
THE UNIVERSITY OF CALGARY 

Sedimentology and Diagenesis of the 

Basal Quartz Formation, Calgary, Alberta 

Bradley Ryan Spence 

A THESIS 

SUBhUi"ïED TO TEE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILLMENT OF THE REQUIREMEN'S FOR THE 

DEGREE OF MASTER OF SCENCE 

DEPARTMENT OF GEOLOGY AND GEOPHYSICS 

CALGGRY, ALBERTA 

AUGUST, 1997 

O Bradley Ryan Spence 1997 



National Library Bibliothèque nationale 
du Canada 

Acquisitions and Acquisitions et 
Bibliographie SeMces seMces bibliographiques 
395 Wellington Street 395, rue Wellington 
Ottawa ON K1A ON4 OttawaON K I A O M  
Canada Canada 

The author has granted a non- L'auteur a accordé une licence non 
exclusive licence allowing the exclusive permettant à la 
National Lîbrary of Canada to Bibliothèque nationale du Canada de 
reproduce, loan, distnbute or sell reproduire, prêter, distriibuer ou 
copies of this thesis in microform, vendre des copies de cette thèse sous 
paper or electronic formats. la forme de microfiche/nlm, de 

reproduction sur papier ou sur format 
électronique. 

The author retains ownership of the L'auteur conserve la propriété du 
copyright in this thesis. Neither the droit d'auteur qui protège cette thèse. 
thesis nor substantial extracts fkom it Ni la thèse ni des extraits substantieIs 
may be printed or otherwise de celle-ci ne doivent être imprimés 
reproduced without the author's ou autrement reproduits sans son 
permission. autorisation. 



Abstract 

The Basal Quartz Formation (BQ) records two finlng-upward transgression- 

regression (TR) cycles in southwestern Alberta. Two additional TR cycles may be 

present in the BQ but are only recorded as Glossifungites assemblages. In both cycles 

braided fluvial facies grade verticdy and laterally northward into estuarine v d e y  NI 

facies capped by a pdeosoi. The BQ cycles are unconformably overlain by shallow 

marine deposits of the Euerslie Formation. 

Water composition in the Lower Mannville in southwestern Alberta is controlled 

by cross formational flow from Paleozoic strata at the Jurassic subcrop edge and recharge 

in the northwest and southwest Rocky Mountain foothills and in the southeast high- 

standing Sweetgrass Arch. MMng of fresher waters and more saline waters near the 

Jurassic subcrop edge may result in calcite precipitation in Lower MannviIle strata. 

Calcite, dolomite, and quartz precipitated during buriai. Calcite precipitated in 

three stages by: 1) recrystallization of shells in brackish water; 2) mWng of saline 

Paleozoic waters with less saline Mesozoic waters; and 3) with dolomite, due to an 

increase in pCOs and silicate rocks buffering pH in water enriched in 180 relative to sea 

water. Quartz precipitated prior to each calcite cementation episode through local 

pressure solution of silicate grains. Kaolinite, iliite and barite precipitated and chert 

grains and calcite cernent dissolved after the peak of the Laramide orogeny. Pyrite 

precipitated both early and Iate in the diagenetic history. 

The quartz-rich estuarine facies is quartz cementeci, whereas chert-rich braided 

fluvial facies contain calcite in places, indicating that initial mineraiogy controls 

diagenetic alteration. Exploration efforts for hydrocarbons in the BQ should focus on the 

braided fluvial facies which have higher reservoir potentiai than the estuarine facies. 

Exploration in the BQ in the shidy area should be confimeci to north of T23 due to calcite 

cementation from T18-23 (adjacent to the Jurassic subcrop edge) and compaction 

destroying resewoir quality south of T18. In other similar settings the Jurassic subcrop 

edge and formation depths greater than about 2500m should be avoided. The nsk of 

loskg the braided fluvial facies becornes greater to the north. 
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The purpose of this study is to formulate a predictive model for the economic 

exploration of hydrocarbons within the Lower Cretaceous Basal Quartz Formation (BQ), 

that couid be applied elsewhere in similar geological situations. The southem Alberta 

study area provides an opportunity to examine, document, and hterpret the interaction of 

two chemically distinct formation waters and the effects of their intemkhg upon 

prospective hydrocarbon reservoir rocks. A depositional model is necessary to 

understand the interaction of depositional rnineralogy, diagenetic alteration and variations 

in formation water composition. 

The Crossfield/Delacour BQ field, located immediately northeast of Calgary, has 

been producing gas since 1966 from the BQ. Other hydrocarbon accumulations occw 

within the BQ, but a complex and unresolved diagenetic history has made hydrocarbon 

exploration difficult and ofien unsuccessful due to porosity occlusion by cementation. 

Figure 1.1 outlines the areas of detailed study for this project. A schematic stratigraphie 

succession of Mississippian carbonates, Jurassic sandstones and shales, and Lower 

Cretaceous sandstones and shales in the study area is shown in Figure 1.2. Robertson and 

Edwards (1994) have studied the Crossfield/Delacour BQ field, and similar BQ channel 

systems have been docurnented in southern Alberta (Cant, 1982; Banerjee, 1984; Hayes, 

1986), and in Montana (Shelton, 1977; Dolson and Piombino, 1994). The results from 

this smaller study area may therefore serve as a model for the BQ in southem Alberta, 

and other similar geological settings, to assist in exploration for hycirocarbon 

accumulations by recognizing diagenetic controls. Detailed maps showing the 

Crossfield/DeIacour field boundaries, the Jurassic subcrop edge, and the extent of BQ 

deposits are presented in Chapter 3. 

Previous confidentid studies by Canadian Occidental Petroleum have detemiined 

that diagenetic minerais in the BQ are predominantly quartz overgrowths and pore-fiing 

kaolinite, and abundant calcite cernent adjacent to the Jurassic subcrop edge, where 

porous carbonates of the Turner VaileyElkton Formation undedie the BQ (Figure 1.1). 



Deformation / \Lieo~ogica~ &ciy 

Front 

Figure 1.1: Map of Alberta and detail of southern Alberta showing study areas for water 
chemistry (dark grey) and geological rnapping (light grey) . 



Figure 1.2: Schematic stratigraphic column illustrating stratigraphic relationships frorn 
south (left) to north (right) across the study area. The BQ is within the Lower 
Cretaceous strata. whereas the Deville is Jurassic in age. A significant 
unconfomity is present at the base of the Lower Cretaceous and the Jurassic. 
No scale is implied. 



According to Hitchon et al. (1971). C o ~ o l l y  et aL (1990). Potocki and Hutcheon 

(1992). Cody (1993), and Cody and Hutcheon (1994). formation waters from 

Mississippian and Lower Cretaceous strata are chemicdy distinct. Formation waters 

from Misskippian strata tend to be Na-Ca-Cl-dorninated, while formation waters from 

Mesozoic strata are Na-Cl-HC03-dominated (Figure 1.3). Mwng of these two 

chemically different formation waters cm result in precipitation of calcite andfor 

dolomite (RunnelIs, 1969; Potocki and Hutcheon, 1992; Figure 1.4). According to this 

hypothesis, waters from Mississippian strata rnay have mixed with waters in the BQ 

adjacent to the Jurassic subcrop edge, causing calcite to precipitate. 

