36-82-1 1 W6, 61 73.0 feet (1881.5 m). 

c) SEM image showing pore-lining bitumen with "carpet" morphology of Lomando (1992), 
sample UCG.003.151, 6-30-81 -1 OW6, 21 30.9 m. 

d) SEM image of a pore encased by bitumen (arrow). White illite fibers and ribbons are 
also present. The white line in the upper right corner is foreign material, sample 
UCG.003.151, 6-30-81 -1 OW6, 21 30.9 m. 

e) Typical porosity, with no porosity occluding reservoir bitumen, below the gastoil contact 
in the 6-30-81-1OW6well, sample UCG.003.147, 6-30-81 -1OW6, 2138.1 m. 
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Figure 3.37. A) Gamma raylsonic well log profile from 6-30-81-1OW6with the cored interval 
and gasloil contact indicated; 8)plots of core analysis porosity and permeability and volume 
percent reservoir bitumen versus depth for the cored interval shown in A). Reservoir bitumen 
content was determined by point counting thin sections. Core analysis depths were corrected 
to well log depths. 



has "carpet" morphology following the classification of Lomando (1 992) (Figure 3.36c, d). 

Bitumen precipitation clearly postdates quartz dissolution and appears to postdate 

chlorite as bitumen occurs within chlorite needles and rosettes. 

The most volumetrically significant and vertically continuous bitumen noted in this 

study is in tlie Detloff 6-30-81-1OW6 well. In the 6-30-81-1OW6 core, there is a sharp 

change in appearance at the gasloil contact. In the gas zone, the core is dark gray due 

to the presence of reservoir bitumen. The sandstone in the oil zone is medium browrr in 

colour and strongly oil stained. Full diameter core plugs from the oil zone used for 

conventional core analysis are light brown, having been flushed of oil during analysis 

procedures, indicating that the oil is mobile. It is important to note that this core is at the 

base of a 35 m thick channel sand and that production in this well is from perforations 

which begin 6 m above the top of the core. In addition, well logs show that the 

perforated interval has higher porosities than the cored interval (Figure 3.37a). 

Consequently, reservoir bitumen content and reservoir quality within the producing 

interval may be different than that present in the cored interval. 

The reservoir quality in the gas zone within the cored interval has been 

significantly decreased. Many pores are lined with bitumen and pore throats are 

commonly obstructed (Figure 3.36a). In the oil zone, there is excellent reservoir quality 

with no bitumen visible and very small quantities of siderite and quartz cements (Figure 

3.36e). 

Figure 3.37b illustrates the trends in porosity and permeability within the 

reservoir. Porosity appears to be decreased by only about 2 to 5 % from average 

porosity within the oil zone, but permeability is decreased on average by close to an 

order of magnitude. Point counts of the eight samples from the well revealed that 

bitumen content within the gas zone ranges from 4 to 13 %, with four samples 10 % or 

greater. Within the oil zone, bitumen is not present or present only in trace quantities. 

It is important to be aware of the presence of reservoir bitumen as it is measured 

as oil-filled porosity by well logging tools (Lomando, 1992). Consequently, reservoir 

quality and reserve volumes can be overestimated. 

3.5 Porosity Types 

Using porosity terminology and criteria described by Pittman (1 979), Schmidt and 



McDonald (1 979), and Burley and Kantorowicz (1 986) porosity types and their 

distribution in the Kiskatinaw can be described. Following the interpretation of this study, 

that the Kiskatinaw basal sands were pervasively cemented by anhydrite cement (see 

Section 3.4.6), most current intergranular porosity is secondary intergranular porosity 

(cement-dissolution porosity) which formed through the dissolution of anhydrite cement. 

Large, well connected secondary intergranular pores (about 50 to 300 pm) predominate 

near the erosional edge (Figure 3.38a, b, e). There is a gradation to small (about 10 to 

100 pm), poorly connected intergranular pores in deeper parts of the study area such as 

the Farmington area (Figure 3.38d1 g). Small intergranular pores are often confined by 

impinging quartz overgrowths (Figure 3.38d) which reduced pore connectivity. There is 

a general trend of decreasing intergranular pore size with increasing depth (Figure 3.38: 

a) Cecil area 1552 m; b & e) Josephine area 1727 m; c) Balsam area 1881 m; d & g) 

Farmington area 2340 m). Some anomalies exist where porosity is greater (e.g. Figure 

3.36a1 Bonanza area, 2131 m) or less than expected. 

Secondary intergranular porosity is also commonly enhanced by dissolution of 

quartz overgrowths (Figures 3.219; 3.38b). As discussed in Section 3.4.4, dissolution of 

carbonate cements has had insignificant impact on secondary intergranular porosity. 

Large ankerite A3 rhombs, and to a lesser extent, siderite S3 cement, have helped 

preserve porosity by propping open the reservoir during grain collapse and compaction 

following anhydrite removal. The result of the propping is something similar to shelter 

porosity (Figure 3.38~). 

Secondary intergranular porosity has also been enhanced by dissolution of grain 

margins (Figures 3.38a; 3.36a; 3.21d) and intragranular porosity (skeletal or 

honeycorr~bed grains) resulting from grain dissolution of quartz, feldspar, and chert 

(Figures 3.38a; 3.21 e, f, g; 3.36a; 2.1 1 e, f) (see Section 3.4.1 2). Intragranular 

dissolution is most significant in quartz grains, with the amount increasing toward the 

erosional edge. 

Microporosity is present within the clay minerals kaolinite, chlorite, illite, and 

smectite, but appear to have a greater affect on permeability than porosity. The 

microporosity present within ankerite rhombs appears to have little impact on reservoir 

porosity, as the microporosity is in the center of the rhombs. 

Formation damage is clearly visible in some samples (Figure 3.38f). Clay of 



Figure 3.38. Photomicrographs showing porosity types. 

a) Very open and well-connected secondary intergranular porosity near the erosional 
edge (Cecil area). There is a skeletal quartz grain (arrow) in the center of the photograph 
and most of the grains appear to have experienced some dissolution of grain margins, 
sample UCG.003.139, 10-15-84-8W6,5090.6 feet (1551.6 m). 

b) Open and well connected secondary intergranular porosity in the Josephine area. 
Some dissolution of quartz grains has occurred (arrows), sample UCG.003.035, 7-19-83- 
9W6, 5661.5 feet (1725.6 m). 

c) Secondary intergranular porosity in the Balsam area. Ankerite rhombs are propping 
open the reservoir, helping create shelter(?) porosity, sample UCG.003.003, 7-36-82- 
11 W6, 6170 feet (1880.6 m). 

d) Small secondary intergranular pores which have been reduced by impinging quartz 
overgrowths. Farmington area, sample UCG.003.110, 0211 0-21-80-1 1 W6, 2339.9 m. 

e) SEM image of well connected porosity network, Josephine area, sample 
UCG.003.027, 10-1 6-83-9\1\16, 5671.5 feet (1 728.7 m). 

f) Formation damage resulting from clay deposition parallel to grain surfaces (arrow) 
during invasion of drilling fluids, sample UCG.003.022, 10-3-83-1OW6, 6181.7 feet 
(1884.2 m). 

g) Small secondary intergranular pores in the Farmington area, sample UCG.003.110, 
02/10-21-80-11 W6, 2339.9 m. 





unknown composition with fine laminations parallel to grain and cement surfaces was 

deposited at a very late stage, probably due to circulating drilling fluids. As every pore 

throat is filled, permeability must be substantially reduced. 

3.6 Porositylpermea bility relationships 

3.6.1 Introduction 

As with any productive subsurface formation, it is important to understand 

porosity and permeability relationships and their distribution, if possible. The economic 

cutoff generally used by companies exploring for reserves in the Kiskatinaw Formation is 

8 % porosity (G. Andrews, pers, comm., 1990). Adherence to the eight percent cutoff is 

shown by the study area pool averages reported by the ERCB (1 992a) (Figure 3.39). 

The maximum core analysis porosity in the study area is 22.3 % and permeability ranges 

up to about 500 md. Many Kiskatinaw cores contain induced fractures so some 

permeability values are inflated. Some analyses noted the fracturing problem and 

attempted to compensate by taking a small core plug for permeability measurement. 

Measured permeabilities exceeding 500 md are probably erroneous. The Kiskatinaw 

has excellent permeability in many wells as is shown by common drill stem test 

recoveries of 1000 m or more of salt water from wet wells (Appendix C). 

3.6.2 Core analysis data 

Porosity, permeability, and depth data from all available core analyses in the 

study area (49 wells, 1862 analyses) were put into a data base. Analyses were 

characterized as being from the basal sand, lower sand, or tidal sands. The well log 

characters of features observed in cores and lithologic descriptions contained within core 

analyses were used to make the distinction in cores which were not examined. Depth 

versus porosity and porosity versus permeability plots were made for both the basal 

sand (Figure 3.39) and the lower sand (Figure 3.40). Average pool data for pools in the 

study area are superimposed on the depth versus porosity plot (Figure 3.39). 

Sandstones which have a range of burial depths usually have declining porosity 

with increasing depth, and the Kiskatinaw clearly shows this general trend. There is, 

however, substantial variation in porosity and permeability at given depths and over the 

range of depth at which the Kiskatinaw occurs in the study area. The occurrence of low 
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Figure 3.39. Plots showing core analysis porosity and permeability data (1269 analyses) for 
Kiskatinaw basal sands. A) depth versus porosity, and average depth versus porosity for 
Kiskatinaw pools within the study area (ERCB, 1992a); B) porosity versus permeability. 
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Figure3.40. Plots showing core analysis porosity and permeability data (398 analyses) for 
Kiskatinaw lower sands. A) depth versus porosity; B) porosity versus permeability. 



porosities (< 8 %) up to about 1700 m is due to the occurrence of anhydrite cemented 

intervals throughout the study area. In addition, the basal sands (Figure 3.39) have 

better reservoir quality than the lower sand (Figure 3.40), having a wider range of both 

porosity and permeability. 

Examination of the more numerous basal sand data shows that the potential for 

finding reservoirs with > 8 % porosity is much less below about 2300 m, although several 

of the pools are present below that depth. The 8 % lower cutoff corresponds to an 

average permeability of about 10 md (Figure 3.39). 

3.7 Paragenetic sequence 

Detailed examination of authigenic mineralogy in basal sands of the Kiskatinaw 

Formation within the study area revealed a complex series of diagenetic events which 

have some interesting local variations. The relative timing of authigenic minerals (Figure 

3.41) was determined from the textural relationships between various minerals as 

described above. 

Early diagenesis saw the formation of rare isolated pyrite framboids, and a series 

of ferroan carbonate cements. Infiltration of illite appears to have occurred in one well. 

Quartz grains in most places were dusted by illite to varying degrees resulting in the 

visibility of original grain boundaries after the formation of quartz overgrowths. The 

earliest carbonate cement was ankerite concretions (Al) which likely preceded 

spherulitic siderite concretions (S1 and S2) which formed within shale clasts, detrital 

clay, and pore space. The feathered rhomb outer part of spherulitic concretions (S2) 

appears to be equivalent to grain-rimming siderite rhombs. Small ferroan dolomite to 

ankerite rhombs (A2) formed within shale clasts and pores at some time preceding the 

formation of large ankerite (A3) rombs. The relationship between small rhombs (A2) and 

A l ,  S1, and S2 is not clear. Pervasive anhydrite cement encompassed A3 ankerite 

rhombs while intergranular volumes remained high, close to depositional porosities. 

Intermediate diagenesis saw the incomplete removal of anhydrite cement 

throughout the study area probably followed by the formation of siderite cement (S3) 

which filled pores and rimmed grains. Siderite cement was followed by the formation of 

kaolinite clusters or kaolinite cement. Quartz overgrowths formed subsequent to 

kaolinite, or at the same time as some kaolinite. Calcitization of the interior of ankerite 
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Figure 3.41. Summary of the paragenetic sequence with relative time for the Kiskatinaw basal 
sands. 



rhombs may have been related to pre-Permian uplift and erosion which may have 

resulted in recharge by fresher waters and anhydrite dissolution. Further kaolinite 

cement (possibly including dickite) followed quartz overgrowth formation. Dissolution of 

quartz overgrowths and grains followed, with the most extensive dissolution occurring 

near the erosional edge to the north. Minor quartz druse formed subsequent to the 

formation of quartz overgrowths. Smectite, and rare TiO,, barite, and thorianite formed 

subsequent to quartz dissolution. The timing of replacement of carbonate cements, 

especially ankerite concretions, by pyrite is not known. 

Also forming after quartz dissolution, but possibly after gas emplacement, was 

pore-lining and pore-filling chlorite and chlorite replacement of kaolinite clusters. 

Reservoir bitumen formed very late in some places, possibly by the alteration 

(deasphalting) of preexisting oil accumulations by the emplacement of gas. 



Chapter 4 


X-RAY DIFFRACTION 


4.1 Clay Minerals 

4.1 .1 Methodology 

The clay fraction (less than 2 pm equivalent spherical diameter) was separated 

from thirty-one samples. These samples included all samples processed for quartz 

overgrowth, kaolinite, or chlorite separations, all five samples from the BSR zone in well 

11 -1 8-83-9\1\16 and four additional samples selected to represent subsidiary lithofacies. 

'This was done by gently disaggregating the samples using a mortar and pestle and 

separating the clay fraction by sedimentation in distilled water. Samples which 

flocculated were washed and settled for 24 hours until flocculation no longer occurred. 

The resulting clay slurry was pipetted onto glass slides and dried at room temperature to 

produce oriented slides. The air-dried slides were analysed with FeK, radiation, 40 kv, 

20 mA, at 4.0 secl0.l "28 from 3 to 75 "28. All of the slides were glycolated at room 

temperature for 72 hours and analysed from 3 to 35 "28. A Phillips Norelco X-ray 

diffractometer was used for all analyses. No heat treatments were necessary for 

sarnples containing substantial quantities of kaolinite and chlorite as there is an excellent 

3.5813.54 A peak doublet in these samples, allowing easy identification of kaolinite and 

chlorite. Fourteen samples which appeared to contain trace quantities of chlorite were 

heated to 590 OC for one hour to destroy kaolinite and analysed from 3 to 17 "20. This 

treatment was inconclusive in most cases. Peaks were picked using the computer 

program "JADE" (O Materials Data, Inc., 1991, 1992) which also calculated peak heights 

and areas. 

4.1.2 c2 Fm Results and Interpretation 

The clay minerals were characterized using standard XRD peak patterns from 

the oriented slides (Moore and Reynolds, 1989). The amounts of each clay type in each 

sample were determined semi-quantitatively using weighting factors determined by 

Biscaye (1 965) (Table 4.1) and are reported as tlie percentage of total clay minerals in 

Table 4.2. Quantitative analysis could not be performed on samples 126 to 130 from the 



bacterial sulphate reduction zone because of high backgrounds which resulted from the 

absorption of iron radiation by iron minerals present in the BSR zone, and generation of 

secondary fluorescent radiation (Wilson, 1987). There are wide variations in the 

quantities of clay minerals present in the <2 pm clay fraction of analysed samples, with 

smectite ranging from 0 to 52 %, illite 5 to 100 %, kaolinite 0 to 92 %, and chlorite from 0 

to 69 %. Also included in Table 4.2 are the other minerals present in the <2pm size 

fraction. Semi-quantitative analysis of the non-clay minerals was not possible as the 

mounts were oriented. 

Table 4.1. Weighting factors used for semi-quantitative clay mineral analysis (Biscaye, 1965). 

Mineral 
, Smectite 

Glycolated Peak 
17 A area 

Weighting Factor 
1 

lllite 10 A area 4 
Kaolinite 7 A area x % of area under 2 

Chlorite 
3.5813.54 peaks 
7 A area x % of area under 2 
35813.54 peaks 

lllite is characterized by a broad peak, asymmetric to the low angle ("28) side at 

about 10.0 A, and, when present in significant quantities, a broad peak at about 5.0 A. 
Broad, asymmetrical 001 peaks are characteristic of illite 1 M and 1 Md polytypes (Wilson, 

1987). After glycolation, the 001 (10 A) and 002 (5 A) peaks are broader and slightly 

closer together in most samples, as indicated by visual inspection and calculation of the 

Ad between the two peaks (Figure 4.1). The approach of the 001 and 002 illite peaks 

upon glycolation suggests the presence of smectite interlayers. However, the position of 

the 001 and 002 peaks near 10 A and 5 A, respectively, suggests minimal smectite 

interlayers. In order to determine the amount of smectite, the Ad between the 

001 and 002 glycolated illite peaks was determined. The "A28(or Ad) has been shown 

to estimate accurately the composition of illitelsmectite (Moore and Reynolds, 1989). 

Moore and Reynolds (1 989) showed that pure illites have Ad 2 5.00 A and illite with 10 % 

smectite interlayers have Ad = 4.72 and it is thus possible to estimate the quantity of 

smectite interlayers in the samples. Ad ranges from 4.81 to 5.44 A in the samples, with 

only eight samples having a Ad less than 5.0 A (Table 4.2). The Ad values indicate that 

all of the samples have less than 10 % smectite interlayers. Following Wilson's (1 987) 

proposed working definition for illite to be considered to contain < 10 % expandable 
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Figure 4.1. X-ray diffractogram of the air dried and glycolated clay fraction of sample 083 
illustrating typical illite peaks and the smectite 001 glycolated peak. Note the broadening and 
approach (decreasing Ad) of the illite 001 and 002 peaks when glycolated. 
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Figure 4.2. X-ray diffractogram of the glycolated clay fraction of sample 001 illustrating kaolinite 
and chlorite peaks. The kaolinite 001 and chlorite 002 peaks overlap, but there is a distinct 
doublet of the kaolinite 002 and chlorite 004 peaks which indicates good crystallinity of both 
minerals. 



layers, all of the samples are pure illites. Significantly, illite is the predominant clay 

mineral (80 to 100 %) in samples which appear to have substantial quantities of detrital 

clay (032, 087, 121, 142). 

Kaolinite is recognized by diagnostic peaks at 7.15 A and 3.58 A. When present 

with greater than trace amounts of chlorite, the kaolinite 001 and chlorite 002 peaks 

overlap, but a distinct double peak results from the kaolinite 002 (3.58 A) and chlorite 

004 (3.54 A) reflections (Figure 4.2) and allows identification of both kaolinite and 

chlorite. Sharp, resolvable peaks occur when both kaolinite and chlorite are composed 

of thick crystallites (Moore and Reynolds, 1989) which petrographic observations 

indicate is characteristic of authigenic kaolinite and chlorite in the Kiskatinaw. 

Chlorite was identified by a distinct 3.54 A peak, a 7.05 A peak (often shared with 

kaolinite), and smaller 4.7 A and 14.2 A peaks when abundant (Figure 4.3). Small 

quantities of chlorite could be distinguished when present with kaolinite because of the 

distinct separation of the kaolinite 3.58 A and chlorite 3.54 A peaks (Figure 4.2). Poorly 

resolved 3.54 or 14 A peaks in fourteen samples suggested they contained trace 

amounts of chlorite. Heat treatments to destroy kaolinite were conducted on the 

fourteen samples, but the diffractograms were inconclusive in most cases. The chlorite 

is iron-rich, likely chamosite, as the odd-ordered basal reflections (001 and 003) have 

reduced intensities relative to the even-ordered basal reflections (002 and 004) (Moore 

and Reynolds, 1989; Wilson, 1987) (Figure 4.3). 