1.1: Objectives 

The objective of this thesis is to investigate the origin of various diagenetic events 

in the BQ in the study area, and to detennine the effect they have on reservoir quality 

(porosity and pemeability). This objective is to be achieved by investigating: 

1. Initial BQ depositionai processes, by formulation a depositional model. 

2. The effect of initiai depositional mineralogy on subsequent diagenetic reactions. 

3. The source and timing of diagenetic rnineralogy, par&icuIarly calcite cernent. 

4. Causes of regional water chemistry variations and their effect on diagenesis (i.e., test 

the water m k g  hypothesis describeci above). 

1.2: Study Area 

The study consists of two areas (Figure 1.1): a smaller region of detailed 

geological shidy; and a larger area in which regional water chemistry was examined. The 

geological study area is a north-south oriented area of 11,500 km2, which delineates the 

BQ deposits, encompassing the area between T13-32, R26W4-2W5. The extent of BQ 

deposits was known approximately from mapping done by B. Weeks (Canadian 

Occidental Petroleum Ltd.). The geology study involved a multistage process, including 

analysis of petrophysical well iogs to detemine generai characteristics and formation 

tops of the Cretaceous Ostracod, Ellemlie, and BQ Formations, and underlying Jurassic 

and Mississippian strata. In addition, a more cietaileci examination of BQ deposits was 

undertaken to determine the nature of BQ deposits and interpret a depositional model, 

through core anaiysis and petrophysical log examination. Samples obtained during core 
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Water from Paleozoic strata 

Figure 1.3: Temary diagrams of Na-Cl-HCO, dominated water from Mesozoic strata and 
Na-Ca-Cl dominated water from Paleozoic strata in the Western Canada 
Sedimentary Basin (data €rom Hitchon et ai., 1971; C o ~ o U y  et al., 1990; 
Cody, 1993). 



Fraction of Mesozoic 
Water 

Figure 1.4: Mode1 demonstrating calcite and dolomite saturation states through a series of 
mixtures of typical waters from Mesozoic strata with typical waters from 
Paieozoic strata where 1.0 is 100% end member water fiom Mesozoic strata. 
Precipitation of calcite and dolomite is predicted upon mixing of high 
fractions of waters from Mesozoic strata with waters from Paleozoic strata. 
Mixïng of Iow fractions of waters from Mesozoic strata with waters from 
Paleozoic strata may resuit in dissolution of carbonates (after Potocki and 
Hutcheon, 1992). 



examination were used in analyzing the diagenetic character and history of the BQ. 

The imgular geographic outline of the water chemistry study area results because 

only data east of the Mesozoic deformation front was utilized. This is due to the fact that 

few data points exist west of the deformation front, and the strata in the foothills may not 

belong to the same hydrodynamic system as in the plains. The area in which water 

composition was mapped is approxirnately 28,000 krd and encompasses T11-35, 

R19W-5, (Figure 1.1). 

The study areas were chosen because of the anomalous arnounts of calcite cernent 

in the BQ adjacent to the Jurassic subcrop edge, partidarly h m  Tl8 to 23 R28W4. 

South of T18, the strata are heavily compacted and quartzcementeci, causing them to be 

uneconornic exploration targets. The impetus for undertaking this projet was to 

d e t e d e  the origin of the calcite causing disappointhg hydrocarbon exploration results. 

The water chemistry area is larger because a more regional picture of formation water 

chemistry is necessary to d e t e d e  accurately the causes of compositional variations of 

the water and their possible effect on calcite distribution and reservoir quaiity. 

Potocki and Hutcheon (1992) predict calcite WU precipitate upon mkhg of 

waters from Paleozoic strata with waters from Mesozoic strata, and the study area is an 

ideal location to test that hypothesis. Calcite precipitation coincides with the location 

where the BQ has breached tight Jurassic shaies and overlies Mississippian carbonates. 

This suggests there may be a causai relationship between the breaching of the Jurassic 

(Le., Jurassic subcrop edge) and calcite precipitation. This study area should serve to 

illustrate the importance of subcrop edges with respect to fluid mixing and subsequent 

diagenetic events. 



Rock samples from the BQ and formation water samples from the Lower 

Mannville and Glauconite Formation were utiiized in this study. Both types of samples 

requUed specific preparation for the various analytical techniques foiIowed. These 

preparations and techniques are outlined in the foliowing subsections. 

2.1: Lithologic Preparations and Analytical Techniques 

BQ drill-cores from 45 welts were exarnined at the Alberta Energy and Utilities 

Board (A.E.U.B.) Core Research Center in Calgary, Alberta, to interpret the depositional 

environment of the BQ and thus to devise a depositional rnodel. Petrophysical logs from 

1400 conventional subsurface welis were examined to determine stratigraphie 

relationships between the Lower Cretaceous (BQ, Euerslie, and Ostracode Formations), 

adjacent Jurassic (Rierdon and Sawtooth Formations), and Mississippian strata (Mount 

Head, Turner Valley, Eikton Shunda, and Pekisko Formations). The computer mapping 

program Mcad Contour was used to construct structure and isopach maps from the 

examineci weiis and cores. Seventy-fou, 3x3cm rock samples were obtained during core 

examination for thin-section preparation, X-Ray diffraction (XRD), scanning electron 

microscope (SEM), and isotope analysis. 

2.1.1 - Thin-sections 
The main goal of the thin-section examination was to characterize and decipher 

the diagenetic history of the BQ. Seventy-four s tandard-thickness, doubly-polished thin- 

sections were prepared, examined and photographed utilizing a Nikon binocular 

petrographic microscope. An additional 53 thin-sec tions, ob tained €rom GR Petrology 

Consultants, were examined and photographed. Thirty-two wells are represented by the 

127 thin sections, most of which were sampled from drill core. For 7 of the 32 welis only 

cuttings were available for examination and thin section preparation. AU thin-sections 

containing carbonate cements were stained with Alizarin Red to differentiate calcite from 

other carbonate rninerals. 



2.1.2 - Scmvring electmn micmscopy 

Eighteen samples were examined on a Cambridge 250 SEM at the University of 

Calgary. The goal of these analyses was to m e r  characterize the diagenetic history of 

the BQ and provide additional data for construction of a paragenetic history. Fourteen 

samples were prepared as gold coated fractureci rock samples in order to get a three- 

dimensional perspective of the diagenetic characteristics of the BQ; the remaining four 

samples were carbon coated thin-sections. 

2.1.3 - X-ray dzJ?action 

Seventy-four samples were cmhed and analyzed by powder XRD in order to 

obtain semi-quantitative mineral percentages of the bu& rock. A few of the samples 

obtained from GR Petrology Consultants had XRD data and are also included. Three 

samples were used to prepare < 2 ~  clay separates foilowing procedures outlined in 

Moore and Reynolds (1989, p.189). and andyzed by XRD to support bulk XRD results. 

Three samples were analyzed dry, heated and glycolated to differentiate between various 

clay groups (kaolinite, chlorite, illite, and montmorillonite). The method described by 

Bayiiss (1986) was utilized to detemùne semi-quantitative mineral percentages for both 

the buik mineralogy and clay separates. 

2.1.4 - Point-counting 

To supplement and venfy XRD data, point-counting was performed on 98 

sarnples. Each sample was counted for 200 points. Errors for minerai percentages are 

presented in Table 2.1 (Van Der Plas, and Tobi, 1965). Quartz overgrowth percentage is 

likely under-represented due to difficuity distinguishing overgrowths from quartz grains 

where a substantial dust rirn is not present. 

2.1.4 - Carbonate cernent stable îsotopes 

'*0/'~0 and 13c/'*c isotope ratios were detemiined for 17 samples containing 

calcite cernent and 3 containing dolomite cernent, 50 mg of powdered sample was 

dissolveci in orthophosphoric acid and the evolved CO&) collectecl and sealed in glass 

tubes. The C02(g) was analyzed on a Micromass Mass Spectrometer and 613c and ô180 

were reporteci as L relative to the PeeDee Belemnite QDB) standard. 



Table 2.1: Point-counting mineral percentage errors ('Van Der Plas, and Tobi, 1965). 

2.2: Regional Formation Water Chemistry Preparations and Andyt id  Techniques 

The regional water chemistry data consists of the chernical analyses of driU stem 

test-, weil head-, or separator-derived waters from about 2500 oil and gas weUs located 

within the study area. The data were obtained from the comprehensive data set of Rakhit 

Peboieum Consultants, which has been made available to H. Abercrombie (fonnerly of 

the Geologicai Survey of Canada). The data has been manipulated and processed 

foilowing procedures outlined in Hitchon et al. (1987) and after recomrnendations from J. 

Cody (Rakhit Petroleum Consultants). 



The chemical analyses are generalIy incornpiete with the minimum set of 

analyzed species being ca2+, M ~ ~ + ,  Cl-, HCO;, and SO:-, with ~ a +  and K+ usuaily 

calculated by difference. Analyses that did not contain at least this minimum set were 

discarded. As driUing and completion fluids are usudy enriched in KCI and BaSO,, 

analyses that appeared anomalously enriched in these species. based on molecular ratios 

and plots of K+ and SU:- vs. ~ a + ,  were considered to be contaminated and were 

discarded. Each cation species was then plotted individually versus ~ a + ,  and each anion 

species plotted versus Cl- to identify any points that significantly deviated from a straight 

line. The waters should form a straight üne (water mhing line) only if the concentrations 

of ~ a +  and Cl* are not being affecteci by water-rock interactions. Since the waters are not 

at halite saturation, it is a fair assumption that ~ a +  and Cl- can only Vary through addition 

of ~ a + ,  Cr, or another species, which will cause deviation from the nomal water mkhg 

line. Analyses that deviate from a straight line are considered suspect and discarded. 

The fid step in cuIling the anaiytical data is to grid and contour the data to 

produce maps. Obvious anomaious values ("builseyes") are individuafly inspecteci and 

discarded if found to be suspect. All maps presented herein have been created using the 

computer program M-cad Contour, and edited in the program Canvas. The c u b g  

procedure resulted in reducing the data set from 2500 analyses to 450. The procedures 

outlined above should have resdted in a reliable representation of 'me'  formation water 

chemistry. The culied data were utilized to create regional water chemistry maps to 

identify regional compositional variations. 

2.2.1 - Wuter mixing rnodel 

The computer program SOLMINEQ88 (Kharaka and Barnes, 1973; Perkins et ai., 

1988) was used to create the rnixing rnodel discussed in section 5.3. SOLMINEQ88 uses 

the ion association mode1 of GarreIs and Christ (1965) to set up a series of mass-balance 

equations for each of the possible cornponents and a ma& of sirnultanmus equations for 

each equilibrium constant. These equations are solved iteratively to arrive at an activity 

of each chemical species that satisfies the ion-association mode1 at in situ conditions. 

The activities are used to calculate the ion activity product and saturation state of minerai 

phases. 



3.1 : Introduction 

The purpose of this chapter is to formulate a depositional maiel which examines 

the cause of variations in initial mineralogy. This in turn will aid in detemiining the 

effect that initial minerdogy has upon diagenetic alteration. Geological formations 

within the study area (Figure 3.1) were defineci through gamma, sonic, and 

neutroddensity logs, and interpretation of surfaces from core descriptions. The BQ 

overlies the pre-Cretaceous unconfonnity and is characterized by a gamma curve that 

infers the sediments decrease in sand content upwards (Figure 3.2). Robertson and 

Edwards (1994) subdivided the BQ into two sequences, BQA and BQB. Stratal 

temiinology from Robertson and Edwards (1994) will be used in this study (Figure 3.2). 

Only a few cores from the Ostracod and Eilersiie Formations were examuieci; 

consequentiy, the formation tops were dificuit to define accurately, but are consistent 

within the study area. The top of the Euerslie Formation occurs 40-60m above the BQ, or 

pre-Cretaceous unconfonnity where no BQ occurs, at the first significant lehard shift of 

the sonic log c w e ,  which may be a shale associated with a flooding surface, coincident 

with the top of an overd cleaning upward sequence indicated by upward decrease in 

gamma radiation (Figure 3.2). The top of the Ostracod Formation was picked at the last 

significant leftward shift of the sonic log curve, which which may be a shaie associated 

with a flooding surface, 10-30m above the Ellerslie Formation (Figure 3.2). 

3.2: Previous Work 

Stnitigraphic nomenciahire of the Lower MannviIie Mernber is poorly defrned in 

the geologicai literature, which resdts in inconsistencies between different studies. 

Alrhough the purpose of this thesis is not to redefine the stratigraphic nomenclature of 

this interval, some correlation with previous research is necessary. Table 3.1 shows the 

Lower Mannville stratigraphic nomenclature and interpreted depositionai environments in 

various projects in southern Alberta. 



Figure 3.1: Outline of study area showing location of al1 weUs used as weii as BQ cored 
wells. Lines A-A', B-B', C-C', and D-D' (dashed) are the cross section 
locations show in figures 3.1 1 to 3.14. 
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Figure 3.2: Type log showing the units as picked for this study, cored interval, and 
producing intervals (frac.). 