Smectite is present in small amounts in many of the samples and occurs in larger 

amounts (35 and 52 %) in two samples (Table 4.2). Smectite was identified by the 

appearance of a peak between 16.8 and 17.6 A after glycolation (Figures 4.4 and 4.1). 

8.46 and 5.54 A smectite peaks are also present in some samples. Diffractograms of 

the air dried samples usually have a broad peak in the area of 14 to 15 A which, upon 

glycolation, resolves into the 17 A smectite peak and a small 14 A peak if chlorite is 

present (Figure 4.4). 

Qualitative analysis of the non-clay mineral content of the c 2pm fraction (Table 

4.2) indicates that quartz is present in most samples. Gypsum, resulting from the 

hydration of anhydrite during sedimentation and air drying, is characterized by a 7.6 A 
peak, and was identified in about half of the samples. Most significantly, it is present in 

three of the five samples from the bacterial sulphate reduction zone in the Josephine 11 -



O2-TH ETA (FeK,) 
Figure 4.3. X-ray diffractogram of the glycolated clay fraction of sample 004 illustrating chlorite 
001 to 004 peaks with no kaolinite present. It shows that there is a strong difference in intensity 
between the odd-ordered (001 and 003) and even-ordered (002 and 004) basal reflections 
indicating that the chlorite is iron-rich. 
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Figure 4.4. X-ray diffractogram of the air dried and glycolated clay fraction of sample 004. It 
shows the diagnostic smectite 001 peak which is present about 17 A in glycolated samples. The 
air dried smectite 001 peak is broad and is in the 14 to 15 A area. 



18-83-9\1\16 well. Opaline silica is present in six of the samples and may be present in 13 

other samples. Moore and Reynolds (1 989) noted that opaline silica often is present as 

a continuum from well-crystallized cristobalite and tridymite to amorphous material. In 

this study, opaline silica is grouped together as Opal-CT which is the most common form 

of hydrous silica and shows three or four broad reflections near 4.3, 4.1, 3.9, and 2.5 A 
(Brown, 1980). Additional tridymite peaks of 2.98, 3.82, and 3.87 A were also used to 

identify Opal-CT. Samples which have 2 or more of the peaks were listed as containing 

Opal-CT. Samples with only one peak are listed as possibly containing Opal-CT. 

Lepidocrocite is characterized by 6.26, 3.29, 2.47, and 1.94 A peaks and is abundant in 

sample 128. As expected from petrographic examination, siderite and/or ankerite are 

present in some of the <2 pm fraction samples. 

4.2 Bulk Samples 

Petrographic examination indicated that Kiskatinaw sands in the study area have 

detrital compositions exceeding 95 % quartz (quartz arenites). XRD has poor accuracy 

for minor components (< 20 %). Moore and Reynolds (1989) estimated that the error in 

quantitative analysis for minor components is f 20 %. Quartz characteristically has 

strong diffraction intensities that are at a maximum for particles 2 to 20 pm (Brindley, 

1980) which is within the preferred size range of 5 to 10 pm for bulk XRD analyses 

(Hardy and Tucker, 1988). 

The sensitivity of bulk XRD was tested on two samples. Sample 086 was known 

from backscattered SEM examination to contain about 2 % potassium feldspar, but the 

diffraction pattern of the bulk powder contained only quartz peaks. The diffractogram of 

sample 109, a deep, anhydrite-cemented sample contained only quartz and anhydrite 

peaks. Semi-quantitative analysis using the method of Bayliss (1 986) showed that 

sample 109 has 72 % quartz and 28 % anhydrite which is in close agreement with the 

point count value of 29.3 % anhydrite with porosity excluded (Table 3.1). As it appeared 

that bulk analyses of quartz-rich samples would yield limited data about detrital 

conipositions, bulk analyses were not conducted on further samples. 



4.3 Sillcate Separates 

Oxygen isotope compositional data of authigenic minerals adds valuable 

information about diagenetic processes. Authigenic kaolinite and chlorite were 

separated from eighteen Kiskatinaw samples, which thin section petrography showed to 

be favourable. The samples were disaggregated using a mortar and pestle and 

separated into size fractions by standard sedimentation techniques. The <2, 2 to 5, and 

5 to 10 pm size fractions were separated from all samples and the 10 to 15, 10 to 20, 

and 15 to 45 pm size fractions were separated from a few samples. The <2 pm fractions 

were put on glass slides to create oriented mounts (see section 4.1 .I) .  Successful clay 

mineral isotopic analysis is dependent on high yields (preferably greater than 70 %) and 

the presence of only one other silicate mineral excluding ck~lorite (usually quartz). 

Chlorite, amorphous material, carbonates, iron oxides, and organics may be present as 

they can be removed by chemical treatments (Ayalon and Longstaffe, 1990). 

A portion of all powders obtained by sedimentation were examined using XRD to 

deterniine both the yield of the clay(s) of interest and the other minerals present. The 

amount of powder was limited so it was necessary to mount them for XRD by smearing 

an acetone-powder mixture onto a glass slide. Smear mounts are non-destructive, and 

result in semi-random mounts of small quantities of powders (Hardy and Tucker, 1988). 

Paterson et al. (1986) found that drying acetone-powder suspensions gave patterns 

comparable to those obtained by back-filling an aluminum holder. All samples were 

analysed with CUK, radiation, at 4.0 secI0.l "28 from 3 to 60 '28. 

Approximate kaolinite or kaolinite + chlorite yields were quickly determined by 

checking the Ill,, value for the -7 A peak. Only diffractograms which indicated high 

yields were interpreted in detail. As the powders were x-rayed with semi-random 

orientation, semi-quantitative analysis was possible using the 111, method of Bayliss 

(1 986) to estimate the volume % of the minerals present and the expected yields 

following chemical treatments. The results of the semi-quantitative analyses are 

summarized in Table 4.3. 

As expected from petrographic observations, kaolinite was most abundant in the 

5 to 10 ym size fractions, occurring in quantities up to 65 %, with anticipated yields up to 

84 %. Sixteen separates from ten samples were selected for isotopic analysis at the 

University of Western Ontario (Table 4.3). Initial yield estimates of kaolinite in the 



powders were overly optimistic as the final yields determined by technical staff at the 

University of Western Ontario following chemical treatments were much lower, ranging 

from 32 to 73 % (average= 52.5 %, n = 8) (see Table 5.8). 

Difficulty was experienced separating chlorite from kaolinite. Chlorite was 

present fairly evenly in the various size fractions up to a maxinium quantity of 33 % with 

an expected yield of 45 % (Table 4.3). The distribution of chlorite over a number of size 

fractions is likely due to the occurrence of chlorite in forms of various grain sizes from 

pore lining to replacive masses and to the fact that many of the crystals are large and 

fragile and could easily break during disaggregation and stirring of the samples. 

Separation of chlorite from kaolinite was successful in sample 004, 005 (1 0 to 15 pm), 

and 1 10 (poor yield). 

Quantities of other minerals present in the separates examined in detail are also 

included in Table 4.3. lllite was present in quantities from 0 to 12 %, usually less than 5 

% and occurring most abundantly in the smaller size fractions as expected. Opal-CT 

was present in most of the samples, up to 4%. Ankerite was present in about half of the 

samples up to a maximum of 22 %, and siderite was present in most samples up to a 

maximum of 17%. Gypsum was present in less than half of the samples and pyrite was 

abundant in sample 127 which is interpreted to have been subject to bacterial sulphate 

reduction. 



Table 4.2. Mineralogy from x-ray diffraction for the < 2ym size fraction. Clay mineral volumes 
total 100 percent. Sm = smectite, Ad = d spacing between the 001 and 002 peaks, kaol = 
kaolinite, chl = chlorite, qtz = quartz, gyp = gypsum, py = pyrite, sid = siderite, ank = ankerite, tr = 
trace, pr = present, ab = abundant, ? = may be present. 



Table 4.3. Quantities of minerals present in powders separated for kaolinite or chlorite oxygen 
isotope analysis. The second line for each powder gives the yields of kaolinite or chlorite + quartz 
which would remain in the powder assuming all other minerals except quartz are removed by 
chemical treatments. 

treated 63.6 36.4 

5 to 10' 61.4 0.0 0.0 3.0 25.9 5.1 3.3 1.5 0.0 

treated 70.3 29.7 



Table 4.3 (continued) 

10to 15 16.6 0.0 0.0 2.0 79.0 0.0 2.4 0.0 0.0 

treated 17.4 82.6 

'samples submitted to the University of Western Ontario for oxygen isotope analysis. 



Chapter 5 


STABLE ISOTOPES 


5.1 Carbonate Cements 

5.1.1 Oxygen and Carbon lsotope Methods 

Representative samples containing the various carbonate types identified in this 

study were selected for isotopic analysis to determine their carbon and oxygen isotopic 

compositions. Three samples were prepared using a dental drill: botryoidal siderite was 

milled out of one sample and sideritized green shale clasts out of two others. The other 

carbonate types are too small to physically separate, so thirty-five representative whole 

rock samples were powdered. Milled separates and whole rock powders were reacted 

with anhydrous phosphoric acid at room temperature following the method of McCrea 

(1 950). The evolved CO, was collected after one hour, five days, and fifteen days for 

calcite, ankerite, and siderite, respectively. The different collection times were an 

attempt to chemically separate the carbonate minerals following the approach of Epstein 

et al. (1 964). The normal times for carbonate chemical separations in the Stable lsotope 

Lab (Department of Physics and Astronomy, University of Calgary) is one hour for 

calcite, three days for dolomite, and fifteen days for siderite (all at room temperature). 

For these samples, the second collection time was changed to five days as ankerite 

contains more iron than dolomite. Becker and Clayton (1 972) determined the 

appropriate time intervals for CO, collection by trial and error for each type of sample, by 

attaining the maximum separation of the isotopic compositions of the carbonates. 

Rosenbaum and Sheppard (1 986) proposed high temperature anhydrous phosphoric 

acid separations of siderite and ankerite which is niore effective because complete yields 

of the carbonates are obtained. 

A pure siderite (confirmed by XRD) from Roxbury, Connecticut was powdered 

and analysed to determine whether siderite was influencing the ankerite values. CO, 

was collected after five days and fifteen days, and only fifteen days. The three values 

are very close (Table 5.1), with carbon having a standard deviation of + 0.34 %o and 

oxygen having a standard deviation of +0.49 %o which are only slightly higher than the 

analytical error during the analyses. This indicates that five day values for ankerite in 



mixed carbonate samples are probably not valid as siderite was making significant 

contributions to the CO, at the five day collection. Epstein et al. (1 964) cautioned that 

selective phosphoric acid decomposition will be less accurate when the 6 values of the 

minerals are significantly different, or when the difference in relative proportions of the 

two carbonates is large. Consequently, in saniples where the quantity of ankerite is 

greater than siderite, ankerite was likely making significant contributions to the CO, 

collected after fifteen days. Becker and Clayton (1 972) and data in Epstein et al. (1 964) 

indicated that very early CO, collections gave 6 values close to those obtained from 

more complete yields. It is thus likely that, in mixed ankeritelsiderite samples analysed 

in this study, the C02 collected after one hour is more representative of ankerite isotopic 

composition than the CO, collected after five days. 

CO, was evolved and analysed by technical staff in the Department of Physics 

and Astronomy at The University of Calgary using a SlRA 10 spectrometer. All values 

are shown in Table 5.1 with oxygen reported relative to Standard Mean Ocean Water 

(SMOW) and carbon relative to the Peedee Belemnite (PDB) standards. The errors 

calculated for the samples are k 0.25 %o for carbon and k 0.33 %, for oxygen which are 

the standard deviations of the laboratory standards analysed. 

5.1.2 Carbon and Oxygen Isotope Results 

Carbon and oxygen isotope values of ankerites and siderites from 38 samples 

are reported in Table 5.1. The values of 6180 versus 613C for each cement type are 

shown on cross plots (Figure 5.1). The early ankerite concretions encompass a loose 

grouping ranging from -1 5.64 to -3.13 %, (PDB) in carbon isotopic composition and from 

-8.49 to -2.88 %, (PDB) (n = 7) in oxygen isotopic composition (Figure 5.1 a). Ankerite 

rhornb cements have a much tighter grouping with a range in carbon from -5.83 to -1.57 

%o (PDB) and oxygen from -5.84 to -2.31 %, (PDB) (Figure 5.la). 

The siderite cements have a larger range of 6180 composition than do the 

ankerites and about 2 %,smaller range in 613C composition. There is considerable 

overlap between the spherulitic and grain-rimming siderite (n = 8) and siderite cement 

(n = 15), although spherulitic siderite is restricted to a range in carbon from -8.1 9 to -3.42 

%, (PDB) and oxygen froni -9.18 to -3.20 %, (PDB) (Figure S.lc, d). The two botryoidal 

siderite samples from tidal sands plot separately from all of the other siderites, at about 
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Figure 5.1. Plots showing the oxygen and carbon isotopic compositions of some of the 
carbonate phases in the Kiskatinaw. 
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-5 %o 613C and about -1 %, 6180 (Figure 5.1e). 


Table 5.1. Carbon and oxygen isotope data for carbonate minerals. 


Botrvoidal Sider~te" 
UCG.003.031 -5.41 -1 01 +29.82 15 days 
UCG.003.033 -7.27 -0.62 +30.22 15 davs 

*6180 (SMOW) = 1.03086 6180 (PDB) + 30.86 (Hoefs, 1987). 
**tidal sands 



1 63 

5.2 Anhydrite 

5.2.1 Sulphur Analytical Methods 

Remnant anhydrite patches, infilled branches, and one sample tightly cemented 

with anhydrite were analysed in order to determine the isotopic values of the oxygen and 

sulphur of the sulphate. As pyrite is present within anhydrite in some samples, all 

prospective samples were examined using binocular or petrographic microscopy to 

ensure that no visible pyrite was present to prevent sulphur contamination. Anhydrite 

branch fillings and remnant anhydrite patches were milled out using a dental drill. One 

tight sample with 29% anhydrite and no visible pyrite was powdered and analysed. The 

presence of pyrite in other tight samples precluded their analysis. Technical staff in the 

Department of Physics and Astronomy at the University of Calgary evolved SO, from the 

anhydrite following the method of Ueda and Krouse (1 986) and analysed the isotopic 

composition on a Micromass 602 spectrometer. All sulphur from sulphate values are 

reported relative to Canyon Diablo Troilite (CDT) and are given in Table 5.2. The ranges 

and averages of the three sample types are shown in Table 5.3. The error calculated for 

the samples is shown in Table 5.2 and is the standard deviation of the laboratory 

standards analysed. 

5.2.2 Oxygen Analytical Methods 

For oxygen from sulphate isotopic analysis, CaSO, was converted to BaSO,. 

CO, was evolved by heating a mixture of the BaSO, and pure graphite to 1000 OC 

following the method of Shakur (1982) and was analysed using a Micromass 903 

spectrometer by technical staff in the Department of Physics and Astronomy at the 

University of Calgary. All oxygen from sulphate values are reported relative to Standard 

Mean Ocean Water (SMOW) and are given in Tables 5.2 and 5.3. The error calculated 

for the samples is + 0.02 %o which is the standard deviation of the laboratory standards 

analysed. 

5.2.3 Sulphur Isotope Results 

The range of 6% composition for the nine samples analysed is +10.54 to +19.00 

%o, with an average of +15.66 %o. Most of the data fall within a fairly small range of 

+14.96 to +17.26 %o, with two outliers at +10.54 and +19.00 %o. 'The branch filling and 



remnant patch averages are similar, but the value for the tightly cemented sample is 

substantially lower, at 10.54 %,. 

Table 5.2. Sulphur and oxygen isotope data for anhydrite samples. 

SAMPLE SAMPLE TYPE 6% %, (CDT) 6180 (SMOW) 
UCG.003.021 branch infilling +15.30 f 0.16 +11.02 f 0.02 
UCG.003.026 branch infilling +14.96 f 0.16 +15.24 f 0.02 
UCG.003.027 remnant patches +16.51 f 0.16 
UCG.003.068 remnant patches +16.13+0.16 +15.22 f 0.02 
UCG.003.109 tightly cemented +10.54 f 0.30 +15.60 f 0.02 
UCG.003.119 remnant patches +19.00 f 0.1 6 
UCG.003.137 remnant patches +17.26 f 0.1 6 
UCG.003.151 remnant patches +15.04f 0.16 
UCG.003.154 branch infilling +16.22 f 0.16 +16.24 f 0.02 

Table 5.3. Summary of average anhydrite sulphur and oxygen isotope results by sample type 
(the number of analyses are in brackets). 

SAMPLE TYPE 6% (CDT) 6180"/w (SMOW) 
branch fillings +15.49 %. +14.17 %, 

range: +14.96 to +16.22 (3) range: +11.02 to +16.24 (3) 
remnant anhydrite +16.79 %, +15.22 %, (1) 

patches range: +15.04 to +19.00 (5) 

tight sample (29% +10.54 0/, (1) +15.60 %, (1) 

anhydrite) 

Average +15.66 "/, (9) +14.66 "/, (5) 


5.2.4 Oxygen lsotope Results 

Fewer samples were analysed for oxygen than sulphur because the smallest 

samples were used up during sulphur isotope analysis. Four of the five 6180 values fall 

within a small range of +15.22 to 16.24 %,, with one outlier at +11.02 %,. 

'The number of oxygen analyses is limited, but the data appears to show that the 

three types of sulphate are similar in oxygen isotopic composition. 

5.3 Pyrite 

5.3.1 Sulphur lsotope Methods 

SO, was evolved from all pyrite samples following the method described in 

section 5.2.1. All results are reported relative to Canyon Diablo Troilite (CDT) and are 

shown in Tables 5.4 and 5.5. The error calculated for the samples is shown in Tables 

5.4 and 5.5 and is the standard deviation of the laboratory standards analysed. 



5.3.2 Miscellaneous Pyrite Sulphur lsotope Results 

Various interesting pyrite samples which could be easily separated in the 

absence of anhydrite were selected for sulphur isotope analysis. Five discrete pyrite 

features were milled using a dental drill: these included pyrite on the exterior of an 

anhydrite infilled branch (sample 062) (Figure 3.1 e), pyritized early ankerite concretions 

(samples 083 and 134), sideritized and pyritized green shale clasts (sample 036), and 

samples from the center, medial, and edge parts of a large (23 mm across) pyrite 

concretion (sample 156). Pyritized siderite in sample 087 was prepared as a powdered 

bulk sample. 

Table 5.4. Sulphur isotope data for miscellaneous pyrite samples. 

I SAMPLE I DEPTH1 TYPE I d3"sY= I 
(m) (CDT) 


UCG.003.062 2484.7 pyrite in outer part of branch -31.98 f 0.05 


UCG.003.083 2427.9 pyriiized ankerite concretions +8.23 f 0.08 


UCG.003.134 1 1567.7 lpyritized ankerite concretion 1 +9.46 f 0.05 1 

I I I 

UCG.003.087 1 2428.4 (bulk sample - pyrite along grain boundaries - - 1 +16.94 f 0.05 1 
land in detrital ciay 

UCG.003.036 1 1721.6 lsideritized & pyritized green shale clasts 1 +43.10* f 0.05 

UCG.003.156 1 941.3 pyrite concretion-exterior -25.29 f 0.05 

pyrite concretion-medial -42.58 f 0.05 

pyrite concretion-center -40.1 1 f 0.05 

*low SO2yield - result may not be valid 

The large concretion shows zonation with the interior depleted by about 15 to 17 

%o from pyrite on the outside. The pyrite outside the branch has a value of -31.98 %, 

which is depleted by 48.2 %o from sulphate in the anhydrite in an adjacent branch sample 

(154). This amount of 634S depletion from sulphate is consistent with pyrite formed from 

sulphur reduced from sulphate by bacterial sulphate reduction (Harrison and Thode, 

1957, 1958; Schwarcz and Burnie, 1973; Goldhaber and Kaplan, 1980; Faure, 1986; 

Anderson et al., 1987). The cornposition of pyrite from the two pyritized ankerite 

concretions is approximately +9%o. 

5.3.3 Sulphur lsotope Results For Pyrite From the BSR Well 

As previously discussed in Section 3.4.1 5.2, abundant pyrite is present in the 1 1 -
18-83-9W6 well which has a gashater contact within it. Textures of the pyrite and the 



position of the core with respect to the hydrocarbonlwater interface suggest the possible 

involvement of bacteria. In order to determine if the pyrite was formed by BSR, selected 

samples were analysed to determine the stable isotopic composition of the sulphur in the 

pyrite. Pyritized grains were hand-picked from the pervasively pyritized sample (129). 

The 2 to 5 pm size fraction from all five samples was separated by sedimentation and 

analysed because framboids observed in thin section and SEM were expected to be the 

predominant pyrite type. Four size fractions from one sample (127) were separated by 

sedimentation and dry sieving and analysed to determine if there is a sulphur isotopic 

trend with size fraction. All of the size fractions were analysed by XRD to ensure that no 

anhydrite was present (within the limits of resolution of XRD). 

Table 5.5. Pyrite sulphur isotope data from the interpreted bacterial sulphate reduction zone in 
well 1 1-1 8-83-9W6. 

SAMPLE DEPTH SIZE FRACTION (pm) PYRITE CONTENT 8% %o 

(m) ("A)* (CDT) 
UCG.003.130 1755.7 2 to 5 11 -1 3.60 f 0.22 

UCG.003.129 1758.5 2 to 5 7 -2.28 f 0.22 
UCG.003.129 pyritized grains** -2.22 f 0.1 6 
UCG.003.129 pyriiized grains** -6.04 f 0.1 6 
UCG.003.129 grains with pyrite -2.14 f 0.16 

inclusions &/or pyrite 
adhering to surface** 

UCG.003.126 1 1765.4 12 to 5 14 1 -1 3.76 f0.22 
*determined from x-ray diffraction (Bayliss, 1986) 
**grains hand-picked 

The 634Scomposition of pyrite in the 2 to 5 pm size fraction had a small range in 

four of the five samples, from -15.92 to -13.60 %,. Sample 129 is markedly different, with 

a value of -2.28 %,for the 2 to 5 pm size fraction. The vertical position of the isotope 

values for the 2 to 5 pm size fraction in the well is shown in Figure 3.32. The four size 

fractions from sample 127 have values within a small range, from -1 6.02 to -1 3.71 %,, 

with no specific trend with respect to the size fractions. 

Two of the three analyses of pyritized grains from sample 129 have sulphur 



isotopic compositions equivalent within analytical precision to the composition of the 2 to 

5 Fm size fraction for sample 129. One analysis of pyritized grains was depleted by 3.8 

%,with respect to tlie other two samples. The data indicate that pyritized grains have 

similar sulphur isotopic compositions to the pyrite within and adheriqg to quartz grains. 

5.4 Quartz Overgrowths 

5.4.1 Silicate Oxygen Isotope Analysis 

Oxygen was extracted from silicates (quartz overgrowths and kaolinite) following 

the BrF, method of Clayton and Mayeda (1 963), and converted to CO, over red-hot 

graphite in the Department of Geology at the University of Western Ontario, London, 

Ontario. 

5.4.2 Chemical Separation 

All chemical treatments and physical separations of quartz overgrowths were 

conducted at the University of Calgary. Overgrowth separates were sent to the 

University of Western Ontario for oxygen isotope analysis. 

Using thin section petrography, samples with abundant overgrowths were 

identified. These were narrowed down to 12 samples which gave a good areal 

distribution within the study area and had well developed overgrowths, distinct "dust 

rims", and stable (rare inclusions and intragranular porosity and rarely polycrystalline) 

detrital grains in order to maximize purity of the separates (Brint et al., 1991). The 

samples were gently disaggregated using a mortar and pestle and the size fraction 

containing most of the quartz grains was chemically treated following the method in 

Appendix E to remove impurities and to separate and isolate the quartz overgrowths 

from the detrital grains. Following separation, a portion of the 12 separates of the 

second to fourth aliquots were mounted and examined using the SEM to determine their 

purity. This is a subjective process, but it was possible to determine that some samples 

definitely had detrital contaminants. The second to fourth aliquots should have higher 

p~~r i t ythan the first aliquot as detrital contaminants are more likely to break off during the 

first sonication (Ayalon and Longstaffe, 1990). Due to concerns over sample quality in 

some of the second to fourth aliquot separates, eight of the first aliquot samples were 

also examined using the SEM. Some of these appeared to be of very good quality. The 



twenty samples examined were qualitatively classified (poor to very good) as to their 

quality. Due to the question of sample quality, three samples of detrital residual (> 210 

pm) were separated by sieving and analysed to determine the 6180 composition of the 

detrital (contaminant) material. In addition, both separates (first aliquot and second to 

fourth aliquots) were analysed for each sample. 

The results are reported relative to Standard Mean Ocean Water (SMOW) and 

are given in Table 5.6. Replicate analyses of three unknowns were within 0.12 %, and 

standard NBS-28 gave an average value of +9.71 + 0.16 %,. The accepted value for 

NBS-28 is +9.65 %,. The error calculated for the samples is k 0.1 6 %,which is the 

standard deviation of the analysed standards. 

Table 5.6. Oxygen isotope data for quartz overgrowths*. Values thought to be most reliable are 
in bold type. 

SAMPLE GRAIN SIZE OVERGROWTHS OVERGROWTHS DETRITAL 
TREATED First Aliquot 2-4 Aliquots RESIDUAL 

6180L (SMOW) 6180%o (SMOW) >210pm 
6180%o (SMOWI 

+15.45 f 0.16 
UCG.003.113 150to 500pm +17.33 f 0.16 +18.72 f 0.1 6 +14.07 f 0.1 6 
UCG.003.118 125to 250pm +19.89 f0.16 +20.37 f 0.16 
UCG.003.119 150to 500pm +17.83 f 0.16 +17.41 f 0.16 
UCG.003.121 100to 300prn +22.28 f 0.16 +20.06 f 0.16 
UCG.003.127 180to 500prn +17.53 f 0.1 6 +18.37 f 0.1 6 

+17.62 f 0.16 +18.49 f 0.1 6 
UCG.003.132 100to 350pm +16.82 f 0.16 +15.55 f 0.1 6 
*separations done at the University of Calgary; analyses performed at the University of Western 

Examination of the data shows that there is a cluster of ten values from six 

samples in the range +18.43 to +22.28 %, (Table 5.6) which appear to be the best quality 

data from this set of separates. All of the data were compared with the original 

qualitative quality estimates of the twenty samples which was determined by SEM 

examination of the overgrowth separates. There is a tendency for the higher 6180 

values to be from samples with higher estimated separate quality. 



5.4.3 Ion Probe Analysis 

Lynda Williams at Arizona State University was interested in confirming that the 

ion probe instrumentation at ASU was capable of producing reliable oxygen isotope 

results for quartz overgrowths. As some Kiskatinaw samples contain large overgrowths, 

they are ideal for ion probe analysis. Polished probe mounts from five of the samples 

subjected to chemical separation were provided to her to allow analysis and comparison 

of the results from the two methods. Two samples with large overgrowths (004 and 121) 

and the highest chemically separated oxygen isotope values were analysed. 

Polished probe mounts were analysed using a secondary ion mass spectrometer 

(ion probe) following the method of Hervig et al. (1992). The operating conditions during 

analysis were 20 pm beam diameter, 2 second counting time for mass 16, and 20 

seconds for mass 18. Counting was done for 50 cycles and the average was calculated. 

Errors were calculated according to counting statistics to determine the best possible 

error, which were compared with actual error to determine whether or not the analysis 

was valid. When the ideal and real errors diverged, instrument adjustments were made. 

The instrumental fractionation was determined using standards of known isotopic 

composition (L. Williams, written communication, 1992). 

The oxygen isotope data acquired by ion probe at Arizona State University is 

reported relative to Standard Mean Ocean Water (SMOW) and are summarized in Table 

5.7. The oxygen isotopic composition of the detrital grains (cores) ranges from +7.1 to 

+10.9 %, in sample 004 and ranges from +9.0 to +16.5 %, in sample 121. The average 

values of +8.8 and +12.3 %, are lower than the detrital compositions obtained by 

chemical separation (+12.08 %, in sample 004 and average = +13.38 %,) (Table 5.6), 

possibly indicating that there was not complete removal of overgrowths during chemical 

separation. Quartz overgrowth oxygen isotopic composition determined by ion probe 

ranges from +23.7 2 1.5 %to +30.1 f 1.7 %, in sample 004 and from +18.1 k 1.4 %, to 

+31.5 + 1.1 %, in sample 121. The average values of +25.8 and +27.0 %, exceed by 4.7 

and 3.5 %, the maximum value of +22.28 %, obtained by chemical separation (Table 

5.6). Maximum ion probe values exceed the maximum chemical separated value by 7.8 

and 9.2 %,. The higher ion probe values suggest that there may have been significant 

detrital contamination in the chemical separates. 

The two analyses of pore-filling material in sample 004 (Table 5.7) may be quartz 



druse, but the grain type was not positively identified by the operator. 

Table 5.7. Quartz oxygen isotope results from ion probe analysis performed at Arizona State 
University. 

SAMPLE I DETRITAL I OVERGROWTH 1 OVERGROWTH + I PORE-FILLING I 
CORE slQ %a (SMOW) CORE 6180%o (SMOW) 

6180%. (SMOW) 6180%. (SMOW) 
UCG.003.004 +8.0 +30.lf 1.7 +16.2f 1.4 +36.2*f 1.7 

+8.8f 1.6 +28.5f 1.7 +17.5f 1.5 +40.7*f 1.9 
+8.0f 1.6 +28.9f 2.1 
+7.lf 1.3 +23.7f 1.6 
+9.9f 1.5 +23.7+ 1.5 
+10.9f 1.2 

Average +8.8 +27.0 +16.9 +38.5 

SAMPLE 
I

I DETRlTAL 
I

I OVERGROWTH 
I

I OVERGROWTH I 

*pore-filling material was too fine grained to identify. If pore minerals are not quartz then the 
values are invalid as the instrument fractionation factor is based on quartz standards. 
**analysis may have overlapped an overgrowth. 

5.5 Clay Minerals 

5.5.1 Methods 

Using optical petrography, samples with abundant replacive kaolinite and chlorite 

were identified. Careful optical and SEM examination allowed the grain size of the 

authigenic kaolinite and chlorite to be determined. Kaolinite ranges from about 5 to 10 

Fm and chlorite from about 10 to 50 Fm. The samples were washed in distilled water to 

remove any drilling mud contamination. 50 to 150 g of sample were gently 

disaggregated using a mortar and pestle. The sediment was put into distilled water and 

separated into the size fractions of interest using standard sedimentation techniques and 

times determined from Tanner and Jackson (1 947). The < 2,2 to 5, and 5 to 10 bm size 

fractions were progressively removed from all samples. The 10 to 15 Fm size fraction 

was also taken from samples where chlorite was expected. Even larger size fractions 

were taken for expected chlorite and vermicular kaolinite in trial samples, but yields were 



extremely low so these size fractions were not collected in the remaining samples. This 

was probably a function of the grain size range of chlorite, and the fragile nature of 

chlorite, likely resulting in breakage during disaggregation. As a result, most of the 

chlorite settled in various smaller size fractions. All size fractions were analysed using 

XRD to determine their yield and purity (Section 4.3, Table 4.3). Eighteen samples were 

processed in this manner and twelve were successful to some extent. Chlorite yields 

were fairly low and many of the samples had kaolinite contamination. Unfortunately, the 

areal coverage of successfully separated samples is not very extensive. Samples which 

would have extended the areal coverage of isotopic data for kaolinite all had low yields. 

Chlorite was already restricted areally, as it was only processed in samples from two 

wells. 

Sixteen kaolinite separates from ten samples and six chlorite separates from four 

samples were sent to the Department of Geology at the University of Western Ontario for 

oxygen isotope analysis. Successful and accurate isotopic analysis of clay minerals is 

dependent on relatively pure separates and the removal of all other silicate mineral 

phases except one. As quartz is usually present, it is necessary to have only one clay 

mineral + quartz after treatment. For kaolinite samples, chemical treatments to remove 

all mineral phases except kaolinite and quartz were conducted by technical staff at the 

University of Western Ontario following procedures of Ayalon and Longstaffe (1 990). 

Then the relative proportions of quartz and kaolinite in each sample were determined 

from XRD. The 6180 values of the kaolinite plus quartz mixture and that of quartz 

chemically isolated from kaolinite were measured using the method described in Section 

5.4.1. The 6l80value for the kaolinite was then calculated using the relative proportions 

determined by x-ray diffraction. Four of the samples were too small to allow 

measurement of the 6180 composition of the quartz, so the average quartz value of the 

other four samples was used in the material balance calculations. The results are shown 

in Table 5.8 and are reported relative to Standard Mean Ocean Water (SMOW). 

5.5.2 Kaolinite Oxygen Isotope Results 

The oxygen isotopic composition of kaolinite in all eight samples successfully 

analysed ranges from +16.4 to +24.7 %,. The range in the five most reliable analyses 

(highest kaolinite yields) is +17.6 to +19.7 %,. 
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Table 5.8. Kaolinite oxygen isotopedata analysed at the University of Western Ontario. 

'not measured (not enough sample); average of the other four separates 
**most reliable data 

5.5.3 Chlorite Oxygen lsotope Results 

Treatments on the chlorite samples attempted by technical staff at the University 

of Western Ontario were unsuccessful. 

CALCULATED 
KAOLlNlTE 

sl'O O/w (SMOW) 
+16.4 
+19.2 
+17.9 
+17.6 
+21.6 
+24.7 
+19.7 
+18.7 

5.6 Gas Samples 

5.6.1 Sampling Methods 

A gas sampling programwas arrangedwith petroleum industry operators to 

include as many as possible of the producing Kiskatinaw wells in and near the study 

area. Sampleswere collected from seven wells by operators in evacuated gas cylinders 

supplied by various service companies. The well locations and pools are listed in Table 

5.9 and the fields are shown in Figure 1.2. Unfortunately, no samples were received 

from the Josephine gas field where bacterial sulphate reduction is interpretedto have 

occurred. 

KAOI-INITE 
% 

39 
58** 
73-
48** 
42 
32 
61*' 
67** 

5.6.2 Gas Carbon lsotope Methods 

The gases were analysed by technical staff in the Department of Physics and 

Astronomy at the University of Calgary where the gases were separated non-

quantitatively into the gas components up to C5(pentane) using a Hewlett Packard 6890 

gas chromatograph. Followirlgthe method described by Krouse (1983) the gases were 

subsequently passed through a combustion line and the producedCO, was passed 

directly into a Micromass 903 mass spectrometer where the carbon stable isotope 

compositionswere determined. C4and C5were collected and analysed as the iso + 

QUARTZ 
gl80 o/, (SMOW) 

+17.71* 
+17.71 
+16.01 
+19.35 
+17.84 
+17.64 
+17.71 
+17.71* 

SAMPLE 

UCG.003.001 
UCG.003.005 
UCG.003.006 
UCG.003.008 
UCG.003.027 
UCG.003.034 
UCG.003.039 
UCG.003.127 

QUARTZ + 
KAOLINITE 

6180%o (SMOW) 
+17.02 
+18.76 
+17.81 
+18.48 
+19.37 
+19.72 
+19.16 
+18.67 



Table 5.9. Carbon and hydrogen isotope, reservoir, and compositional data for Kiskatinaw gas samples. The temperature, pressure, and 
compositional data are pool average values from ERCB (1992a). Abbreviations: temp. = reservoir temperature, press. = reservoir pressure, 
C, = methane, C2= ethane, C3 = propane, IC4= isobutane, NC4= normal butane, C, = pentane, C6= hexane, C7+= heptane plus. 

Well Location Mean Temp. C1 C3 NC4 C6 C02 CH4 C4H10 CSHI~ CH4 C2H6 C4Hlo C5H12 
Pool* Depth ("C) 613C1613CI B3C %. 6I3C%. 6I3C '2- Q3C %. 60 %. 6D %. 6D %. 6D f 6D %. 

(m) (mole (mole (mole (mole 
1SMOW)(SMOW)(SMOW)(SMOW)(SMOW)

Press. fraction) fraction) fraction)fraction) (PDB) (PDB) (PDB) (PDB) (PDB) (PDB) 

(kPa) C2 IC4 C5 C7+ 
1 1-1 9-79-11 W6 2330.8 96 0.91 23 0.01 07 0.0036 0.0011 -4.91 -37.1 7 -27.82 -20.93 -23.84-21.70 -1 79.7 -1 74.1 -1 55.6 -1 66.6 -207.1 
Gordondale "B" f0.29 f0.29 f0.29 f0.29 f0.29 f0.29 f0.87 f0.87 f0.87 f0.87 50.87 

21450 0.0341 0.0022 0.0026 0.0017 
1 W6 231 6.9 96 0.91 23 0.01 07 0.0036 0.0011 -5.24 -37.43 -28.1 4 -25.29 -26.67 -209.6 -1 85.2 -1 39.7 -1 47.6 -1 80.46-30-79-1 

Gordondale "B" + 0.29 + 0.29 + 0.29 f 0.29 i0.29 + 0.30 + 0.30 5 0.30 + 0.30 f 0.30 
21450 0.0341 0.0022 0.0026 0.0017 

15-1 9-80-1 1 W6 2331.3 85 0.9586 0.0040 0.0015 0.0008 -1 1.02 -33.03 -27.50 -25.38 -24.99 -25.11 -200.5 -1 75.6 -1 72.7 -1 37.6 -1 98.3 
Farmington "B" f 0.08 f 0.08 f 0.08 f 0.08 rt 0.08 5 0.08 f 0.41 f 0.41 f 0.41 f 0.41 f 0.41 

21 110 0.0144 0.0009 0.0015 0.0016 

1 W6 2306.1 93 0.9564 0.0049 0.0021 -1 0.59 -32.58 -25.36 -24.94-23.41 -1 91.5 -21 1.2 -1 66.3 -1 76.9
6-28-80-1 0.0009 -23.68 -1 89.7 

Farmington "A" f0.08 f 0.08 f0.08 f0.08 f 0.08 f 0.08 f0.48 f0.48 f 0.48 f0.48 f 0.48 
21510 0.0138 0.0013 0.0018 0.0010 

OW6 75 0.9300 0.01 09 0.0049 0.001 4 -1 0.26 -40.1 7 -28.32-27.27 -27.94 -1 73.6 -1 67.5 -1 36.1 -1 44.8 -1 93.96-30-81-1 21 17.3 
Bonanza f 0.29 f 0.29 f 0.29 f 0.29 f 0.29 f 1.08 f 1.08 f 1.08 f 1.08 f 1.08 
undefined 19250 0.0336 0.0024 0.0030 0.0013 
1 1-1 6-82-7W6 1581.5 64 0.9062 0.01 26 0.0054 0.0029 -8.37 -40.95 -35.03 -25.88 -26.31 -203.4 -207.5 -1 54.9 -1 45.2 -1 62.8 
Blueberry + 0.08 f 0.08 f 0.08 f 0.08 f 0.08 + 0.42 f 0.42 f 0.42 f 0.42 f 0.42 
Mountain "A" 15380 0.0354 0.0027 0.0047 0.0075 

2W6 61 0.9400 0.01 03 0.0035 0.001 8 -1 1.62 -38.1 6 -26.1 8 -21.88 -22.80 -21 8.1 -1 83.9 -1 62.5 -1 68.9 -1 97.6
8-29-84-1 1860.8 
Boundary Lake f 0.29 f 0.29 f 0.29 f 0.29 f 0.29 f 0.44 f 0.44 f 0.44 f 0.44 f 0.44 
South "I" 16340 0.0256 0.0019 0.0026 0.0023 

2 
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normal forms, giving 613C values for total butane and total pentane. The values are 

reported relative to Peedee Belemnite (PDB) and are given in Table 5.9. The errors 

calculated for carbon are shown in Table 5.9 and are the standard deviations of the 

laboratory standards analysed. Four of the seven samples had insufficient C, separated 

to obtain reliable results. No H,S evolved from any of the samples during gas 

chromatograph separation of the gas components. The water of combustion was 

collected and later analysed to determine the hydrogen stable isotopic compositions of 

the C, to C, gas components. 