Jurassic strata in southem Alberta have been the subject of many investigations 

(Le., Hayes, 1983; Poulton, 1984; Stronach, 1984; Poulton, 1988; Poulton, et al., 1994), 

but the interval remairu poorly understooct Because the hiatus between the latest Jurassic 

deposits and early Cretaceous deposits may be in excess of 27 million years (Leckie and 

Smith, 1992), underlying Jurassic strata will not aid in an environmental interpretation of 

the B Q  and will not be discussed. However, previous work has shown that distinguishing 

Jurassic versus Lower Cretaceous channel deposits is diff idt  and is important 

considering legal issues with respect to oil and gas rights (Poulton et al., 1994). h o t  et 

al. (1996) determineci that Jurassic deposits contain detrïtal K-feldspar, and are generdiy 

devoid of carbonaceous debris, whereas Cretaceous deposits lack detrital K-feldspar and 

contain carbonaceous debris. Poulton et al. (1994) stated that Cretaceous deposits 

commonly have a significant detrital chert component, which is lacking in Jurassic 

deposits. 

The Deville Formation is a lateraliy discontinuous paleosol or regolith which 

formed where the PreCretaceous unconformity overlies Paleozoic carbonates. It consists 

of clasts and blocks of carbonate, and silicified carbonate with a varïed matrix of mud 

and sand (Williams, 1963). Hayes et al. (1994) and Poulton et al. (1994) have tentatively 

ptaced the Devüle within the Jurassic, although its age is difficult to determine. 

Strata overlying the BQ (Ellemlie and Ostracod Fomations) have also been the 

focus of many investigations, which have resulted in a variety of environmental 

interpretations (Le., Table 3.1; Banejee, 1984; Ryer et al., 1984; Hayes, 1986; 1990; 

Banerjee and Davies, 1988; Farshori and Hopkins, 1989; Banerjee and Kidwell, 1991; 

Leckie and Smith, 1992; Hayes et al., 1994; Poulton, et al., 1994). Most of the studies 

interpret the Ellerslie Formation as continental sediment, however, Banerjee and Davies 

(1988). and Farshori and Hopkins (1989) proposed that the Ellerslie Formation was 

deposited in a brackish water inland sea and records a marine transgression after BQ 

deposition (Figure 3.3). Bane rjee (1 990) interpreted the Eilerslie sediment that overlie 

BQ braided river deposits as deposits of a lagoon, estuary, or interdistributary bay 

environment, again suggesting sea level rise from the north. 



Figure 3.3: Paleogeography of the Euerslie Formation showing the maximum extent of 
marine conditions (after Farshori and Hopkins, 1989). 



The term Basal Quartz (BQ) has been usecl to describe basal Cretaceous fluvial 

deposits in southem Alberta by Amon et al. (1996), and Robertson and Edwards (1994). 

The BQ has also been referred to as the Cutbank Formation (Hayes, 1986; 1990; 

Banexjee, 1984; 1990; Dolson and Piombino, 1994; Hayes et al., 1994), the Detrital 

Formation (Farshon and Hopkins, 1989), the Devilie Formation (Glaister, 1959), and the 

Taber Formation (Table 3.1; Glass, 1990; Hradsky and Griffi, 1984;). The BQ interval 

has also been included with the overlying Ellerslie Formation (Table 3.1; Bamrjee and 

Davies, 1988). Glass (1990) suggests that the term Basal Quartz is only a descriptive 

term and should be abandoned in favour of the Euerslie in southern Alberta, Dina in the 

Lloydminster area. and the McMurray in the tar sand areas of northeastem Alberta.. 

Robertson and Edwards (1994) interpreted the BQ in the Crossfield/Delacour BQ 

field as a channel complex that infills lows that developed on the Pre-Cretaceous 

unconformity. The lowemost sand unit of the BQ, the BQB was interpreted to be 

deposited in an estuarine environment, while the upper sand unit of the BQ, the BQA, 

was deposited in a fluvial environment. 

The Cutbank Field in Montana, discovered in 1926. produces from the basal 

Cretaceous Cutbank Sandstone (Dolson and Piombino, 1994). Dolson and Piombino 

(1 994), have interpreted the Cutbank Sandstone as braided river deposits, whereas Can t 

(1982) and Conybeare (1976) have interpreted it as a meandering stream deposit, and 

Sheiton (1967) interpreted it as sirnply fluvial. Hayes (1986) concluded that there is 

insufficient core and outcrop data available to reliably assign Cutbank sediments to a 

specific fluvial depositional mode1 in southeastem Alberta, although many feahtres are 

characteristic of braided stream sediments. Four Facies w hich comprise the Cutbank 

Sandstone in southem Alberta have been identified: channel, channel margin, tidal flat, 

and lag breccia (Banejee, 1984). 

Hayes (1990) States that the high energy braided Stream deposits of the Cutbank 

Sandstone are overlain by fluvial and floodplain deposits of the Sunburst Member, which 

in tum are overlain by the Ostracode Member in southem Alberta (Table 3.1). The 

Sunburst Member, as defined by Hayes, is therefore equivalent to the Ellerslie Formation, 

and the Cutbank Sandstone is equivalent to the Basai Quartz Formation. 



3.3: BQ Facies Descriptions 

The terni Facies is used herein to define rocks with unique LithoIogical, 

sedirnentologic and organic aspects, as def& by Middleton (1978). Examination of 

cores in this study revealed that there are five different facies in the BQ. These ïnclude: 1 

chert pebble conglomerate; II massive appearing carbonaceous pebbly sandstone; III 

large-scde bedded sandstones; IILA massive appearing sandstone; N fine grained well 

sorted quartzose sandstone; and V carbonaceous shaIe/coaI, and U-shaped b m w e d  

sanàstone. The BQ facies do not always follow a Iogical vertical succession from I 

through V, because they were defined without bias to a particular environmental 

interpretation. Facies Associations and successions will be discussed in section 3.4. 

Work done in this study indicates that BQ sedirnents lack K-feldspar and contain 

abundant chert (Figure 3.4). BQ sediments also contain abundant carbonaceous debns 

(Appendix 0. BQ sediment composition therefore conforms to a Cretaceous age. A type 

core section Uustrating the different Facies, porosity. permeabiiity, and a core-adjusted 

gamma ray curve, is shown in Figure 3.5. The 39 descnied cores are presented in 

Appendix 1. 

3.3.1: Facies 1 - chert pebble congZomerate 

Facies I is a sand matrix-supported chert pebble conglomerate. Chert clasts are of 

varying modality, from unimodal, fie- to medium-grained sand-matrix 2-8 mm pebble 

congiomerate (Figure 3.6A), to polymodal, f ie -  to coarse-graineci sand-matrix, 2+50 

mm pebble tu cobble conglomerate (Figure 3.6B). Unimodal clast-supported sand matrix 

conglomerate beds are observed (Figure 3.6C). Grains larger than -10 mm are usually 

anguiar to very angular (Figure 3.W), while smailer grains are typicaliy more weli 

rounded (Figure 3.6C). Clast-supported conglomerate without sand matrix occurs in one 

well (Figure 3.6D). Facies 1 deposits are usually massive in appearance, although 

horizontal to low angle parallel bedding is observed (Figure 3.6C). Facies 1 deposits 

oc- at the base of the BQB or BQA, or overlying scour surfaces. The basal bounding 

surfaces of beds are always sharp to irreguiar. and erosional (Figure 3.6A). 