5.6.3 Gas Carbon lsotope Methods 

The hydrogen isotope compositions were determined on a Micromass 602 

spectrometer located in the Department of Physics and Astronomy and are reported 

relative to Standard Mean Ocean Water (SMOW) and are also given in Table 5.9. The 

errors calculated for hydrogen are shown in Table 5.9 and are the standard deviations of 

the laboratory standards analysed. 

5.6.4 Gas Carbon and Hydrogen lsotope Results 

The carbon isotope composition of the methane (C,) component of the seven gas 

samples ranges from -40.95 to -32.58 %o (Table 5.9). The 613C composition of the 

methane is generally heavier with increasiqg depth, temperature, and pressure (Figure 

5.2a, b, c) which are three related reservoir properties. The trend of higher 613C for 

methane with increasing temperature is characteristic of increasing thermal alteration 

(e.g. Hoefs, 1987). The trend results from preferential 12c- l2C bond breaking during 

the first stages of maturation of organic matter (e.g. Hoefs, 1987; Chung et al., 1988). 

None of the seven samples received and analysed were suspected as having been 

subject to BSR. No petrographic or core data were available for the two shallowest wells 

(Blueberry Mountain and Boundary Lake South) where BSR could be occurring as it is 

interpreted to have occurred in the Josephine field. 

The hydrogen isotopic composition of methane in the samples ranges from 

-21 8.1 to -1 73.6 %o. The 6D composition of methane shows an indistinct increase with 

increasing depth (Figure 5.3). Hoefs (1 987) stated that carbon and hydrogen isotopic 

compositions are the most useful in distiqguishing the origin of major methane 
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Figure5.2. Plots of 613C composition of methane for the Kiskatinaw gas samples versus: A) 
temperature; B) depth; and C) pressure (reservoir data from ERCB, 1992a). 
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Figure5.3. Plot of 6D composition of methaneversus depth for the Kiskatinaw gas samples. 



occurrences. Several workers used 6D versus 613c plots of methane composition to 

classify natural gases formed by different processes (Hoefs, 1987; Whiticar et al., 1986; 

Schoell, 1980, 1984). The Kiskatinaw samples all fall in the middle of the thermogenic 

methane field of Hoefs (1987) (Figure 5.4). 

Relationships between the molecular composition of gas components and their 

carbon isotopic composition, particularly methane, have also been found useful in 

characterizing pooled gases. The relative abundance of methane with respect to other 

gas components is shown as C, / CC,. C, / CC, values indicate the quantity of methane 

and heavier (wet) gas components, with values 10.97 classified as dry gas (Tissot and 

Welte, 1984). CC, was originally defined by Stahl (1 974) as all saturated gaseous 

hydrocarbons and Tissot and Welte (1 984) similarly defined CC, as total hydrocarbons. 

Krouse (1 983) indicated, however, that authors have used different numbers for n, 

ranging from 2 to 5, resulting in confusion when attempting to utilize published C, / CC, 

values. Consequently, values for C,/ (C, + C,), C, / (C, to C,), and C, / CC, (n = total 

hydrocarbons) were calculated from pool average data (ERCB, 1992a) shown in Table 

5.9. C, / CC, values for the gas pools sampled range from 0.927 to 0.977 and only 

exceed the 0.97 lower limit for dry gas in the two Farmington samples. C, / CC, values 

for all Alberta Kiskatinaw gas pools range from 0.874 to 0.995 (ERCB, 1992a). Carbon 

isotopic composition of the methane was plotted against the various C1 / CC, values. 

'The plots show distinct trends with the wetter samples (lower C, / CC,) having lower 

613C values (Figure 5.5a, b, c). The slope of the trend decreases from the C,/ (C, + C,) 

plot to the C, / CC, plot, indicating that the wetter gases are more different 

compositionally in the proportion of propane and heavier (C3+) components than in the 

proportion of methane (C,) and ethane (C,) components. The Kiskatinaw samples fall 

near the trend for oil cracking during metagenesis defined by Tissot and Welte (1984) on 

the 613C versus C, / CC, plot (Figure 5.6). A trend similar in slope to carbon isotope 

plots is apparent when the various C, / CC, values are plotted versus depth for the gas 

samples and the other Alberta Kiskatinaw gas pools (Figure 5.7). C, / CC, also 

increases with both temperature and pressure for all Alberta Kiskatinaw gas pools 

(Figure 5.8). 

Plots of 613C of ethane, propane, and butane versus deptli sliow no trends, but 

ethane and butane show indistinct trends of increasing 613C with increasing C, / CC, 
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Figure5.4. Plot of 6D versus 6I3C of methane for Kiskatinaw gas samples. Also shown are 
the fields for natural gas genetic classification (from Hoefs, 1987). The Kiskatinaw samples all 
fall within the thermogenic gas field, in the area between early and late thermogenic gas. 
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Figure5.5. Plot of 613c methane versus: A) C,/ (C, + C,); B) C, / (C, to C,); C) C, / ZC, 
(composlional data is from ERCB, 1992a). The sbpe of the trend decreases from A) to C), 
indicating that the wetter gases are more different compositionally in the proportion of propane 
and heavier (C,,) components than in the proportion of methane (C,) and ethane (C,) 
components. 



Thermal Cracking Gas 
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Figure5.6. Plot of 613C of methane versus C, / ZC, for Kiskatinaw gas samples. Also shown 
are the fields for gases of diferent origins (from Tisot and Welte, 1984). The Kiskatinaw 
samples fall within the cracking area of thermal gas, showing a trend near the o l  cracking trend 
toward drier gas in the thermal cracking gas field. The compositional data is from ERCB 
(1 992a). 

Figure5.7. Plot of mean formation depth versus: A) C, / (C, + C,); B) C, / (C, to C,); C) C, 1 
ZC, for the gas samples (open circles, n = 7) and for all other Alberta Kiskatinaw gas pools 
(closed circles, n = 76) (data is from ERCB, 1992a). 



Figure5.8. Plots of C, I CC, for the gas samples (open circles, n = 7) and for all other Alberta 
Kiskatinaw gas pools (closed circles, n = 76) versus: A) reservoir temperature; and B) reservoir 
pressure (data is from ERCB, 1992a). 

Figure5.9. Plots of: A) 613c of ethane versus C, I CC,; B) 613c of butane versus C, / CC, for 
Kiskatinaw gas samples. The compositional data is from ERCB (1992a). 



(Figure 5.9a, b). Ethane has the most well developed trend, but has one outlier value 

(Blueberry Mountain well to be discussed below). 

Relationships between the 613C values of coexisting gas components were 

investigated by plotting 613c values of the various gas components against one another. 

Methane versus ethane, ethane versus propane, and butane versus propane (Figure 

5.1Oa, c, d) exhibit linear trends expected from thermally generated gases (Krouse, 

1983). The plot of 613C propane versus ethane shows only an indistinct "thermal" trend 

(Figure 5.1 Ob). The ethane value for the Blueberry Mountain well (the shallowest and 

wettest) is considerably lighter (6.7 %o) than the lightest value in the six other closely 

grouped values. This has caused the Blueberry Mountain well to fall considerably off the 

"thermal" trend in any plot involving ethane. The "thermal" trend is also demonstrated 

by the plot of (613C propane - 613C methane) versus 613C methane and propane (Figure 

5.1Oe). In the plot of (613c ethane - 613c methane) versus 613C methane and ethane 

(Figure 5.1 Of) a distinct "thermal" trend is shown by six wells, but the Blueberry Mountain 

well falls considerably below the trend. Following the method of Krouse (1 983), 

intersection of the extrapolated plots in Figure 5.1 0e and 5.10f give an estimate of -26 to 

-28 %o for the 613C composition of the source material. 

Similar investigations of the hydrogen isotopic compositions of the various gas 

components were mostly inconclusive. Plots of 6D propane versus 6D ethane and 6D 

butane versus 6D propane have indistinct linear trends (Figure 5.1 1 a, b). A plot of (6D 

propane - 6D ethane) versus 6D ethane also has an indistinct linear trend (Figure 5.1 lc). 

The original rationale for collecting gas samples was to confirm that bacterial 

sulphate reduction occurred in the Josephine gas pool and to determine if BSR has 

affected Kiskatinaw gases in other pools. The carbon isotopic composition of C, to C, 

hydrocarbon components in unaltered gases normally follow a smooth progression from 

methane to normal butane, excluding isobutane (James and Burns, 1984). Bacterial 

degradation of the wet gas components of natural gases can be indicated by propane 

613C values enriched from the smooth progression of 613c values expected in gas 

components of unaltered gases (James and Burns, 1984; James, 1990). Chung et al. 

(1 988) proposed the "natural gas plot" where 613C of gas components is plotted against 

l ln,  where n = the carbon number of the gas component. As with the plots of James 

and Burns (1 984) and James (1 990), the natural gas plot requires separate 613C values 
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Figure5.10. Plots showing relationships between613cvalues of coexisting gases for 
Kiskatinawgas samples: A) 613cethane versus 613cmethane; B) 613c propane versus 613C 
methane;C) 613cpropane versus 613cethane; D) 613cbutane versus 613cpropane. Plots 
showing relationships involvingAi5l3Cvalues: E) (613cpropane _6I3cmethane) versus613C 
methane and propane; F) @13Cethane - 613cmethane) v e r ~ u s 6 ~ ~ Cmethane and ethane. The 
intersectionof the extrapolated plots in E) and F) gives an estimate of the 613Ccomposition of 
the source material. 



6D C2H6%o (SMOW) 6D C3H8%o (SMOW) 

Figure 5.1 1. Plots showing relationships 
between 6D values of coexisting gases for 
Kiskatinaw gas samples: A) 6D propane 
versus 6D ethane; B) 6D butane versus 6D 
propane. Plot showing relationships 
involving A6D values: C) (6D propane - 6D 
ethane) versus 6D ethane. 
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Figure 5.12. Natural gas plot (after Chung et al., 1988) for the Kiskatinaw gas samples. n = 
the carbon number of the gas components. The shaded area of the pbt is invalid as the 613C 
values are for total butane and total pentane rather than the normalforms. The C, to C, 
portions of the curves are straight for four of the seven wells, with small deviations in 
Gordondale 1 1-19-79-1 1 W6 and Bonanza 6-30-81 -1 OW6, and a significant depletion in C, in 
the Blueberry Mountain 1 1-1 6-82-7W6 well. 



for the normal forms of butane and pentane. Natural gases generated from one source 

should have a linear trend on a natural gas plot (Chung et al., 1988). 

As the normal butane and normal pentane 613C compositions were not 

detern-lined, it is not possible to completely apply the rationale of James and Burns 

(1 984), James (1 990), and Chung et al. (1 988) to analysis of the gas isotope data 

obtained in this study to determine if they have been affected by bacterial degradation. 

In addition, no gas samples were received from the Josephine gas pool, where BSR is 

interpreted to have occurred. The methane to propane portion of a natural gas plot of 

the seven gas samples (Figure 5.12) does show that four of the seven samples plot as 

straight lines, suggestiog a sirlgle source with no wet gas alteration. Two wells have 

slight deviations: the Gordondale 1 1-1 9-79-1 1 W6 and Bonanza 6-30-81 -1 OW6 wells. 

The Blueberry Mountain 11 -1 6-82-7\1\16 well has substantial depletion of 613C in the 

ethane component. If bacterial degradation had been influencing the ethane 

composition, enrichment of 613c would be expected (James and Burns, 1984; James, 

1990). 

Based on 613c composition, the seven gas samples show that the source rocks 

experienced a wide range of thermal maturities during gas generation. The methane 

613C compositions indicate that during gas generation the source organic material 

rarrged in maturity from -1 to 3+ % R, (Schoell, 1983). Comparison of the 613C 

differences between the gas components, particularly between ethane and propane, 

indicates that the source organic material experienced thermal maturity of 2+ to 3+ % R, 

during gas generation (James, 1983). 



Chapter 6 


DISCUSSION 


6.1 Diagenesis 

6.1.lIntroduction 

In this section, relationships among authigenic phases, diagenetic processes, 

sedimentology, tectonics, burial history, and hydrocarbon generation, are discussed. 

'The relative timing of authigenic phases is shown in Figure 3.41. The abbreviations for 

carbonate phases (A1 to A3 and S1 to S3) referred to in this discussion were described 

in Chapter 3 and are shown in Figure 3.41. The interpreted timing of diagenetic events, 

with respect to the Kiskatinaw burial history, is shown in Figure 6.1. 

6.1.2 Depositional Setting 

The Kiskatinaw basal sandstone was deposited in a subsiding block faulted 

basin, the Dawson Creek Graben Complex (Barclay et al., 1990), over the collapsed 

Peace River Arch. The kilometre-scale fault blocks were actively subsiding at different 

rates during Kiskatinaw deposition resulting in large variations in thickness of the 

Kiskatinaw sands and the total Kiskatinaw section over short horizontal distances. As 

subsidence was greater in the basin center, sedimentary units deepened into the basin. 

The reservoir sands were deposited in fluvial channels, likely as lateral accretion 

deposits such as point bars. Rare bi-directional cross-bedding, minor shelf and marine 

detrital component, and capping very fine grained tidal lithofacies suggest that the 

channels were deposited in the river-dominated part of a tidally-dominated estuary 

(Figure 2.1 2) (Dalrymple et al., 1992). Deposition in this setting would have been in 

fresh to slightly saline water (100 ppm). 

The sands are very quartz rich and at deposition contained minor feldspar in 

some places as well as minor phosphate, and black and green shale clasts. Good 

sorting and moderate rounding of the detrital grains, and insignificant detrital clay 

contents contributed to high depositional porosities. A lack of detrital clay within the 

sands at deposition is indicated by the absence of detrital clay within anhydrite cemented 

sands. The thicknesses of some channels, and the presence of erosive phosphatic lags 
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Figure6.1. Burial history curves for the Kiskatinaw Formation from Figure 2.13a with the 
interpreted position of diagenetic events superimposed. The paleogeothermal gradient of 27 
OC/km shown represents the conservative (minimum) estimate for temperatures experienced by 
the Kiskatinaw during burial. Paleogeothermal gradients may have been higher (see Figure 
2.13b). Temperatures may have been higher durirrg early burial as the area was tectonically 
active. See Chapter 3 for description of paragenetic sequence and Chapter 6 for the related 
discussion. 



(Figure 2.9b) and possible depositional breaks suggested by slightly radioactive streaks 

observed on gamma ray well logs within some of the channels (Figure 2 . 7 ~ ) ~  indicates 

that stacking of more than one channel interval may have occurred. The period between 

the deposition of the two channels may have represented exposure or erosion. 

The black and green shale clasts were probably eroded from the underlying 

Golata Formation. The corroded vermicular kaolinite present within shale clasts in some 

samples (Figure 3.1 8a, b) was likely formed in the surface weathering environment 

before erosion and transport or shortly after deposition. A near surface origin for 

vermicular kaolinites is suggested by Hurst and Irwin (1 982), although examples of burial 

diagenetic vermicular kaolinite have been documented. 

With rising relative sea level, the energy of the fluvial channels waned abruptly, 

fluvial deposition ceased, and the channels were capped by very fine grained tidal 

lithofacies. As the transgressive phase progressed, the very fine grained tidal lithofacies 

were followed by marine shale which intervened between deposition of the basal and 

lower sands. Deposition of the lower sand likely occurred in a similar scenario following 

a fall in relative sea level. Although they were likely deposited in relatively fresh waters, 

early pore fluids in the Kiskatinaw sands may have experienced mixing with marine 

waters through downward percolation of marine waters, from the overlying marine 

sediments, through highly porous and permeable sands, or through movement along 

active faults. Curtis and Coleman (1 986) stated that eustatic sea-level rise following 

deposition of fresh water facies would result in immediate replacement of fresh 

depositional waters by saline water (35000 ppm). 

6.1.3 Early Diagenesis 

Subsequent to deposition, several types of early carbonate cement and rare 

pyrite framboids precipitated within the clean channel sands. An early timing for the 

carbonate cements is indicated by the high intergran~~lar volumes cemented by them and 

textural evidence that the cements were formed prior to pervasive early anhydrite 

cement. The earliest authigenic carbonates were small ankerite concretions up to 12.5 

mm in size and small spherulitic siderite concretions up to 150 pm in diameter. The 

relative timiug is not clear, but the ar~kerite concretions (Al) and spherulitic siderite 

concretions (S1) may have formed at approximately the same time, as they are both 



rimmed by grain-rimming small siderite rhombs (S2) in some places. Small ferroan 

dolomite to ankerite (A2) rhombs and large ankerite rhombs (A3) were also formed. The 

large ankerite (A3) rhombs were preceded by the formation of rare pyrite framboids. The 

large ankerite (A3) rhombs are the only early carbonate cement which has volumetric 

significance. 

Early carbonate concretions commonly occur in argillaceous sediments and 

sandstones. Concretions are usually large (> 30 cm) and often have associated 

authigenic pyrite (Curtis and Coleman, 1986; Gluyas, 1984). Interpretation of early 

diagenetic origin for carbonate concretions has been based on the assumption that high 

intergranular volumes cemented by concretions represents the porosity present at the 

time of concretion formation. Raiswell (1 971) and Oertel and Curtis (1972) presented 

arguments that fine grained (micritic) carbonate concretions form in argillaceous 

sediments by the precipitation of cement in pore space without changing the original size 

or shape of the pores. Thus, it is likely that carbonate concretions in sandstones form 

non-displacively. It is not possible to make, with confidence, a similar interpretation for 

the later formed large ankerite rhombs, as they are not very fine grained and may have 

grown displacively. 

The formation of spherulitic carbonates in sedimentary rocks is problematic; they 

may form as precipitates of metastable carbonate polymorphs (Hodgson, 1968) or as a 

result of bacterial activity (Lalou, 1957). The range of S1 and S2 textures, from crystals 

and flattened rhombs to poorly developed spherules niay indicate a variation in 

composition of the precipitating pore waters (Hodgson, 1968). 

As it is not possible to measure the isotopic composition of the pore waters 

present at the time of authigenic mineral precipitation, certain assumptions must be 

made in order to interpret pore water conditions. Authigenic minerals can be physically 

or chemically separated, and their oxygen isotopic compositions measured. It is 

necessary to assume temperatures of authigenic precipitation on the basis of 

petrographic observations and burial history data. Using the measured oxygen isotopic 

composition and the assumed range of temperature during mineral formation, the 

oxygen isotopic composition of the pore waters can be estimated using experimentally 

determined oxygen isotope mineral-water fractionation equations. The fractionation 

equation used for ankerite is from Dutton and Land (1985) and for siderite is from Becker 



and Clayton (1 976) in Carothers et al. (1 988). Petrographic observations indicate that 

the carbonate minerals formed early, at shallow depths. Fluid inclusions are present in 

the A3 ankerite rhombs, but their temperatures were not measured. With only geological 

data available, a normal, non-geothermal pore water temperature of 25 OC was 

assumed. 

Oxygen isotope data were obtained for ankerite concretions (Al) (+22.11 to 

+27.89 %o SMOW), spherulitic and grain-rimming siderite (S2) (+21.40 to +27.91 %o 

SMOW), and large ankerite rhombs (A3) (+24.84 to +28.53 %o SMOW). The d180 

compositions indicate that the early carbonates formed under quite similar average pore 

water conditions of about -7 to -5 %o SMOW, with a range of -1 0 to -2 %, SMOW (Figure 

6.2), which indicates some mixing of depleted meteoric water and marine water. 

The botryoidal siderite which precipitated in the capping tidal sediments was 

formed in marine pore waters. This is indicated by the d180 composition (average = 

+30.02 %o SMOW) which, for an assumed early pore water temperature of 25 OC, 

corresponds to pore water of d180 = 0 %o SMOW (Figure 6.2). 

Early sulphide and carbonate diagenesis are closely related (Gautier and 

Claypool, 1984; Curtis and Coleman, 1986) and affect the pore water composition of 

sediments (Goldhaber and Kaplan, 1974). The concept of early diagenetic zones has 

been documented by numerous workers (Irwin et al., 1977; Curtis, 1977; Coleman, 

1985). The diagenetic zones are controlled vertically by different forms of bacteria 

consumirlg available organic material which result in the formation of authigenic 

carbonate minerals with diagnostic carbon isotopic compositions. The carbon isotopic 

compositions of Kiskatinaw early carbonates (-15.64 to -1.57 %, PDB; Table 5.1) are 

consistent with formation within the suboxic to sulphate reduction zones (Coleman, 

1985). The small quantities of early carbonates and the small size of the ankerite 

concretions in Kiskatinaw sands are likely a function of the lack of organic matter in 

clean sands (Gluyas, 1984) as carbonate formation is dependent on HC03- formed 

during bacterial reduction of organic matter. Localized accumulations of early 

carbonates in the Kiskatinaw probably formed because of local concentrations of organic 

matter such as branches, or by movement of HC03- from overlying or adjacent shaley 

units which likely contained adequate reactive organic material (Curtis, 1978; Gluyas, 

1 984). 
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Figure6.2. 6180curves of formation water versus temperature ("C) for early diagenetic 
carbonates in the Kiskatinaw. The minerals are ankeriie concretions (Al), spherulitic sideriie 
(S1,S2), and large ankeriie rhombs (A3). Curves shown for these minerals are for the 
maximum (top) and minimum (bottom) vabes given in Table 5.1. Also shown is the curve for 
the average vaiue for two botryoidal sideriie samples from tidal sands. The curves were 
calculated using oxygen isotope mineral-water fractionation equations from Dutton and Land 
(1985) for ankerle, and from Becker and Clayton (1976) in Carothers et al. (1988) for sideriie. 
The shaded area shows the range of pore water ''0 composition which would have been 
present at the assumed pore water temperature of 25 "C. 



Pyrite morphology can be indicative of the mode of pyrite formation. Rare well 

formed pyrite framboids described in Section 3.4.15.1 generally occur on or near quartz 

grain surfaces (Figures 3.29a, b, c, d; 3.8f). Framboidal texture is indicative of formation 

by bacterial sulphate reduction (Raiswell, 1982; Gautier, 1985) indicating that the 

framboids likely formed in the sulphate reduction zone. 

The large ankerite (A3) rhombs formed after formation of pyrite frarr~boids in the 

sulphate reduction zone. Carbon isotopic composition of the last early carbonate, the A3 

ankerite rhombs (-5.83 to -1.57 %, PDB) is consistent with suboxic zone formation and 

rules out formation at increasing depth (methanogenesis zone) (Coleman, 1985). As the 

A3 ankerite formed within the BSR zone, it must have formed by burial of no more than 

tens of metres (Irwin et al., 1977). 

Mozley and Wersin (1 992) compiled published carbon and oxygen isotopic data 

for early diagenetic siderites. They found that there is considerable overlap between 

marine and fresh-water depositional settings, but determined that siderites with 613C < 

-8 %, PDB are probably niarine and those with 613C > 0 %, PDB and 6180 < -13 %, PDB 

were likely formed in a fresh water setting. Isotopic data for early spherulitic and 

botryoidal siderite in the Kiskatinaw is shown in Figure 5.lc, e and reported in Table 5.1. 

Both of these siderite types are clearly not fresh-water siderites. The compositions of 

the spherulitic and botryoidal siderites both fall near the field for marine siderite (613C < 

-8 %, PDB), but within the area of overlap between the marine and continental siderite 

fields (Mozley and Wersin, 1992), indicating that the pore waters the siderites formed in 

were probably a mixture of varying amounts of marine and fresh waters. 

Mozley (1 989) surveyed the literature and found that early marine siderites are 

always impure, containing 2 90 rnol % FeCO,. As well, marine siderites also usually 

have extensive substitution of Mg, lesser substitution of Ca, and < 1 rnol % MnCO,. In 

contrast, early diagenetic siderites formed in fresh-water settings are commonly pure, 

with > 90 rnol % FeCO,. Fresh-water siderites also commonly have high Mn contents (> 

2 rnol % MnCO,), and higher Ca/Mg ratios than marine siderites (Mozley, 1989). The 

microprobe analyses of early siderites (S1 and S2) in the Kiskatinaw reported in Figure 

3.7 and Appendix D show that they are impure, with Fe contents < 80 rnol % FeCO,. 

The S3 siderite cements could not be considered in this discussion as they were likely 

formed later. The early siderites also have Mg contents up to 22 rnol % MgCO, and low 



Mn contents (51.6 mol % MnCO,). The compositional data indicate that the early S1 

and S2 siderites in the Kiskatinaw are not of fresh water origin (Mozley, 1989). As 

marine waters contain more Ca2+ and Mg2+ and less Fe2+ and Mn2+, and higher 

~ g ~ + / C a ~ +ratios than typical river waters (Mozley, 1989), the grouping of data from 

samples 030 and 145 in Figure 3.7 indicates that there was greater marine influence in 

pore waters of sample 145 due to higher Mg content. Mozley (1 989) noted that there is 

considerable compositional variation of siderites from the same sample such as is shown 

in Figure 3.7. He attributed the variations to early mixing of marine and fresh waters 

from associated facies or units and to early diagenetic alteration of pore water 

composition by dissolution or precipitation of authigenic minerals. 

Pyrite is often associated with carbonate concretions, as framboidal and euhedral 

pyrite, and less commonly, as pyrite rims. The pyrite is usually interpreted as forming 

before, or concurrently with, the carbonate. Progressive replacement of various 

carbonatesby coalescence of acicular pyrite into euhedral forms, as documented in this 

study (Section 3.4.15.1), does not appear to have been documented elsewhere. Fisher 

(1 986) described ovoid pyrite replacement texture in shells which are very similar in 

appearance to the pyritized concretions in the well 10-1 5-84-8\1\16 (Figures 3.3a; 3.30a1 

b, c). Fisher attributed this ovoid texture to diffusion into and out of distinct centres of 

reduction. Pyrite can replace siderite simply by expansion of its stability field with 

respect to siderite at constant pe and pH conditions. An increase in the total activity of 

sulphur or CO, will enlarge the pyrite stability field (Drever, 1982). 

6.1.4 Anhydrite Cementation 

Following carbonate cementation, the Kiskatinaw appears to have been buried to 

depths up to about 500 rn (Figure 6.1). During this period, Kiskatinaw sands were 

pervasively cemented by anhydrite cement. Cleaner and niore porous sands appear to 

have been preferentially cemented by anhydrite. The presence of tightly cemented 

sands (Figures 2.8a; 3.14) indicates that pervasive anhydrite cementation occurred in 

some places. Vertically extensive cementation is suggested by rare thick tightly 

cemented sands and porous zones within tightly cemented sands. The areally pervasive 

nature of anhydrite cementation is indicated by the wide distribution within the study area 

of both tightly cemented sands and remnant anhydrite cemented patches and layers of 



variable size and distribution within sands (Figure 3.16). 

Early anhydrite cementation is indicated by high intergranular volumes (IGV) 

cemented by anhydrite within tightly cemented sands and within remnant anhydrite 

cemented patches. Intergranular volume within tightly cemented Kiskatinaw sandstones 

and within anhydrite remnants range from 26.0 to 57.5 % with an average of 37.8 % 

(Table 3.1). When compared to depositional porosities determined for modern fluvial 

sands (Table 6.1), which average from 41.5 to 51.6 % with maximum values up to 58 %, 

it appears that Kiskatinaw basal sands were cemented when porosity was close to 

depositional porosity. Porosity losses from the range of depositional porosities (Table 

6.1) of about 0 to 30 % would have occurred before pervasive cementation by anhydrite. 

From the normal assumed depositional porosity of 45 %, the average porosity loss to the 

average IGV of 37.8 % would have been 16 %. 

Table 6.1. Average depositional porosities for fluvial sands. 
-

REFERENCE AVERAGE DEPOSITIONAL MAXIMUM VALUE 
POROSITY (%) (%) 

Pryor (1 973) 41.5 (Point Bars) 52 
Harrell (1 980) in Atkins and McBride (1992) 45 
Wilson and McBride (1 988) 45 (Braid Bars) 
Atkins and McBride (1 992) 51.6 (Point Bars) 58 
Atkins and McBride (1 992) 45.3 (Braid Bars) 51 

If the anhydrite cement crystallized displacively, then the cemented intergranular 

volumes would be higher than the intergranular volumes present in the sands at 

cementation. In such a case, the arguments above would not be valid. There is, 

however, no evidence indicating that displacive anhydrite cementation occurred. 

It is not clear at what depth anhydrite cementation occurred during burial 

following early diagenesis (tens of metres) to about 500 m. General porosity loss 

equations were used to constrain the possible depths. Equation 6-1 is a general 

equation for sandstones from Baldwin and Butler (1 985) and equation 6-2 is a 

relationship developed by Wood (1 989) for quartzose sandstones. 

burial depth (in km) = 3.7 ln(0.49 1porosity) (6-1) 

porosity = (0.48)10(-0.0000271depth) (depth in feet) 
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Assuming intergranular volume represents porosity at cementation, the average value of 

37.8 % gives maximum burial depths of 960 m (Baldwin and Butler, 1985) and 11 50 m 

(Wood, 1989). As some carbonate cementation occurred during early diagenesis, burial 

depths were probably somewhat less. These general calculations indicate that 

pervasive anhydrite cementation could have occurred at the estimated 500m maximum 

burial depth. 

Although cementation is interpreted to have occurred at shallow depths, the 

evidence indicates that the anhydrite is primary. One indication of original anhydrite 

precipitation is the absence of dewatering deformation structures. If water produced by 

gypsum dehydration is unable to drain freely, the bed may convert to a quicksand like 

consistency, resulting in deformation structures known as enterolithic texture (Warren, 

1989). In addition, anhydrite cement in the Kiskatinaw has felted texture, which is 

characteristic of anhydrite, with no gypsum pseudomorphs of typical pinacoids and 

prisms visible. Gypsum pseudomorphs are present within the organic material outside 

one of the branches (Figure 3.179). The pseudomorphs may indicate that sulphate 

mineralization occurred in the outer part of the branch in the near-surface environment, 

either before deposition, or shortly after. Minor near-surface gypsum formation would be 

consistent with the semi-arid setting interpreted for the Kiskatinaw by Richards (1 989). 

Early anhydrite cementation in the Kiskatinaw is also indicated by anhydrite 

infilled Calamitesdescribed in Section 3.2. Early cementation of branches by anhydrite 

is suggested by the well preserved cross-sectional shapes of the branches. The hollow 

branches would likely have been flattened by compaction if a significant amount of 

overlying sediments were deposited above them before cementation. In addition, the 

branches were infilled and surrounding sediments were tightly cemented by anhydrite 

before sufficient biological activity could occur to break down the more resistant outer 

tissues (Taylor, 1981). Sulphate reducing bacterial activity is indicated by the 634Svalue 

of -31.98 %o for the pyrite outside the branch in sample 062 (Figure 3.le). The depletion 

of pyrite sulphur by 48.2 %, from adjacent sulphate indicates that the pyrite was formed 

by bacterial sulphate reduction (e.g. Harrison and Thode, 1957, 1958; Schwarcz and 

Burnie, 1973; Goldhaber and Kaplan, 1980; Faure, 1986; Anderson et al., 1987). 

As a significant volume of sulphate was necessary to cement the Kiskatinaw 

basal sands to this extent, it is of interest to consider possible sources of the sulphate. 



The high intergranular volumes indicate that cementation occurred before any significant 

compaction of the Kiskatinaw. As the weight of the overlying sediments would have 

caused too much compaction to occur before cementation, it is unlikely that the sulphate 

moved downward from overlying sulphate-bearing units such as the Pennsylvanian 

Taylor Flat or Permian Belloy Formations. As the Kiskatinaw is believed to have been 

deposited in an arid setting (Richards, 1989), it is possible that marginal marine 

evaporitic environments were present landward to the north and east, and they were 

subsequently removed by erosion. Sulphate could have originated in adjacent arid 

marginal marine evaporitic settings such as dunes, wadis, salinas, and sabkhas 

(Handford, 1988). Even if marginal marine evaporitic sediments were present to the 

east, they would not be expected to be present above the basal sands within the study 

area because the Kiskatinaw is interpreted to have been deposited during a 

transgression (prograding). It is unlikely that the Kiskatinaw was deposited in a marginal 

marine evaporitic setting as features which are typical of mixed siliciclastic and marginal 

marine evaporites, such as dunes, intermittent flow features, exposure surfaces, saline 

mud flats, and interbedded clastics and evaporites (Handford, 1988), are not present. It 

also seems improbable that sufficient sulphate could have been transported the lateral 

distances required from marginal marine evaporitic environments to pervasively cement 

the Kiskatinaw sands. 

The upper Debolt Formation appears to be the most likely source of the sulphate 

in the Kiskatinaw. The Debolt, which lies beneath the Golata Formation throughout 

much of the study area (Figure 6.3) and near the erosional edge of the Kiskatinaw, is cut 

into by Kiskatinaw channels (Figure 2.5). Macauley (1958) described the upper Debolt 

as consisting of crystalline dolomite with numerous thin beds of anhydrite with much of 

the dolostone being anhydritic. Sikabonyi and Rodgers (1959), Bamber and Mamet 

(1978), and Richards et al. (in press) also noted that anhydrite is commonly a major 

component of the upper Debolt in Alberta. Packard (1 992) described a succession of 

sabkha cycles with associated anhydrite in the upper Debolt just to the east of the study 

area. In addition, there are rare anhydrite clasts in Kiskatinaw basal sands (Figure 2.9a) 

which were likely eroded and carried by Kiskatinaw channels from the Debolt where the 

Kiskatinaw cuts down into the Debolt in ,the northeast part of the study area (Figure 2.5). 

The interpretation of a Debolt source for anhydrite clasts was also suggested by Barclay 
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Figure6.3. Gamma raylsonic well log for the well 11-17-83-9\1\16(Josephine area) showing the 
stratigraphy for the Kiskatinaw Formation to Shunda Formation interval. The upper part of the 
Debolt Formation is reported to contain abundant anhydrite. 



(1 988). 

The oxygen and sulphur isotopic composition of marine sulphate has been found 

to vary considerably over geologic time (Claypool et al., 1980). Clearly, there are 

several time periods on the trend of variation of 6% of marine sulphate through geologic 

time, where the Kiskatinaw sulphate isotope data (Tables 5.3 and 5.4) can fit. Plotting 

the sulphur and oxygen values at upper Debolt time (340 Ma.) shows that the isotopic 

composition of the Kiskatinaw sulphate is consistent with a Debolt (Mississippian marine) 

source (Figure 6.4). 

Barclay et al. (1990) showed that the Debolt was exposed on the basin margins 

during Kiskatinaw deposition. Consequently, recharge could have been occurring from 

the north and northeast, with resulting anhydrite dissolution and movement upward along 

active faults or directly into the Kiskatinaw where channels cut into the Debolt near the 

erosional edge. Barclay et al. (1990) demonstrated that faults were active during 

deposition of the Stoddart Group, particularly during Kiskatinaw time, resulting in 

thickening of the units into the basin. The numerous active faults could have acted as 

conduits for fluids moving up from the Debolt Formation. Recharge was possible as Law 

(1 981) showed that dolomitization occurred in the Debolt along the erosional edge and 

near faults during exposure and that salinity gradients indicate that recharge is currently 

occurring in the Debolt adjacent to the British Columbia foothills where it has been 

uplifted. Sikabonyi and Rodgers (1959) also showed that northeast of the study area the 

upper Debolt has a "marginal dolomite belt" near the erosional edge and interbedded 

limestone and evaporites in the area laterally further from the erosional edge. 

Even if no recharge was occurring into the Debolt, removal upward along active 

faults of only about 1 % of the upper Debolt as sulphate would have been sufficient to 

cement the Kiskatinaw basal channel sands. If 100m of upper Debolt Formation is 

assumed, the volume of upper Debolt / surficial km2 is 1 x 1o8 m3. If each k d  of upper 

Debolt yielded 1 % as calcium sulphate, 1 x 1 O6 m3 calcium sulphate would be released. 

To cement 20m of Kiskatinaw sands with 37.8 % porosity, each km2 would require 7.56 x 

1o6 m3calcium sulphate. These calculations indicate that the volume of cement 

available fro111 1 % of the Debolt, and the amount of cement required, are of the same 

order of magnitude. 
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Figure 6.4. Plots of A) 6180;and B) 6 3 4 ~compositions of anhydride, reported in Tables 5.2 and 
5.3, at an assumed Debot age of 340 Ma. 'The isotopic compositions are plotted with the trends 
of variation of 6180and 6 3 4 ~of marine sulphate through geobgic time (Claypool et al., 1980). 