Quartz 

Feldspar Chert + Rock 
Fragments 

Figure 3.4: Temary quartz-feldspar-chert + rock fragments plot of BQ sediment 
composition. BQ sediment compositions were determineci by point-counting 
and plot as sublitharenites and litharenites (after Folk, 1968). Note that most 
grains that plot in the "Chert + Rock Fragments" field are chert. 
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Figure 3.5: Graphic representation of core description, Facies, environment of deposition, 
porosity and permeabiiity from core analysis, and adjusted gamma radiation 
curve from 5-36-24-28W4. Legend is presented on following page. Note on 
Figure 3.5: 1) the sharp base of the BQB at 2090m and the BQA at 2079m; 2) 
the existence of two Facies Successions (BQA 2066.5-2079111 and BQB 2079- 
2090m); 3) the overali f i g  upwards grain size trend in both successions; 
and 4) glossifungites trace fossil assemblage at 2066.5m. 
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Figure 3.5 cont'd. 



Figure 3.6: Core photos of Facies 1: A) Moderately sorted medium grained sand matrix- 
supported 2-8 mm rounded to angular chert pebble conglomerate with vague 
horizontal bedding, erosionaiiy overlying Facies III sandstone. 

B) Very poorly sorted medium to coarse grained sand rnatrix-supported, angular to 
subrounded chert pebble to cobble conglomerate. 



Figure 3.6 cont'd: 
C) Well sorted medium grained sand supported 2-4 mm chert conglomerate with vague 

horizontal bedding grading up wards into Facies III sandstone. 
D) Bimodal2-4 mm chert pebble-supported conglomerate. 



3.3. 1: Facies 17 - nuusive appeahg carbonaceour peably s d t o n e  

Facies II deposits have a variable composition from carbonaceou shaley pebbly 

sandstone, to dominantly shale with minor sand grains. The sedirnent is typically a very 

poorly sorted, fining upward, massive to chaoticaiiy bedded mixture of carbonaceous 

sami, pebbly sand and conglomerate, with zones of contorted laminatecl sandstone, 

siltstone, andor shale (Figure 3.7A). Facies II is usually 6 0  cm thick and cornrnonly 

overlies Mississippian strata; but can occur as S O  crn thick interbeds with Facies III or 

mk One 25 cm thick zone consists almost entire1y of dolomite pebbles (Figure 3.7B). 

In a few instances, the chaotically bedded deposits grade up to current ripple and low 

angle parallel laminated sands with rare d@locmtenon (?) burrows. Thin interbeds of 

current rippled and horizontally laminated sandstones occur in some locations. 

3.3.3: Facies iZ7 - large-scale bedded sam2stone.s 

Facies III deposits comprise medium- to coarse-grainai, moderately well to weU 

sorted sandstone with a variety of large scale bedding features: 1) trough cross-bedding 

(Figure 3.8A, B); 2) horizontal beds (Figure 3.8C); and 3) parallel Low- to high-angle 

beds bat may represent tabular cross-bedding (Figure 3.8D). Trough cross-bedding is the 

most common feature, and is identified where foreset laminae are tangential with the 

lower bounding surface and the dip of the foreset laminae steepens upwards Figure 3.8A, 

B). Where foreset laminae are not obsenred, trough cross-bedding is inferred and may 

include Msidentified paralle1 high angle crossbeds (Le., planar-tabular crossbeds). 

Bedding is generally defined by 0.5 to 10 cm thick altemating dark chert-rich and light 

quartz-rich grain segregations (Figures 3.8A-D) . Individual bed-sets generaiiy exhibit a 

fining upward grain size trend and are commonly 10 to 50 cm thick, but cm be severai 

meters thick. Bed-sets are amalgarnated, each eroding into the underlying bed-set. 

Facies III typicdly has a sharp or erosional lower contact and occurs 1) at the base 

of either the BQA or BQB, 2) overlying scour surfaces, or 3) is gradationai upwards from 

Facies 1. It is usually confied to the lower 3-10 m of each BQ succession, and has an 

overall f i g  upwards grain size trend. 



Figure 3.7: Core photos of Facies II: A) Chaotically bedded carbonaceous shale with 2-15 
mm chert pebbles, dolomite pebbles, and green waxy shaie Lithoc1asts. 

B) Dolomite clast supported conglomerate with deformed high-angle bedduig, which 
overlies carbonaceous shale. 



Figure 3.8: Core photos of Facies IlI: A) Large-scale trough cross bedded medium 
grained, weil-sorted sandstone with foresets tangential to lower bounding 
surface. Bedding is defined by grain segregation, with darker beds chert-rich 
relative to light beds. Note the chert pebble at top left that has been partidy 
dissolved at its base through pressure solution. 

B) Small-scale trough cross bedded medium grained weil sorted sandstone with foresets 
tangential to the top of the lower bounding surface. Beciding is d e f i  by 
grain segregation, with darker beds chert-rich relative to light beds. 



ue 3.8 cont'd: 
AW angle to horizontally bedded, medium grained sandstone overlain by Facies IV 

fine grained quartzose sandstone. Bedding is defined by grain segregation, 
with darker beds chert-rich relative to light beds. Note the load-cast at 
contact between Facies III and IV. 

Medium to high angle (-lSO) p d e I  (tabular?) bedded medium grained sandstone 
overlain by Facies 1 sand rnatrix-supporteà 2 mm chert pebble conglomerate. 
Bedding is defined by grain segregation; with darker beds chert-rich relative 
to light beds. 



Facies III may grade upwards to Facies IV, or it is erosionally overlain by Facies I 

(Figure 3.8C), IIiA, or IV (Figure 3.8D). Chert pebbles are cornmonly disseminated 

throughout Facies III (Figure 3.8A), but these are generally concentrated in thin layers 

near the bottom of a bedset. Cod fragments and carbonaceous laminae occur in places. 

Soft sediment deformation features such as load casts, contorted bedding, and bedding at 

angles greater than the angle of repose (-3S0), are common. 

3.3.4: Facies llL4 - massive appearing sondrone 

Facies IIIA beds are cornmonly 0.5 to 2 meters thick, and conskt of medium- 

graineci rnoderately well sorted sandstone with no apparent physical sedirnentary 

structures or bedding features (Figure 3.9A). Facies mA is cornmonly interbedded with 

Facies III. Cohesive mud clasts are occasionaily incorporateci (Figure 3.9B). that may 

actudy be disrupted shale laminae in some places. Low angle parailel bedded rnud-clast 

congiomerate consisting of cohesive rnud rîp-ups in a coarse-grained sandy matrix, 

occurs in one 25 cm thick intervai (Figure 3.9C). CIasts >IO cm of larninated siltstone 

and very fie grallied sandstone with contorted bedding near 90" occur in some weUs 

(Figure 3.9D). These mud clasts and siltstone blocks generally occur higher up in the 

section, whereas the massive sandstone devoid of clasts is found throughout the 

succession. 

3.15: Facies N-fine grained well sorted quartzose sandstone 

Facies IV consists of f ie-  to very fine-grained, moderately well to well sorted 

quartzose sandstone, that generally f i  upwards to silty, very fine-grained quartzose 

sandstone. The contact is erosionai, sharp, or gradational, and it overlies and is 

occasionally interbedded with Facies II or III. Sedimentary stnictures are diverse, 

consisting of: 1) asymmetric current ripple laminations with an amplitude generally of 

about 2 cm (Figure 3.10A); 2) climbing npples (Figure 3.10B); 3) flaser bedduig (Figure 

3.10C); 4) lenticular bedding; 5) wavy heterolithic bedding (wavy interbedded sand and 

shale); and 6) p d e l  low angle to horizontal, in some places rhythmic and evenly 

spaced, laminations (Figure 3.10D). 



Figure 3.9: Core photos of Facies IIIA A) Massive appearing, medium-grained, 
moderately weli sorted sandstone. 

B) Massive appearing, medium-graineci, moderately well sorted sandstone with abundant 
mud-clas ts. 
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Figure 3.9 cont'd: 
C) Mud-clast conglomerate in a corne-graineci. sand matrix with vague Iow angle 

parallel bedding. 
D) Massive, medium-grained, moderately weii sorted sandstone with a large cohesive and 

rotated laminated siltstone/shale slump biock. 



Possible syneresis cracks were identified (Figure 3.10E). Soft sediment slumping 

and fauiting are common (Figures 3.10D and E). Burrowing may dismpt any of the 

above bedding features (Figure 3.10F). Burrowed sediments usuaily contain only one 

type of burrow, indicating a monospecific to very low diversity trace fossil assemblage. 

Bioturbation can consist of a single burrow in a 10-20 cm section (Figure 3.10G) to 

multiple burrows resulting in abundant unidentifiable burrow traces (Figure 3.10F). 

Occasional interbedded massive appearing sandstone beds may indicate bioturbation. 

Identifiable traces consist of Diplocratenon (Figure 3.101). Rhizocomllm (]Figure 

3. ion, SkoZirhos (Figure 3. lOG), PboIites (Figure 3.1 OH), Teichichnuî (Figure 3.1 OH), 

rare ~Iassinoicies, and Ophiomorpha (Figure 3.10K) and escape traces (Figure 3.10L). 

Some Diplocruterion and Rhizocorallm traces may be misidentifieci Teichichnw traces. 

Intensely Mucamnichnur-burrowed, 10-20 cm thick. fine. to very fine moderately 

weil sorted shaley quartzose sandstone beds (Figure 3.10M), interbedded with wavy 

bedded sandstone and shale with rare Phnolites burrows, occurs in well (9-8-32-28W4). 

A sandstonelshale sequence with rhythrnic and evenly spaced pardel low angle to 

horizontal laminations occurs above the Macaronichnus burrowed smdstone. Load casts 

are abundant throughout the interval. 

3.3.6: Facies V - Curbonaceous shaWcoal, und u-shaped bwmwed sCUZaStone 

Facies V is characterimi by black massive carbonaceous shaie with rare pebbles 

and sand grains, abundant slickensided surfaces, root traces, and abundant pyrite; it 

commonly grades downwards to a mottled light and dark grey horizon. Facies V usuaiiy 

overlies the BQB sequence and sporadically overlies the BQA sequence. Sedirnentary 

structures such as paralle1 low-angle to horizontal lamina and npple lamina, and 

identifiable burrows occur in some places. Two to ten cm thick coal beds occur 

predominantly near the top of each succession, but are also interbedded with any of 

Facies II-IV, and increase in frequency to the north. Facies V cornmonly gradationaily 

overlies Facies W .  Massive appearing pale grey, very fine-grained siity sandstone with 

unidentifiable vertical and U-shaped burrows at the upper contact that are filleci by the 

overlying sediment, occur in some wells. One weii (0217-8-20-28W4) has three such 

zones within 20 cm at the top of BQA. 



Figure 3.10: Core photos of Facies IV A) Weii sorted, fie-graineci, quartzose, 
asymmetricai current npple cross laminated sandstone. 

B) Weii sorted, fine-grained, quartzose, asymmetrical cross rîpple, chbing  ripple and 
planar laminated sandstone. 



Figure 3.10 cont'd: 
C) Moderately well sorted, fine-grained, quartzose, flaser bedded sandstone. The flaser 

lamina are defined by thin mud drapes. 
D) Moderately sorted, pardel low angle rhythmicdy laminated (inclineci heterolithic 

stratification?), fine-grained sandstone. The lamina are defined by dark mud- 
rich lamina and Lighter mud-poor lamina, which may represent tidal couplets. 
Note abundant soft sediment faults. 



E 
Syn- Cracks? 

Figure 3.10 cont'd: 
E) Possible syneresis cracks in shaley sandstone with abundant soft sediment 

deformation. 
F) Bioturbated sandstone. 
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Figure 3.10 cont'd: 
G) Poorly parallel medium angle larninated sandstone with SkoCithos burrow (Sk). 
H) Soft sediment deformed, Iaminated and Plunolites (Plan) and Teichichnus (Teic) 

burrowed shaiey sandstone. 
I) Diplocmterion (Diplo) trace fossii in f i e ly  laminated sandstonelshale. 



Figure 3.10 cont'd: 
J) RhizocorraIIium trace fossils wi thin a massive and current ripple laminated sandstone. 
K) Possible Ophiomorpha (Oph?) trace fossil in a faintly bedded sandstone. 



Figure 3.10 cont'd: 
L) Escape trace (Et) in a parallel medium angle larninated, fine grained sandstone. 
M) Intensely Macaronichnus burrowed sandstone overlying shaiey sandstone. 



3.4: Facies Associations and Successions 
# 

Most individual Facies have many environmental interpretations. Rather than 

discussing these, it is oonvenient to group Facies that are geneticdy related to one 

another, and have some environmental signïficance, into Facies Associations (Coliinson, 

1969). Two distinct Facies Associations are recognized in the BQ? each suggestive of a 

specific depositional environment Facies 1 and ïII make up Facies Association 1, 

whereas Facies IV and V make up Facies Association 2. Facies II and IIIA can be part of 

either Facies Association, and will be discussed in the following sections. 

A Facies Succession implies that certain Facies properties such as grain size, 

change progressively in a specific direction, vertically and/or laterally (Walker, 1992). 

The term Facies Succession as used in thk study, can be used interchangeably with the 

terms sequence and cycle. Two Facies Successions are identified in the BQ. the BQA and 

BQB. Each succession is d e f i  by a general finhg upwards grain size trend, and an 

upwards change in depositional environment, Both Facies Successions are made up of 

Facies Association 1 underlying Facies Association 2. 

3.4 1: Facies Association 1 

Chert conglomerates of Facies 1 usuaily grade upwards to sandstones of Facies III. 