6.1.5 Burial, Exposure, and Erosion 

Following anhydrite cementation, the Kiskatinaw was buried to a maximum depth 

of about 500 m, with maximum temperatures of about 35 "C (Figure 2.13). As the 

Kiskatinaw had deepened into the basin (to the southwest) due to subsidence during 

deposition, pre-Belloy Formation (Pennsylvanian to early Permian) erosion truncated the 

updip part of the Kiskatinaw, at the basin margin, to the north, northeast, and east 

(Figure 1 .I). The updip part of the Kiskatinaw was subaerially exposed for up to 30 

million years (Figure 2.1). During this period of exposure, meteoric water probably 

entered the Kiskatinaw, moved downdip and dissolved much of the pervasive anhydrite 

cement. 'The distribution of anhydrite patches and the similarity of their internal features 

(high IGV, no quartz overgrowths, rare later clays) to tightly cemented sands suggests 

that such dissolution did occur. Additional evidence for this process is provided by 

"cleavage-related dissolution fringes" on the edges of anhydrite patches. Schenck and 

Richardson (1 984) showed that cleavage-related dissolution fringes are a diagnostic 

feature of anhydrite which has been subject to dissolution. Under some conditions, 

gypsum rims have been shown to form on anhydrite undergoing dissolution (R. Spencer, 

pers. comm., 1992). No gypsum rims are present on anhydrite remnants in the 

Kiskatinaw, indicating that dissolution occurred under combined a~,o, temperature, 

salinity, and pressure conditions that anhydrite was stable with respect to gypsum 

(Marlier, 1988; Jowett et al., 1993). The removal of anhydrite was the primary 

mechanism of porosity creation in the Kiskatinaw as significant quantities of anhydrite 

were removed by dissolution. Clearly some grain rearrangement occurred after 

anhydrite removal, as intergranular volumes in porous sands are lower (Figure 3.29). 

Anhydrite within samples may have been dissolved by drilling fluids or by water 

during sampling or thin section preparation. While there is no way to be certain that this 

has occurred, dissolution by human activities seems unlikely. The presence of 

dissolution fringes in numerous samples over a wide range of depth and porosity 

suggests that anhydrite dissolution is a real feature as it is highly improbable that drilling 

and sampling activities would have affected so many samples over such a wide range of 

conditions. 

Enhancement of porosity beneath unconformities lias been well documented in 

many places (Shanmugam, 1988, 1990). Dissolution of cements and framework grains, 



including quartz, occurs with the action of low TDS meteoric water. Meteoric waters 

have been shown to move great distances from the weathering horizon into sedimentary 

basins. 

Schenck and Richardson (1 985) determined a sequence of events for interstitial 

anhydrite dissolution. They noted that the first stage of dissolution is along 

intercrystalline grain boundaries, such as those between anhydrite and other minerals. 

The dissolution along grain boundaries creates a solution conduit at the edges of cement 

in the pore with subsequent dissolution moving sideways along the anhydrite cleavages. 

Further dissolution rapidly enlarges the initial conduit by dissolution perpendicular to the 

prominent cleavages. In sandstones with porosity occluded by anhydrite cement, the 

borders of framework grains are the major conduits, often resulting in uniform dissolution 

moving in from the edges of pore space. In their experimental work, Schenck and 

Richardson (1 985) also found that anhydrite dissolution is disposed to complete removal 

along an advancing front, rather than partial dissolution occurring tliroughout a pore 

network at once. 

Siderite cement (S3) is interpreted to have formed at some point after anhydrite 

dissolution occurred. The evidence is not clear and S3 may have formed during early 

diagenesis, after the large ankerite A3 rhombs. Later formation is suggested by the 

tendency for the siderite cement to fill smaller pores such as would be present after 

some grain collapse following anhydrite dissolution. S3 clearly preceded quartz 

overgrowths in some places (Figure 3.99), but its relative timing with respect to kaolinite 

is not known. Oxygen isotopic composition of siderite cement ranges from +17.21 to 

+30.88 %o SMOW. As S3 formed before quartz overgrowths (estimated temperature 

range of 40 to 70 OC), S3 is assumed to have formed in pore water with a temperature of 

25 to 35 OC. Under these assumed conditions, the siderite would have been formed in 

pore waters ranging from -1 2 to +3%0 SMOW. The average isotopic composition (+24.90 

%o SMOW) of S3 samples indicates pore water composition of -5 to -3 %o SMOW (Figure 

6.5). These apparent pore water compositions indicate siderite cement precipitation 

over a range of mixing conditions of evolved pore water and meteoric water which could 

have occurred progressively downdip duriog recharge while the Kiskatinaw was 

exposed. The pore water compositions also could have resulted from mixing of marine 

and meteoric water which could have occurred during and after deposition of the 



overlying marine Belloy Formation. 

The S3 siderite has a range of 613C composition from -13.29 to -1.34 %, PDB, 

with an average of -5.95 %,. The carbon may have originated in the soil weathering 

environment (Hudson, 1977) which was present at the surface during the period of 

exposure and moved downdip with the downward moving meteoric water. 

6.1.6 Renewed Burial 

After the period of subaerial exposure and erosion, the Kiskatinaw was again 

buried by sediments of the marine Belloy Formation (Barclay et al., 1990) and 

subsequently deposited units. The timing and dep,ths of formation of kaolinite and quartz 

overgrowths are complex and poorly constrained, but the following diagenetic processes 

are interpreted to have occurred during post-Belloy Formation burial. Petrographic 

observations indicate that most of the kaolinite formed before quartz overgrowths. 

Kaolinite within quartz overgrowths in some places indicates that minor amounts of 

kaolinite formed coeval with quartz overgrowths (Figures 3.1 8h; 3.1 9a) and rare kaolinite 

on overgrowth surfaces (Figure 3.1 9f, g) indicates kaolinite formation after overgrowth 

formation. It seems reasonable that kaolinite formed primarily during the gradual burial 

period following exposure, up to about 250 Ma (Figure 6.2). At the proposed depths, 

temperatures would likely have ranged from about 25 to 50 OC. The oxygen isotopic 

composition of physically separated kaolinite ranges from +17.6 to +19.7 %, SMOW. 

The oxygen isotope mineral-water fractionation equation from Land and Dutton (1 978) 

after Eslinger (1971) was used to estimate pore water conditions at the measured 

mineral compositions and estimated temperatures (Figure 6.5). At the assumed range of 

burial temperatures, kaolinite formed in pore waters ranging from -8 to -2 %, SMOW. 

The pore waters became more enriched in 1 8 0  with increasing temperature and burial 

depth. Pore water with 6180 composition of -8 %,, which the lower temperature 

kaolinites formed in, likely evolved from the meteoric water introduced during pre- 

Permian exposure and erosion. Dissolution of anhydrite and quartz, and ongoing 

illitization of shale clasts, and calcitization of ankerite would have increased the 1 8 0  

composition through isotopic exchange. The 1 8 0  enrichment of the pore waters may 

have occurred through water-rock interaction as burial progressed (Longstaffe, 1989). 

Kaolinite formation from reactions with precursor minerals such as potassium 



Temperature (OC) 

Figure6.5. 6180curves of formation water versus temperature ("C) for siderite cement (S3), 
kaolinite, and quartz overgrowths in the Kiskatinaw. Curves shown are for the average 
composition of sideriie cement (S3)(Table 5.1) and the maxinum and minimum reliable values 
for kaolinite (Table 5.8). Also shown are curves for quartz overgrovdh data which are the 
maximum ion probe, average bn probe (Table 5.7), and the maximum chemically separated 
values (Table 5.6) . The curves wre  calculated using oxygen isotope mineral-water 
fractionation equations from Becker and Clayton (1976) in Carothers et al. (1988) for siderite, 
Land and Dutton (1978) after Eslirrger (1971) for kaolnite, and Friedman and O'Neil (1977) 
after Clayton et al. (1972) for quartz. The horiiontal shaded area shows the range of pore 
water 180composition which would have been present during formation of siderite cement at 
the assumed pore water temperature of 25 "C. The range of 180compositions assuming a 
temperature range of 25 to 40 "C is shown, as are rarrges for kaolnite and quartz overgrovdhs 
under the conditions discussed in the text. Within the kaolinite range, differing potential 
relationships with quartz are indicated: A) Kaolinite only; B) kaolinite + quartz; C) kaolinite after 
quartz. 



feldspar, plagioclase, illite, and muscovite has been documented by many workers. 

Possible reactions for the incongruent replacement of K-feldspar (6-3) and albite (6-4) 

are shown. 

2NaAISi3o8+ H20+ 2H+w A12Si20,(OH), + 4SiO2+ 2Na+ (6-4) 
(Franks and Forrester, 1984) 

Common grain shaped kaolinite clusters (Figures 3.1 8c, d, g; 3.1 9b) up to 3.4 

volume % indicates that kaolinite may have formed by replacement of precursor 

aluminum bearing detrital minerals such as K feldspar, plagioclase, and mudstone 

clasts. The flattened shape of some patches may indicate that some local scale 

compaction occurred after kaolinite formed to compensate for volume lost (in the 

reaction) and the loss of the more rigid structure of a framework grain. A replacive origin 

for kaolinite clusters is supported by the presence of rare detrital K-feldspar and albite 

downdip in the deeper, less porous part of the Kiskatinaw (Section 2.5;Figure 2.1 1). 

Transporting adequate low solubility Al through pore waters to form the observed 

quantities of kaolinite clusters is problematic. A local source of Al is the most reasonable 

explanation. Boles (1 984) demonstrated conservation of Al at the thin section scale. 

during diagenesis Finally, replacement is supported by the necessity for a solid mass 

(detrital grain) to support the adjacent grains during the 50 to 90 million years of burial 

history (Figure 6.1) preceding kaolinite formation. 

Several factors indicate that incongruent replacement of detrital minerals was not 

the only process responsible for the formation of kaolinite in the Kiskatinaw. No feldspar 

or muscovite grains or illitic shale clasts, in the process of being replaced by kaolinite, 

were observed during this study. Feldspars were only found in small volume 

percentages (maximum 2.0 % K-feldspar) in a limited number of samples. Material 

balance calculations (see Appendix F) indicate that the maximum point counted quantity 

of 3.4 volume % kaolinite clusters would have required from 4.1 to 4.8 volume percent 

feldspars for all kaolinite to have formed by incongruent dissolution of feldspar. In 

addition, there is clear textural evidence of kaolinite cement which formed in pore-space 

(Figure 3.1 9d, e). It thus appears likely that kaolinite clusters formed both by 



replacement of precursor grains and as pore-filling kaolinite cement. 

Quartz overgrowths probably formed during a second, but deeper, gradual burial 

phase from 250 Ma to about 120 Ma. During this period of Kiskatinaw burial history, 

temperatures ranged from about 40 to 70 OC (Figure 2.13). The range in measured 

oxygen isotopic compositions of quartz overgrowths introduced considerable uncertainty 

(Section 5.4). As all of the ion probe data, except one analysis, equal or exceed the 

maximum value for separated overgrowths, it appears that the many of the overgrowth 

separates (Table 5.6) did contain unacceptably high contents of detrital contaminants. It 

appears that a realistic range for quartz overgrowth 6180 composition is from +22.3 to 

+31.5 %o SMOW. Using the oxygen isotope mineral-water fractionation equation from 

Friedman and O'Neil (1977) after Clayton et al. (1972), the pore water composition 

during overgrowth formation ranged from -1 0 to +5 %o SMOW (Figure 6.5). This range of 

pore water compositions indicates a starting composition similar to kaolinite as 

discussed above. With increased burial and temperature, the pore water likely became 

increasingly enriched in 180  due to ongoing water-rock interaction. The 1 8 0  enrichment 

also may have resulted from upward movement of 180enriched Paleozoic waters as 

was speculated by Longstaffe et al. (1 992). 

The range of pore water compositions and temperatures estimated for quartz and 

kaolinite appear reasonable as the range accommodates kaolinite before quartz, and 

less common coeval kaolinite and quartz, and kaolinite subsequent to overgrowth 

formation (Figure 6.5). Oxygen isotopic data for quartz and kaolinite and pore water 

evolution analysis (Figure 6.5) indicate that low temperatures of formation for kaolinite 

(25 to 50 OC) and quartz (40 to 70 OC) are reasonable. 

Silica utilized in forming the quartz overgrowths possibly was derived from 

kaolinization reactions such as 6-3 and 6-4, or from quartz dissolution which occurred 

during the period of exposure, recharge, and dissolution. 

As quartz dissolution commonly involved dissolution of quartz overgrowths, the 

main phase of quartz dissolution is interpreted to have occurred after the phase of 

overgrowth precipitation. As would be expected, intragranular dissolution of quartz 

grains preferentially occurred within quartz grains with areas of internal weakness. 

Some of the grains with well developed intragranular porosity have well developed linear 

features (Figure 3.21 e, f) which may have resulted from stress induced (?) crystal 



dislocation zones (McBride, 1989). 

Dissolution probably occurred during the rapid burial phase associated with 

foreland basin deposition, from about 120 to 50 Ma (Figure 2.1 3). During this period, 

burial temperatures increased by an estimated 60 to 100 "C.As silica solubility 

increases with temperature (Blatt et al., 1980), conditions of silica under saturation likely 

existed during this period. Material balance calculations using conservative estimates 

(see Appendix G) show that 1.6 volume % quartz could possibly have been dissolved 

due to solubility increase with temperature. 

Quartz dissolution and higher quartz solubility has also been shown to be related 

to natural organic compounds in aqueous systems (Bennett, 1991 ). As hydrocarbon 

migration through the Kiskatinaw was likely occurring during the latter part of this time 

period, organic compounds related to hydrocarbons may have played a role in 

increasing quartz solubility. Increasing quartz solubility with increasing salinities is an 

additional possible mechanism by which quartz solubility could have been increased in 

the Kiskatinaw. Xie and Walther (1993) noted that previous workers have found that at 

higher temperatures, quartz solubility increases with increasing salt concentrations. This 

effect is called the "salting-in effect" and may be valid at diagenetic temperatures (Xie 

and Walther, 1993). As Kiskatinaw formation waters were evolving during this period of 

burial toward the high salinities in the Kiskatinaw presently, it is possible that this 

mechanism was involved in increasing quartz solubilities. 

6.1.7 Post-Laramide Uplift 

Following quartz dissolution and smectite formation, pore-lining and pore-filling 

chlorite formed. This relationship is indicated by chlorite needles and rosettes within 

intragranular porosity within quartz grains. The timing of the replacement of illite "dust 

rims", illitic shale clasts and kaolinite clusters with respect to chlorite formed within pores 

is not known, but likely occurred at about the same time, as conditions for the 

precipitation of chlorite were favourable. XRD analysis (Sections 4.1 and 4.3) showed 

differences in intensity between odd and even basal reflections, indicating that the 

chlorite is Fe chlorite, likely charnosite. 

Hutcheon et al. (1 980) and Hutcheon (1 989; 1990) discussed clay-carbonate 

reactions, including the reaction of kaolinite and dolomite to form magnesium chlorite 



and the reaction of kaolinite and siderite to form Fe chlorite. As no calcite is present in 

these samples, the formation of Fe chlorite from kaolinite could be represented by 

reaction 6-5 (Hutcheon, 1989). Both ankerite and siderite occur in or near replacive 

chlorite patches in the Balsam 7-36-82-1 1 W6 well. Similarly, the replacement of illite by 

chlorite in the presence of siderite could be represented by reaction 6-6. 

Quantities of chlorite interpreted to have formed from kaolinite in the Balsam 

wells are quite small (<I %), so this reaction is volumetrically reasonable. Reaction 6-5 

results in a solid volume loss of 21 %. Considering only the kaolinite reactant and the 

chlorite product, the reaction stoichiometry forms 1 mol of chlorite for each mol of 

kaolinite consumed, resulting in a 214 % volume increase i,f kaolinite replaces chlorite 

and the volume of the carbonate is not considered (molar volumes from Weast, 1986 

and Walshe, 1986). In backscattered SEM photomicrographs, the expected volume 

increase is clearly visible, with the extra space required coming from the abundant 

microporosity within kaolinite clusters and adjacent open pore space. The replacive 

chlorite fills much of the microporosity which was present within kaolinite clusters (Figure 

3.26a, b) 

It is interesting that chlorite pseudomorphically replaced vermicular kaolinite, but 

replaced normal authigenic kaolinite without pseudomorphs (Figure 3.26b, c). This may 

be due to: 1) the small (5 to 10 pm) grain size of the authigenic kaolinite is much smaller 

than what appeared to be the optimum crystal size (30 to 70 pm) under existing 

conditions; 2) more space was available in the corroded, unstable vermiforms (Figure 

3.18a, b), possibly providing accommodation space for a 220 % molar volume increase 

to occur. 

Reactions 6-5 and 6-6 both consume silica which was made available by the 

preceding period of quartz dissolution. 

Reservoir bitumen is locally significant in the Kiskatinaw and usually has a very 

deleterious effect on reservoir quality, reducing porosity and blocking pore throats. It 



appears to have formed late during the post-Laramide uplift period as it commonly infills 

intragranular porosity formed by quartz dissolution. In addition, bitumen appears to have 

formed after chlorite in some places. 

Reservoir bitumen can form as a result of several natural processes: 

deasphalting, thermal alteration, water washing and bacterial degradation (Rogers et al., 

1974; Lornando, 1992). Given the setting, thermal maturation and deasphalting are the 

processes which could possibly have resulted in bitumen in the Kiskatinaw. Formation 

of the bitumen by thermal maturation is possible as temperature estimates for maximum 

Kiskatinaw temperatures exceed 100 OC and present reservoir temperatures up to 99 OC 

(Evans et al., 1971). Deasphalting is the precipitation of asphaltenes from heavy to 

medium crude oils by the dissolution in the oil of large amounts of gas and/or other light 

hydrocarbons in the range from C, to C, (Tissot and Welte, 1984). Deasphalting of oil 

and condensate in the reservoir is strongly suggested by the vertical distribution of 

bitumen in the 6-30-81 -1 OW6 well where bitumen is abundant above the gasloil interface 

and absent below the interface. This distribution is consistent with a pre-existing oil 

accumulation which was displaced by later gas which filled the pool from the top down. 

The localized distribution of bitumen in the Kiskatinaw favours deasphalting as the 

bitumen forming mechanism as deasphalting can occur on the local (reservoir) scale 

whereas thermal alteration is regional (Bailey et al., 1974; Tissot and Welte, 1984). 

Bitumens formed by thermal alteration and deasphalting can be distinguished 

using carbon isotopic data. Rogers et al. (1974) demonstrated that reservoir bitumens 

(asphaltene precipitates) formed by deasphalting have carbon isotope compositions like 

the original oil, whereas residues formed by thermal alteration have significantly heavier 

carbon isotope compositions (cracking produces isotopically light methane). No 

analyses of the carbon isotopic composition of Kiskatinaw reservoir bitumens were 

conducted, so this differentiation could not be carried out. 

6.1.8 Late Bacterial Sulphate Reduction 

An isolated occurrence of interpreted bacterial sulphate reduction marks what 

appears to be the last diagenetic event, occurring near the erosional edge, after post- 

Laraniide uplift. This BSR event was identified in the transition zone of the Josephine 

gas field and is mainly of scientific interest. The bacterial activity appears to have had 



substantial impact on reservoir quality due to formation of clays, but was of such a small 

scale with respect to the total volume of the gas pool that gas composition in both the 

pool and the degraded well were unaffected. Both the 11 -1 8-83-9\1\16 well and the pool 

have wet C,/CC, values (0.891 and 0.896, respectively) which follow the regional trend 

of increasing wetness with decreasing depth (Section 5.6.4). The features observed in 

this well were not observed in any other well examined in the study area. 

Involvement of sulphate reducing bacteria is interpreted for the pyrite in 

Josephine gas pool because of its restriction vertically to the transition zone and the 

apparent bacterial fractionation of the sulphide sulphur. All samples except 129 have 

6% compositions which are depleted by 29.26 to 31.58 %o from tlie average 634Svalue 

determined for Kiskatinaw anhydrite (+15.66 %o CDT) (Table 5.3). Open system 

fractionation by sulphate reducing bacteria of approximately 27 to 55 %o between 

sulphate and sulphide is expected (e.g. Harrison and Thode, 1957, 1958; Schwarcz and 

Burnie, 1973; Goldhaber and Kaplan, 1980; Faure, 1986; Anderson et al., 1987). It 

appears that after gas filled the Josephine structure, sulphate-reducing bacteria 

colonized the water zone of the Josephine gas pool and moved upward into the 

transition zone where available organics (hydrocarbons) and sulphate (anhydrite) 

allowed them to carry out bacterial sulphate reduction. The sulphide released combined 

with the iron in carbonate cements, ooids, phosphate grains, illite, and shale clasts to 

form abundant pyrite. James and Burns (1 984) suggested that it is possible for bacteria 

living in water legs below reservoirs to move up into the lower part of gas reservoirs and 

carry out BSR. 

The pyritized grains from the most extensively pyritized sample (129) all have 

634Svalues heavier by about 8 to 15 %o from the other four samples. The enrichment in 

this sample probably resulted from progressive depletion of the sulphate reservoir. 

Progressive depletion of the sulphate reservoir, under closed system conditions, is also 

suggested by euhedral pyrite which rims many of the pyritized grains (Figure 3.30e, f) 

(Raiswell, 1982). Euhedral rims are present in the other samples as well, but to a lesser 

extent. Core analysis data indicate that the part of the well where sample 129 is located 

has lower permeability than parts of the sand above and below. Consequently, it 

appears that the area of sample 129 was restricted in its exchange of nutrients, aqueous 

species, and bacteria with vertically and horizontally adjacent strata by low permeability 



(shaded horizon in Figure 3.32). It is possible that bacteria colonized in the lower 

permeability section, conditions were suitable for bacteria to thrive, and BSR rates 

accelerated resulting in sulphate consumption which was faster than sulphate could 

move through the low permeability sand. Depletion of the available sulphate reservoir 

would have occurred, resulting in more enriched 634S values in pyrite. Bacterial 

movement is limited by permeability less than 100 rnd (Westlake, 1984) so it is possible 

that this local group of bacteria were trapped and could only utilize locally available 

sulphur until it ran out and they all perished. Sulphate-reducing bacteria can reduce 

permeability (Pankhurst, 1968), so it is important to note that this permeability barrier 

was a depositional feature associated with phosphatic lags which can also be seen in 

two adjacent cored wells. It is apparent, however, that permeabilities are lower in the 

BSR well when the BSR well and non-BSR wells are compared, although the reduced 

permeability was not necessarily caused by BSR. 

An inexplicable feature is the similarity in 6% composition of the various size 

fractions. The smallest size fractions were expected to be more depleted as they should 

be framboid-rich based on petrographic observations (Figure 3.30d, e, f), but all of the 

size fractions from sample 127 have approximately the same isotopic composition (Table 

5.5). Framboidal pyrite has been found to have lower 6% values than later euhedral 

pyrite from the same sample (Raiswell, 1982; Gautier, 1985). It appears that sulphur 

isotope exchange between early and later phases may have occurred. Exchange is not 

expected, especially at low temperatures (e.g. Longstaffe, 1989). 

The probable bacterial alteration of Kiskatinaw gases is not supported by C3 

(propane) depletion of 613C in seven gas samples obtained from other Kiskatinaw gas 

pools (Table 5.9, Figure 5.12). James (1 990) and James and Burns (1 984) showed that 

bacterial alteration of gas can alter the carbon isotopic composition of wet gas 

components, particularly propane. Based on carbon and hydrogen isotopic 

compositional and C1/CC, trends with depth, all seven gas samples are most likely 

thermal in origin. The lack of enriched C3 6% values (Figure 5.12) indicate that the 

seven samples experienced no subsequent bacterial degradation (see discussion in 

Section 5.6.4). 

Reviews by Trudinger et al. (1 985) and Machel (1 987) noted that sulphate- 

reducing bacteria have been found in ground waters as deep as 3290 m at a 



temperature of 85 OC. Sulphate-reducing bacteria are often found in ground waters 

associated with petroleum deposits (Iverson and Olson, 1984) and their ability to utilize 

natural gas to carry out sulphate-reduction has been clearly demonstrated (Pankhurst, 

1968). The upper temperature limit at which sulphate-reducing bacteria can survive has 

been thought to be about 75 to 85 OC (Machel, 1987), but Jargensen et al. (1 992) 

recently documented bacterial sulphate reduction above 100 "C in deep-sea 

hydrothermal vent sediments. Consequently, the Josephine BSR zone at 1760 m and 

69 OC may be well within the temperature limits at which sulphate-reducing bacteria can 

carry out their activities. It is very unlikely that the bacteria were introduced by drilling 

activity within the Josephine field as all of the initial wells were drilled within a 2.5 year 

period (1 974 to 1976) and the well in question was the second well drilled. It is possible, 

however, that bacteria were introduced into regional aquifers by earlier drilling activity 

and migrated to the Josephine area. Bacteria were probably not introduced by present 

day flow regimes as observed in southeastern Alberta (Cody, 1993). 

6.1.9 Present Situation 

As discussed in Section 2.10, no water samples could be obtained from the 

Kiskatinaw as it is gas prone. In addition, other regional studies (Hitchon and Friedman, 

1969; Hitchon et al., 1971 ;Connolly et al., 1990a, b) contain no isotopic or chemical data 

for Kiskatinaw waters. 

Water analyses of formation waters recovered during drill stem tests show that 

total dissolved solids within modern Kiskatinaw formation waters are high, up to 221,000 

mg/L. In addition, there are no patterns apparent in the areal distribution of present TDS 

contents. If fresher waters had entered the formation and moved downdip, increasing 

TDS values would be expected downdip. High TDS contents with no areal trend indicate 

that there probably has been no introduction of meteoric waters into the Kiskatinaw since 

pre-Permian uplift and erosion. 

High salinity waters in the Kiskatinaw may have originated in the underlying 

carbonate-dominated Paleozoic section. Longstaffe et al. (1 992) speculated that 1 8 0  

enriched waters moved upward from Paleozoic carbonates in the Peace River arch area 

prior to Laramide uplift and subsequent meteoric recharge. Upward movement of 

Paleozoic formation waters is suggested by 180enrichment of formation waters 



decreasing upward in the Mesozoic section (Longstaffe et al., 1992). 

If upward movement of high salinity, 180enriched Paleozoic waters through the 

Kiskatinaw occurred as proposed by Longstaffe et al. (1 992), it would have had an 

homogenizing effect on Kiskatinaw pore water composition. The high TDS contents in 

Kiskatinaw formation waters and the lack of apparent trends in Kiskatinaw TDS 

distribution (Figures 2.1 5; 2.1 6; 2.1 7; 2.1 8) may support upward movement of Paleozoic 

waters. 

The linear trend of data in the plot of Na versus conservative CI (Figure 2.19) 

indicates that present Kiskatinaw waters likely evolved by the mixing of two distinct types 

of water. Mixing of the evolved meteoric waters within the Kiskatinaw as it was buried 

following pre-Permian exposure and upward moving Paleozoic waters during rapid 

Laramide burial could represent the two distinct waters indicated by Figure 2.1 9. 

6.2 Porosity Evolution and Reservoir Quality 

As discussed in Section 3.6, porosity in the Kiskatinaw is primarily secondary 

intergranular porosity which was formed by dissolution of early anhydrite cement. The 

early anhydrite cement occluded high intergranular volumes (average 37.8 %), thus 

creating the potential for later large scale dissolution porosity. Dissolution of anhydrite 

cement is interpreted to have occurred when the Kiskatinaw was eroded during pre- 

Permian exposure. Collapse of the detrital grains occurred after the anhydrite was 

dissolved (Figure 3.29). As would be expected, the amount of further grain 

rearrangement after collapse was a function of burial depth and concomitant 

compaction. Where present, A3 ankerite and S3 siderite cements added rigidity to the 

collapsed porous rock and helped prop the reservoir open (Figure 3.38~). The quartz- 

rich detrital composition of the Kiskatinaw sands also played an important role in keeping 

porosity open once the anhydrite was removed. 

Porosities and permeabilities are highest near the erosional edge for several 

reasons. As expected below an unconformity undergoing meteoric dissolution, anhydrite 

dissolution was more complete near the erosional edge. Propping carbonate cements 

are more common near the erosional edge. Due to compaction, the size of the 

secondary intergranular pores decrease with increasing burial depth (Figure 3.38). Pore 

connectivity also decreases with depth as the smaller intergranular pores were more 



susceptible to porosity loss by quartz cementation (Figure 3.38d). 

Quartz dissolution had a beneficial effect on porosity, especially near the 

erosional edge whereas dissolution of carbonate cements played an insignificant role in 

porosity creation. 

Kaolinite, Fe chlorite, illite, and Ca smectite are the clay rninerals which are 

present in the Kiskatinaw sands. Kaolinite patches occur in most wells, except the 

deepest wells in the Braeburn area. Chlorite occurs sporadically and was only found to 

be abundant in three wells. Permeability is reduced by chlorite (Figure 3.27) as it is 

often present in pore throats. lllite is ubiquitously present in small quantities and does 

not appear to have much impact on reservoir quality. Smectite is most common in 

shallower wells near the erosional edge, where it preferentially occurs in pore throats 

and is locally abundant (Figure 3.28a). 

In terms of porosity creation, the Kiskatinaw is very similar to anhydrite cemented 

sandstones of the Minnelusa Formation in the Powder River Basin. The assessment of 

Schmoker and Scher~k (1 988, p. 108) that "other diagenetic processes, while of 

petrologic interest, have not significantly affected the pore-space evolution of upper 

Minnelusa sandstones ..."is also applicable to Kiskatinaw sandstones in the study area. 

6.3 Natural Gases 

Compositional and isotopic data for natural gases are useful in determiring their 

generation and migration histories. Although chemical compositions of gases can 

change during migration, the isotopic compositions of gases are believed to be relatively 

unaffected (Schoell, 1984). Following the discussion in Section 5.6.4, it is clear that 

Kiskatinaw gases are wet thermal gases (Figures 5.4; 5.6). Figure 5.6 shows that the 

gases originated as thermal gas, with some further evolution toward dry gas by later 

cracking of oil and remaining kerogen (Tissot and Welte, 1984). A thermal origin for 

Kiskatinaw gases is supported by the increasing maturity (increasing 613C methane) with 

depth (Figure 5.2a) and linear trends present in many of the plots of isotopic 

compositions of coexisting gas components (Figures 5.9; 5.10; 5.1 1) (Krouse, 1983). 

None of the gas compositional or isotopic data show that sulphate reducing bacteria 

have altered Kiskatinaw gases. 

Carbon isotopic compositions of the Kiskatinaw gases show that they were 



generated in source rocks with much higher maturities (1 to 3+ % R,) than adjacent 

potential source rocks such as the Golata Formation (Table 2.1). Thus it is possible that 

the deeper, more mature Exshaw Formation may have sourced Kiskatinaw gases, which 

then migrated vertically through the Mississippian Rundle Group as has been proposed 

by Piggott and Lines (1 992). The increase of source rock maturities (indicated by 613C 

data) with depth in the Kiskatinaw suggests that migration was primarily vertical, with 

deeper parts of the Kiskatinaw receiving hydrocarbons from corresponding deeper and 

more mature parts of the Exshaw. Conversely, shallower parts of the Kiskatinaw pooled 

gases from underlying shallower and less mature parts of the Exshaw. The increasing 

wetness of the gases with decreasing depth (Figure 5.7) also support vertical migration, 

as shallower source rocks would have experienced less later thermal cracking (Figure 

5.2). Piggott and Lines (1 992) noted that shallower Kiskatinaw pools have lower 

condensate contents which they attributed to condensate stripping during horizontal 

updip migration. The data does not support the horizontal migration part of the Piggott 

and Lines (1992) model (Figure 6.6). 

6.4 Summary 

The diagenetic history of sandstones in the Kiskatinaw Formation was complex, 

resulting in rapid charlges in reservoir quality over short vertical and horizontal distances. 

Efforts of this study to characterize the diagenetic history and porosity types, and 

determine the controls on their distribution have been successful in the general sense 

which should be expected from a regional study. More detailed components of the study 

showed that local control of late diagenetic processes by hydrocarbon distribution are 

important. 

Kiskatinaw sands were likely deposited in fresh water, but the early diagenetic 

ankerites and siderites in the Kiskatinaw formed in mixed marine and meteoric waters at 

shallow depths (oxic zone). Although anhydrite cemented substantial quantities of 

intergranular volume (average = 37.8 %), porosity-depth calculations indicate that 

anhydrite cementation could have occurred at depths up to 1 km. The Kiskatinaw was 

uplifted and exposed during for up to about 30 Ma during pre-Permian erosion. During 

this period, extensive anhydrite dissolution occurred by meteoric action below the 

unconformity. Following anhydrite dissolution, collapse of the detrital grains occurred. 



BELLOY FORMATION 

Figure6.6. Schematic diagram showing the interpreted mgration from the fishaw Formatbn 
source suggested by Piggot and Lines (1992). The maturities of Kiskatinaw gases indicated 
by 6 ' b data does not suppod the horizontal migration pan of the Piggm and Lines (1992) 
model. 



Abundant intergranular porosity survived in shallower areas, but grain rearrangement, 

compaction, and quartz cementation destroyed much of the porosity in deeper areas. 

With renewed burial, kaolinite formed by congruent replacement of precursor 

detrital grains and as pore-filling cement. The formation of quartz overgrowths followed, 

at temperatures of about 40 to 70 OC. During the period of rapid burial resulting from 

Laramide Orogeny uplift, quartz dissolution occurred. During the period of post- 

Laramide uplift, smectite, chlorite, and bitumen formed. Several interesting late 

diagenetic processes appear to have been controlled by fluid contacts in Kiskatinaw gas 

accumulations. 



Chapter 7 


CONCLUSIONS 


The following conclusions are based on the results of this study. 

1) Kiskatinaw sands within the study area were deposited as lateral accretion deposits in 

fresh water within the river-dominated part of a tide-dominated estuary system. 

2) The clean channel sands were transgressed by finer grained tidal deposits and 

marine shale. Oxygen isotopic compositions of early diagenetic carbonate r~iinerals 

indicate that the early pore waters were a mixture of meteoric and marine water. The 

early authigenic carbonates precipitated at shallow depths in the oxic or sulphate 

reduction zones. 

3) Pervasive early anhydrite cement occluded the extensive intergranular volume in 

porous sands, creating the potential for later dissolution porosity. Anhydrite 

dissolution is interpreted to have occurred by the action of meteoric water when the 

Kiskatinaw was exposed and eroded in its northeast part for up to 30 Ma, prior to 

deposition of the Permian Belloy Formation. 

4) Following anhydrite dissolution, the Kiskatinaw experienced renewed burial, with 

kaolinite forming in a temperatures of about 25 to 50 OC and quartz overgrowths 

forming in temperatures of about 40 to 70 OC. Much of the kaolinite likely formed by 

the incongruent dissolution of feldspars. 

5) During rapid burial from about 100 to 50 Ma in response to the Laramide uplift, the 

Kiskatinaw experienced quartz dissolution and attained estimated maximum burial 

temperatures of 125 to 175 O C .  

6) During post-Laramide uplift, iron chlorite formed in pores and replaced kaolinite and 

illitic shale clasts. 



7) Kiskatinaw gases are wet thermal gases which underwent cracking during the later 

stages of generation. The organic material which was the source of the gases had a 

carbon isotopic composition of about -26 to -28 %o. The source of the gases 

experienced thermal maturities at the time of gas generation which indicate the gas 

migrated from a deeper source. Although bacterial sulphate reduction is observed 

locally, there is no evidence supporting large scale degradation of Kiskatinaw gases 

by sulphate reducing bacteria. Reservoir bitumen is significant in some places and 

probably formed by deasphalting. 

8) Anhydrite dissolution was the only significant process of porosity generation in the 

Kiskatinaw. Retention of porosity created by anhydrite dissolution was a function of 

the amount of grain rearrangement and compaction that occurred after the removal of 

anhydrite. Consequently, less deeply buried areas have higher porosities and 

permeabilities. Deeper areas suffered greater compaction and were thus more 

susceptible to destruction of remaining pores by quartz cementation. Dissolution of 

carbonate cements was insignificant in the generation of porosity. 

9) Kiskatinaw formation waters are very saline, and appear to have formed by the mixing 

of two distinct waters. 

10) Although large quartz overgrowths are common, intragranular porosity precludes the 

Kiskatinaw as a good candidate for chemical separation of overgrowths for oxygen 

isotope analysis. 

7.1 Future Work 

As hydrocarbon-water contacts have been shown to be important local controls in 

diagenetic processes in the Kiskatinaw, future studies of pools should be conducted so 

that this possibility is evaluated. In this way, further diagenetic processes that may affect 

reservoir quality could be observed. 

Fluid inclusion studies of the anhydrite and carbonate cements would add 

valuable constraints to the thermal history of the Kiskatinaw. Electron microprobe 



analyses of carbonate cements with a more regional distribution would help show how 

extensive early mixing of pore waters was. Carbon isotopic analysis of reservoir 

bitumens would help determine which of thermal alteration or deasphalting was the 

dominant process. 

Formation water obtained from a drill stem test of a salt water saturated well 

would add invaluable isotopic and compositional formation water data. Close 

cooperation with industry partners could result in opportunities to collect drill stem test 

water samples. 
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APPENDIX A - SAMPLE DATA BASE 

* sample depths are calibrated to well log depth where possible 
** indicates the position of the sample with respect to labeled core analysis samples 
N.A. = not analysed 



APPENDIX A (continued) 
ISAMPLE # LONGITUDE^ DEPTH^ DEPTH~POSITION UNIT ~LITHOFACIES I THIN PROBEWELL LOCATION ~ ~ A T I T U D ~  W.R.T. 