These two Facies typically occur in the basal 3-10 m of each Facies Succession (Figure 

3.5). This association indicates the two Facies are genetically related, and thus they 

define Facies Association 1 @Al). FA1 is characterized by chert-pebble conglomerates 

and chert-rich sandstones deposited as f-g upwards 10-50 cm thick beà-sets, each 

eroding into the underlying bed-set, resulting in an overall f i g  upwards grain size 

trend. FA1 is the principal reservoir unit and can be recognized by a generally blocky 

gamma radiation log signature (Figures 3.2 and 3.5). 

A more specific depositional bedfom for individual bed-sets requires a three- 

dimensional perspective. We can however. infer bedforms by cornparison with known 

bed-fonn characteristics. Table 3.2 iists braided rivers facies that are cornmon to FA1 

deposits and their environmental interpretation d e f i  by M i d  (1977; 1978). 
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Table 3.2: Lithofacies and sedirnentary structures of modern and ancient braided river 
deposits that are identifieci in Facies Association 1 (after M i d ,  19977; 1978). 

Massive or cmdely 
bedded grave1 

Gravel, stratified 

Gravel, stratified 

Sand, medium to very 
coarse, may be pebbly 

Sand, medium to very 
coarse, may be pebbly 

Sand, very f i e  to very 
coarse, may be pebbly 

Horizontal bedding, 
imbrication 

Trough crossbeds 

Planar crossbeds 

Solitary or grouped 
trough crossbeds 

Solitary or grouped 
planar crossbeds 

Horizontal lamination, 
parting or strearning 
lineation 

Longitudinal bars, lag 
deposits, sieve deposits 

Minor channel fills 

Linguoid bars or deltaic 
growths from older bar 
remnants 

Dunes (lower flow regime) 

Linguoid, transverse bars, 
sand waves (Iower flow 
regirne) 

Planar bed flow (lower to 
upper flow regirne) 

The chert conglomerates in Facies I are equivalent to facies Gm, Gt, and G p  of 

M i d  (1977; 1978) indicating deposition as basal lags, and several bar types. Such 

bedforms suggest deposition in a bed-load dominated river at tirnes of high discharge. 

Facies III sandstones are equivalent to facies St, Sp, and Sh (Mid,  1977; 1978), and were 

deposited as dunes, bars, and scour fils, during low to high flow regimes. 

Other features that are not diagnostic of a particular channel environment occur in 

FAl. Load casts and other soft sediment deforrnation features are ubiquitous in FAl. 

These features are indicative of rapid deposition of a denser medium ont0 a less dense 

medium and deposition on unstable slopes (Collinson, and Thornpson, 1982, p. 138). 

Rapid deposition and deposition on unstable slopes are characteristics of braided nvers 

(Cant, 1982). Post-depositional processes may have obscured phary  bedding features 

in Facies mA. A lack of sedimentary structures in this facies c m  be attributed to 



destruction of o~+guial bedding by intense organic reworking of sedirnent, or by physicd 

disruption due to liquefaction (Collinson and Thompson, 1982). The lack of bedding also 

irnplies rapid deposition from suspension by the deceleration of a heavily sediment laden 

m e n t  (Collinson and Thompson, 1982). No trace fossils were observed in Facies mA, 

indicating bioturbation is an unlücely cause of the destruction of primary beddllig. Facies 

IIIA probably represents bedded deposits (Facies III) that were deposited rapidly, 

followed by liquefaction which destroyed all primary bedding features. This depositional 

style commonly occurs in braided nver systems (Cant, 1982). 

Facies II is commonly interbedded with deposits of FAI, but is not necessarily 

genetically related. Facies II is included with FA1 because it is commonly associated 

with Facies 1 and III deposits. The massive to chaotic bedding and very poor sorting 

suggests deposition as a debris flow (Mid, 1977). Facies II sedirnent is not characteristic 

of typical BQ chert and quartz grain-dominateci sediment, and therefore must have a 

different source. The most likely source of Facies II sediment is Mississippian strata. 

which the BQ overlies and erodes. The incorporation of dolomite pebbles and green 

waxy shale, typical of Mississippian strata, suggests a debris flow or slump from the 

charme1 margh or vdey  wall. Current ripple and low angle parallel laminateci sandstone 

occurring in places suggests deposition from a unidirectional flow. and therefore 

proxirnity to the channel. Facies II therefore represents channel margin deposits. 

The erosive nature of the bed-set contacts, the overall fming upward grain-size 

trend and the sedimentary structures preserved, suggests FA1 was deposited in a bed-load 

dorninated river with flashy discharge. Previous studies of the BQ have interpreted the 

facies as being deposited in a braided (Hayes, 1986, 1990; Banerjee, 1990; Dolson and 

Piombino, 1994) or meandering (Cant, 1982; Conybeare, 1976) fluvial environments. It 

is necessary to identify the depositionai environment as an aid in exploration for 

hydrocarbons. There are no absolute cnteria for distinguishing between deposits of distal 

braided and meandering fluvial systems and in some cases it may be impossible to 

determine the nature of the paleochannel pattern (Rut, 1978). The criteria to distinguish 

FA1 as either braided nver or meandering river deposits are listed in Table 3.3. 



Table 3.3: Cornparison of general characteristics of meandering and braided river 
depositional environments (after Jackson, 1978; Cant, 1982; Mid,  1992) 
versus BQ FA 1 Facies. NA (not applicable) indicates the critena could not 
be evaluated in this subsurface study. 

Characteristic 
Gradient 
Bank Stability 
Exhwned Meander Belt 

Meandering 
Low 

Paleocurrent Variance of Large Pebbles 
Grave1 > O S  m 

High l G w  p 

Yes 1 No 

Mud Mixed in with Coarse GraUled Sediment 
Thick Section of Fine Sediment 
Asymmetric Mud-rich Channel Fil1 

Braided 
Hi& 

NA 
No 

High 
No 

Sheet-like Deposits 
Preservation of Thick Flood Plain Deposits 

FA1 confonns to a braided river deposit better than a meandering river deposit. 

Charactenstics that match a braided river mode1 are as follows: lack of an exhumeci 

meander belt; mud-poor thick section of coarse sediment with no thick section of fine 

sediment; sheet-like geometry of the deposits; very little preservation of flood plain 

deposits; littie development of cyclicity; bed-load dominated. Towards the north of the 

study area mud mixed in with coarse-grained sedirnent becomes more comrnon, and 

potential exhurned meander belts were identified, indicating the channel may grade from 

braided to meandering northward. 

In summary, FA1 is interpreted as basal Iags, bars, dunes, scour fills and channel 

margin deposits in a braided fluvial environment. The overall fining upwards grain size 

trend suggests a waning fiow, typicai of fluvial systems as they cease downcutting and 

begin aggrading. Signif icant debris flowlslump deposits adjacent to the braided river 

deposits suggests relatively steep and unstable vaiiey walls and channel margins at the 

tirne of deposition. 