UCG.003.038 5642.3 1719.8 above #26 basal XBMS 1 

UCG.003.039 5640.0 171 9.1 below #24 basal XBMS 1 

UCG.003.040 11 -18-83-9W6 56.19827 11 9.41472 5693.5 1735.4 N.A. lower l LSS 1 

UCG.003.041 6-1 -83-9W6 56.1641 3 1 19.28388 1821.8 at AST #23 basal eauivalent 1 

IU~~.003.042I 1 lbasal eauivalent I 1
1820.3 lat SP #17 

UCG.003.061 11 -22-75-7W6 55.51 320 11 8.9991 4 2486.1 at SP #53 basal XBMS 1 

UCG.003.062 2484.7 3 cm below #46 basal XBMS, Calamites 

UCG.003.063 2483.2 4 cm above #38 basal XBMS 1 


I 


IU~~.003.064I 1 2482.9 lbelow #35 1basal ~XBMS 1- - - ~ - ~ 

UCG.003.065 2479.8 above #26 basal XBMS 1 

UCG.003.066 2478.2 3 cm below #19 basal XBMS 1 




APPENDIX A (continued) 
ISAMPLE # WELL LOCATION ILATITUD~ LONG~TUDE~DEPTH DEPTH~POSITIONW.R.T. UNIT 

-

2459.0 at #I40 
2427.9 above #7 
2427.0 N.A. 
2430.1 above #7 
2429.2 at #5 

1950.0 3 cm above #39 
1944.5 8 cm above #20 
1940.1 below #3 
2349.5 N.A. 
2347.3 above #I01 
2342.5 at #80 
2334.7 above #53 

#47 
2327.7 above #28 
2320.8 7 cm above #12 
1726.4 above #17 
1724.3at #lo 
1717.9N.A. 

basal 
basal 
basal 
basal 
basal 

basal 
basal 
basal 
basal 
basal 
basal 
basal 

regional shale 
lower 
basal 
basal 
basal 

~LITHOFACIES 

XBMS 
XBMS 
XBMS 
XBMS 
XBMS 

XBMS 
XBMS 
XBMS 
PBGC 
XBMS 
MDSS 
CRLS 

muddy sandstone 
XBMS 
XBMS 
XBMS 
l LSS 

ITHlNlPROBEl 

1 

1 

1 

1 

2 


2 

1 

1 1 
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lsediments 
UCG.003.141 I 15077.6 1 1547.7 lbottorn of #18 loverlying fine ~XBMS 1 



APPENDIX A (continued) 
SAMPLE # WELL LOCATION LATITUD~LONGITUDE DEPTH DEPTH POSITION W.R.T. UNIT LITHOFACIES THIN PROBE 

(feet)* (m)* CORE ANALYSIS** SECTION MOUNT 
UCG.003.153 10-16-83-9W6 56.1 9932 1 19.35328 5637.5 171 8.3 below #8 basal XBMS 1 1 
pp-pppp 

UCG.003.154 11 -22-75-7W6 55.51 320 1 18.9991 4 2484.6 at #46 basal anhydrite in 
Calamites 

UCG.003.155 2478.6 above #21 basal XBMS, anhydrite 2 
clasts 

UCG.003.156 0217-25-80-8\1\16 55.96094 11 9.1 0365 1941.3 9 cm below SP #7 basal XBMS, pyrite nodule 
1UCG.003.157 10211 0-21 -80-1 1 W6155.95244 I 1 19.64999 I I 2318.1 lbetween SP #1 and Jower IXBMS 

UCG.003.168 21 02.8 above #49 basal XBMS 1 
UCG.003.169 2098.5 at #14 basal XBMS 1 
UCG.003.170 2094.8 above #26 basal XBMS 1 

* sample depths are calibrated to well log depth where possible 
** indicates the position of the sample with respect to labeled core analysis samples 
N.A. = not analysed 



APPENDIX B 

RA'I'IONALE OF BURIAL HISTORY CURVE CONSTRUCTION 

The two burial history curves were constructed using this data: 
1) current Kiskatinaw burial depths; 
2) stratigraphic data (current distributions and maximum thicknesses) for pre- 

Lower Cretaceous formations; 
3) Burial history curves for the Lower Cretaceous Gething Formation (Kalkreuth 

and McMechan, 1988) based on vitrinite reflectance data (their sections 
Pouce, Sinclair, and Steep Creek); 

4) Ages are from Barclay et al. (1990) for the Kiskatinaw, Taylor Flat, and Belloy 
Formations. For the Triassic and Jurassic formations, ages for stages given in 
Poulton et al. (1990) and Gibson and Edwards (1 990) were taken from 
Harland et al. (1 990). 

TIME BURIAL DEPTH BURIAL DEPTH 
(Ma) (N.E.) (rn) (S.W.) (m) 

0 1400 2700 
25 1580 2856 

48 2900 4000 

58 268 1 3725 

75 1980 2843 
91 1849 2678 
95 1476 2209 
119 71 0 1 245 

145.6 860 1295 

152.1 660 1095 

157.1 61 0 1045 

173.5 620 1055 

187 575 101 0 

194.5 545 980 

COMMENTS 

Current burial depth from subsurface data. 

88% of post-Laramide erosion as shown on 

Kalkreuth and McMechan (1 988) Sinclair burial 

history curve; represents their uplifted Tertiary 

erosion surface. 

Time of maximum burial from Kalkreuth and 

McMechan (1 984, 1988). Erosion estimated at 

1500m in N.E. and 1300m in S.W. (see Figure 

2.8). Thickness of Gething Fm. at maximum 

burial depth determined by these curves is 

21 90m in N.E. and 2755m in S.W. - fits with 

thickness distribution shown by curves of 

Kalkreuth and McMechan (1 988). 

90% Of Lower Cretaceous Gething Fm. deposited 

as shown on Kalkreuth and McMechan (1 988) 

Sinclair burial history curve. 

58% of Gething deposited. 

52% of Gething deposited. 

35% of Gething deposited. 

Cadomin Fm. deposition begins. Jurassic/Lower 

Cretaceous Nikanassin Fm. eroded to 50m in 

N.E. and 150m in S.W. by pre-Lower Cretaceous 

erosion (estimate from Poulton et al., 1990). 

Nikanassin >200m over arch (Poulton et al., 

1990). 

About 50m Upper Fernie Fm. deposited (Poulton 

et al., 1990). 

About 1 Om of Poker Chip Shale eroded (Poulton 

et al., 1990). 

About 45m Poker Chip Shale deposited (Poulton 

et al., 1990). 

About 45m Lower Fernie Fm. deposited (Poulton 

et al., 1990). 

Eroded to 415m Triassic in N.E. and 560m in 

S.W. (Gibson and Edwards, 1990). 




21 0 650 1065 


223 615 1025 


235 425 770 


241 365 705 


245 130 420 


260 170 460 


290 30 320 


324 200 320 


333 100 200 


340 30 30 


341 0 0 


Time-Temperature Index Calculations 

About 35m Pardonet Fm. deposited in N.E. and 

40m in S.W. (Gibson and Edwards, 1990). 

Assume Pardonet and Baldonnel were originally 

deposited in study area and thinning to the N.E. 

as is the remaining Triassic section. 

About 190m of Charlie Lake Fm. + Baldonnel 

Fm. deposited in N.E. and 255m in S.W. (Gibson 

and Edwards, 1990). 

About 60m of Doig Fm. + Halfway Fm. deposited 

in N.E. and 65m in S.W. (Gibson and Edwards, 

1990). 

About 235m of Montney Fm. deposited in N.E. 

and 285m in S.W. (Gibson and Edwards, 1990). 

Belloy Fm. eroded to about 100m thick by pre- 

Triassic erosion (Barclay et al., 1990). 

About 140m Belloy Fm. deposited (Barclay et al., 

1990). 

In N.E., Stoddart Group. is removed with only 30- 

50m Kiskatinaw remaining (Barclay et al., 1990). 

Stoddart truncated by pre-Permian (290 Ma) 

erosion (Richards et al., in press) or mid 

-Asselian (-284.5 - 287 Ma) erosion Campbell et 

al. (1989). 

About 100m Taylor Flat Fm. deposited in N.E. 

and 120m in S.W. (Barclay et at., 1990). 

About 100m Kiskatinaw remains after pre-Taylor 

Flat erosion In N.E. and 200m in S.W. (estimated 

from Barclay et al., 1990). 

About 30m Kiskatinaw Fm. basal channel sands 

are deposited. 

Start of Kiskatinaw deposition (estimated from 

Barclay et al., 1990). 


log Rmax (%) = -0.4769+ 0.2801 (log T I )  - 0.007472(log TTI) ("Lopatin-Waples method" in 
Kalkreuth and McMechan, 1984) 



240 
APPENDIX C - WATER SAMPLE DATA (n.d. = not detected; NP = not present) 

1 1-7-83-1 2W6 6872-7090 ft. basal to upper 5 250 m Salt Water 21 27.8 47.2 
7-30-83-1 2\1\16 1975-1 980.5 m basal 1 1229 m Salt Water 1977.8 43.8 
10-28-84-4\1\16 4606-4750 ft. basal and lower 6 899 m Salt Water 1425.9 38.3 
10-1 6-84-5\1\16 4682-4700 ft. basal 5 1067 m sulphurous 1429.8 38.9 

Salt Water 
10-1 5-84-8W6 5040-5095 ft. basal 1 1281 m Salt Water 1544.6 18.2 
14-21 -84-1 OW6 5395-5477 ft. lower? 9 271 m muddy Salt 1656.9 12.8 

Water 
1 1-2-85-8\1\16 4638-4714 ft. basal and lower 1 341 m oil & gas cut 1425.2 10.3 

Water 



241 
APPENDIX C (Continued) (n.d. = not detected; NP = not present) 



242 
APPENDIX C (Continued) (n.d. = not detected; NP = not present) 

10-15-84-8W6 1645 0 none 4674ft. 4950 ft. 4950 ft. 51 60 ft. 5236 ft. 
1 4-21 -84-1 OW6 1 592 51 70 ft. 5353 ft. 5353 ft. 5463 ft. 5529 ft. 

11-2-85-8W6 1906 0 none 4370ft. 4623 ft. 4623 ft. 4777 ft. 481 0 ft. 



APPENDIX D. Summary of electron microprobe analyses in weight percent of carbonate cements. Also included are 
precisons and detection limits (D.L.) in weight percent, and the number of moles of each ion in the carbonate chemical formula. 

-

Sample Cement Number SiO, AI,O, FeO MnO MgO CaO Na,O F SrO C0, TOTAL #Fe ions # Mn ions #Mg ions #Ca ionsl#C03 ions 
ANKERITE 



APPENDIX D (continued). Summary of electron microprobe analyses, precisons and detection limits (D.L.) in weight percent of 
carbonate cements. Also included are the number of moles of each ion in the carbonate chemical formula. 

Precision 0.033 0.033 0.374 0.025 0.073 0.014 0.015 0.046 0.126 
D.L. 0.043 0.080 0.053 0.033 0.031 0.016 0.031 0.099 0.139 



APPENDIX D (continued). Summary of electron microprobe analyses, precisons and detection limits (D.L.) in weight percent of 
carbonate cements. Also included are the number of moles of each ion in the carbonate chemical formula. 



APPENDIX E 

SEPARA'TION OF QUARTZ OVERGROWTHS FOR OXYGEN-ISOTOPE 
ANALYSIS 

(modified after Ayalon and Longstaffe, 1990) 

Samples which contain abundant overgrowthswere determined through thin section 
petrography. Samples with well developed overgrowths, distinct "dust r~ms",and stable 
(rare inclusions or intragranulardissolution, rarely polycrystalline) detrital grains are 
preferable (Brint et al., 1991). 

Sample were washed with distilled water to remove traces of drilling mud and dirt. 
50 to 150 g of the sample were gently disaggregated (by hand, using a pestle and 

mortar). 
The <2 Fm and any other size fractions desiredwere removed by sedimentation. 

Settling times were determined using the nomograph of Tanner and Jackson (1947). 
'The remaining fraction was dried in the drying oven and the size fraction containing the 

overgrowths (determined by petrographicexamination and listed in Table 5.6) was 
separated by dry sieving. 

In the fumehood 15 g of the sieved fraction was treated twice with 6N HCI to destroy 
carbonates, Fe203,amorphous material, and some clay minerals such as chlorite. The 
sample was heated to boiling for 10 minutes and the supernatant was discarded. 

The sample was heated to boilingwith 30 ml 6N HCI + 10 ml concentrated HN03 for 
10 to 15 minutes to destroy oxidizable organic matter. Treatment was repeatedwith 30 
ml 6N HCI + 10 ml concentrated HN03 until the supernatant was free of iron and organic 
colour (up to 10 treatmentswere required). 

The remaining sample was washed by hand, once with aqueous 50% acetone, twice 
with acetone, and allowed to air dry. 

The sample was fused with Na2S207to destroy most minerals, except quartz and 
feldspar. Most clays should be destroyed, except for those comprising "dust rims". 20 g 
of Na2S207was used for each sample. Afterward I discoveredthat this is only about a 
1.5:1 ratio which is much lower than the 60:1 ratio of Na2S207to sample suggested by 
Syers et al. (1968). The samples were fused in 250 rrll Pyrex beakers in sand baths on 
1) large Corning hot plate; 2) tripods above 2 Bunsen burners. To achieve melting, 
temperatures must exceed 400 OC - unfortunately, I did not powder my Na2S207which 
slowed down melting significantly. The temperature of the sand baths were monitored 
using a maximum 400 OC immersion thermometer and a thermocouple. Ayalon and 
Longstaffe (1990) recommendedfusion for 2 hours at sufficiently high temperatures to 
convert the melt entirely to salt crystals; fusion is complete when virtually all liquid has 
disappeared. This was problematic as only a few of the samples converted completely 
to salt crystals - the rest were heated for 3+ hours until the reaction appeared to be 
complete (no more gases evolving). Stirring was a problem as the cool stirring rod 
caused instant salt + sand crystallizationon the rod. Occasional stirring did appear to be 
necessary, however, as a thin film often developed on the melt prevent~ngoutgassing of 
reaction products. Possibly heated stirring rods would cause less sample and Na2S207 
loss. This treatment was done in a fume hood as SO, gases are evolved. 

'The resulting solid was dissolved in 50 ml3N HCI at room temperature, until all the salt 
crystals were gone. Ayalon and Longstaffe(1990) indicatedthat this normally requires 
only a few minutes, but the samples took about 1 day with 1 to 3 changes of the 3N HCI 
plus stirring of the solids. 

'The solution was transferred to a polyethylene centrifuge tube, washed 3X with 3N HCI 
(by hand), and then 1X with distilled H20,by hand swirling of the centrifuge tube. Fines 
were discarded with the wash solutions. 



In the Palynology Preparation lab enough 30 to 35% H2SiF6(hydrofluorosilicicacid) 
was added to cover the remaining sample, and allowed to stand at room temperature for 
7 to 8 days. The samples were stirred twice daily. Additional H2SiF6was added as 
necessary due to evaporation. This treatment selectively dissolved feldspar relative to 
quartz (Ayalon and Longstaffe, 1990). 

The samples were washed by hand 1X with 0.1 N HF to remove fluorates (Sridhar et 
al., 1975), and then 4X with distilled H20at room temperature. 

A portion of the sample was transferred to a glass slide and checked for contaminating 
feldspar, clay minerals, ect. usirrg XRD. 

The samples were treated with 5 ml of saturated H3BO3overnight at room temperature 
to remove fluorates (Sridhar et al., 1975), and then washed by hand 4X with distilled 
H20. 

In tlie Palynology Preparation lab the samples were treated with 7% HF (overnight at 
room temperature). Interfacialmaterials between detrital cores and diagenetic 
overgrowths are dissolved preferentially by etching with dilute HF. The time required for 
etching can vary from 10 hours to 2 days. The concentration of HF should not exceed 
10% to avoid significant dissolution of quartz. Gentle ultrasonic agitation enhances the 
rate of etching (Lee and Savin, 1985). The samples were etched for 18 hours in 7% HF. 
The HF was carefully decanted and the samples were washed carefully 5X by hand with 
distilled H z 0  to eliminate fines. Thorough shaking or stirring of the centrifuge tube is 
necessary for removal of the fines which are fine-grained detrital quartz produced by the 
destruction of chert, volcanic rock fragments, ect. Grains from some of the samples 
were mounted and examined using the SEM to determine if etching appeared to be 
complete enough (Figure 3.209). The serated overgrowth-detrital interfacewas visible in 
many grains. 

Distilled water was added to the samples and they were sonicated with the ultrasonic 
robe 2 to 3X for 3 minutes each time, using -200 watts power). The Blackstone Model 
P-2 ltrasonic Probe (12 mm diameter probe) in the Palynology Preparation lab wass J 

used at full power which delivers a maximum average output power of 200 watts. The 
upper two-thirds of the suspension whicli contains the quartz overgrowths was 
transferred carefully but quickly to a separate container. Special care is required to 
avoid contamination with detrital quartz. The first aliquot was kept separate as any chert 
or polycrystallinequartz which is present in the sample tends to disaggregate
preferentially during the first sonication. 

The quartz overgrowths were examined for purity using the SEM and XRD (Figure 
3.20h). 



APPENDIX F Kaolinite Material Balance Calculations 

Problem 
Grain shaped kaolinite patches are present in the Kiskatinaw in the study area in 

maximum quantities of 2.5 to 3.4 % (point counted). It is of interest to determine the 

quantity of feldspar required to form this quantity of kaolinite patches by incongruent 

replacement of potassiumfeldspar and albite. 

Assumptions 

Thin section examination shows that twinning is rare when BSEM shows that 

potassium feldspar is present. Therefore, assume that the potassium feldspar 

mineralogy is orthoclase. The molar volume of orthoclase = 108.29 cm31mol (Weast, 

1986). 

Kaolinite patches have considerable microporosity. Visual estimates from BSEM 

photos range from about 30 to 45 %. Assume 35 % microporosity. 

Calculations 

From reaction 6-3, formation of 1 mole of kaolinite (99.52 cm31mol) requires 2 moles of 

K-feldspar (2*108.29 cm3/mol= 216.58 cm3 K-feldspar Imol kaolinite). Thus, there is a 

molar volume reduction of (1.0 - 99.52 / 216.58) *100= 54.0 % or conversely each 

volume percent of kaolinite formed required 2.18 volume percent K-feldspar to be 

present in the formation. 

the volume of kaolinite actually present in the kaolinite patches is considerably less 

than point count estimates due to abundant microporosity. Assuming 35% 

microporosity,sample 008 with 3.4 volume % kaolinite patches would thus have 2.21 % 

kaolinite. 2.21 volume percent kaolinite would have required 2.21*2.18 = 4.8 volume % 

K-feldspar. 

for samples with 2.5 % kaolinite, 35 % microporositywould leave 1.625% kaolinite 

requiring 3.5 % K-feldspar. 

Conclusions 

Material balance calculations indicate that the quantities of potassium feldspar 

observed in a limited number of samples (up to 2.0 %) is only sufficient to provide about 

half of the observed kaolinite patches by incongruent dissolution. 



APPENDIX G Quartz Dissolution Material Balance Calculations 

Problem 

Can increasing temperature in the Kiskatinaw result in significant quartz 

dissolution due to increasing quartz solubility? 

Variables 
Taking the average temperature increase (about 50 "C) from 50 to 100 OC, the 

average solubility increase will be 41 ppm (Blatt et al., 1980). 

Pssumption~ 
Assume: 41 ppm average solubility increase 

15 % porosity 

lations 

Take 1 m3 of rock = 1 x 1 o6 cm3 

volume of pore space = (0.15)(1 x 10 cm3) 


= 0 . 1 5 ~10 cm3 
=0.15x 10 3cm3 

The amount of silica which can be dissolved in the porous volume with solubility 
increase of 41 ppm: 


= (0.15 x 1o3 ~ ) ( 4 1mg/L) 

=6150 mg Si0,/m3 


Volume of quartz in 6150 mg 

=6.1509 / (2.65 g/cm3) 

= 2.32 cm3 quartz / m3 rock 


Volume % quartz dissolved for each pore volume 

=2.32 cm3 / (1 x lo6 crn3) 

=0.00023 % 


Assuming that the area is 100 km long and that Fluid flow is 10 mlyear, one pore volume 
would pass through the study area every 

(1 x 105m)/(10 mlyear) = 1 x 104years 
or one pore volume every 10,000 years 

1000 pore volumes would pass through every 1 0 Ma 

Therefore, 7000 pore volumes could pass through during the 70 Ma deep burial phase. 
(7000 pore volumes)(0.00023 %) = 1.61 % quartz could be removed by 

quartz solubility increase with temperature. 