FA1 
NA 

Yes 
Yes 
Yes 

Development of Cyclicity 
Bed-Load Dominated 

Low 
Yes 

No 
Yes 

NA 
No 

No 
No 
No 

Yes 
No 

No 
No 
No 

Yes 
No 

Yes 
No 

No 
Yes 

No 
Yes 



3-42 - Facies Association 2 

Facies Association 2 (FA2) occurs at the top of both the BQB and BQB (Figure 

3.5) and consists of deposits of Facies IV and V, with Facies V commonly overlying 

Facies IV. FA2 is characterized by f i e  grained quartz-rich sandstone with variable mud 

content and sedimentary structures indicating dorninantly uni-directional flow with minor 

bi-directional flow structures. Bioturbation and soft sediment deformation can disrupt 

any of the sedimentary stmctures. The sediments commonly f i e  upwards with increased 

mud content, but in places coarsens upwards with less mud content 

Probable environments of deposition for FA2 are tidal channeVtidal flat, or 

meandering fluvial channel. Cornmon characteristics of these environments and 

characteristics of Facies IV are swnmarized in Table 3.4. 

Facies IV sediment best fits an tidai chhannelkidal flat depositional model, 

however many feahtres are also common to a meandering fluvial environment. Most 

tidal flat deposition results from lated accretion or on point bars associated with 

meandering channels (Weirner et al., 1982). An estuary (tidal channel) is a semi-enclosed 

marginal-marine body of water in which salinity is measurably diiuted by fluvial 

discharge (Fairbridge, 1968). Tidal-channel-fill sediment typically consists of well sorted 

fine sand and mud, and commonly displays current ripples and flaser bedding, whereas 

intertidal flat sediments display flaser, wavy, and lenticular bedding. Tidal flats occur on 

open coasts of low relief and relatively low energy and in protected areas of high energy 

coasts associated with estuaries, bays, and other areas lying behind barrier islands 

(Weimer et al., 1982). 

Upper intertidal Bat surfaces are cornrnoniy bioturbated, or contain slightly 

laminated mud with sand lamina. The diversity of organic species is generally small, 

resulting in a low diversity trace fossil assemblage. Deposits of intertidai flats wiil often 

be represented as a thin veneer overlying the tidai channel fill sequence, so that the buik 

of preserved deposits represent the tidd channel fiIl facies (Weirner et al., 1982). 

Facies IV sediment contains a mixed trace fossil assemblage comprising 

components of the Skoiithos and Cmziam Ichnofacies, which is characteristic of brackish 

water deposits (Pemberton et ai., 1992) When complete this ichnofacies assemblage 



Table 3.4: Summary of typical characteristics of estusry/tidal flat and meandering 
charme1 depositional environments compared to Facies IV (after Howard and 
Frey, 1973; SeUwood, 1975; Cant, 1982; CLifton, 1982; Ekdale et al., 1984a; 
Weimer et al., 1982; Wightman et al., 1987; Beynon et al.. 1988; Moslow and 
Pemberton, 1988; Rahmani, 1988; Ranger and Pemberton, 1988; Smith, 
1988; Nio and Yang, 1989; Bromley, 1990; B r o w ~ d g e  and Moslow. 1991; 
Pemberton et al., 1992). 

C haracteristic 

Grain size trend 
Sorting 

Thick flood plain deposits 1 YS 1 YS 1 Y- 1 

Meandering 
Fluvial Channel 
Fines UV 

Exhumed meander belt 
Thick section of fine sedirnent 

L 

Moderately welI 

-- - -- -- - - 

contains the trace fossils Skolirhos, Planolifesy ThaZassinoidesy Ophiomorpha, 

Monocrater+on, Chondrifes, Teichichnw and Palaeophycllri (Howard and Frey, 1973; 

Ekdale et ai., l984a). The general characteristics of this ichnofacies assemblage are more 

important than individual traces; 1) low diversity, 2) forms typicaily found in marine 

environrnents (rather than a mixed marine-nonmarine assemblage), 3) foms that 

Estuaryl'ïidal 
Flat 

Fines UD 

Yes 
Yes 

sedimLtary structura 
Current rippies 
Tabular bedding 
Trough crossbedding 
Reactivation surface 
Wave ripples 
Wavy bedding 
Lenticuiar Bedding 
Inclined heterolithic stratification 
Raser Lamina 
Syneresis Cracks 
Slump structures 
Mud intraclas ts 

Mud drapes 
Skolithos/Cruziana ichnofacies 

represent simple (non-branching) feeding strategy, and 4) vertical and horizontaI 

Facies 
IV 

rn 

Fines UD . 
weil 

* 

well 
Yes 
Yes 

Yes 
Yes 

Yes 
Yes 
Yes 
Possible 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 
No 
No 
Yes 
Yes 
No 
No 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 



ichnofossils which are common to both the Skolithos and Cruzicuza Ichnofacies (Ranger 

and Pemberton, 1988; Pemberton et al., 1992; Beynon et al., 1988). 

Facies mA massive sandstones containing mudclasts are interpreted as rip-ups of 

flood plain materiai. Massive mud clast sandstones can be part of a channei margin 

facies, irnplying erosion of fioodplain mu& at the edge of a channel (Banejee, 1984). 

Cohesive rnud intraclasts c m  be rip-ups from floodplain deposits and they commonly 

form mud-clast conglomerates at the base of channels, or individual cycles (Cant, 1982; 

Sellwood, 1975). Rapid dewatering of an interbedded sand and mud sequence is an 

alternative interpretation. The mud clasts may have been created by disruption of rnud 

beds during the dewatering. Both of these interpretations, however, can indicate 

deposition in a meandering tidal channel. 

One instance of Macaronichnus burrowed sandstone overlain and underlain by 

interbedded sandstones and shaies with probable tidal couplets, was observed near the top 

of Facies N in the northernrnost core examined, and is considered to have been deposited 

in an environment proximal to a marine environment. Wavy interbedded sandstones and 

shales, and probable tidal couplets, observed in sediments above and below the 

Macaronichnus burrowed sandstones suggest that they were deposited in a tidal flat 

environment. 

A sandstone with a monospecific trace fossil assemblage consisting of 

Macaronichnu bunows formed in a high energy upper shoreface to foreshore 

environrnent (Moslow and Pemberton, 1988). Macaronichntts burrows are also 

indicative of intertidal or shallow subtidal m a ~ e  environments (Clifton and Thompson, 

1978). Cannichael (1988) proposed Macaronichnus burrowed sandstones occur in an 

estuarine to marine environment in the Gates Formation of western Canada. Leckie and 

Waiker (1982) interpreted Macaronichnus burrowed sandstones as deposits in a tidal 

dominated environrnent landward of a high energy shoreface. Al1 of these interpretations 

suggest Mocarwnichnus burrows occur in a marine to marginal marine environment. 

The general characteristics of the grey-toned mottled appearance and slickensides 

present in Facies V are consistent with an exposure surface at the top of FA2. The grey- 

toned mottled characteristics of Facies V suggest that it is a gleysol indicating a high 



water table. The carbonaceous shale and coal deposits interbedded with Facies IV are 

lürely floodplain andor marsh or lagoonal deposits based on the high mud and organic 

content and their relative position in the succession. A gleysol is a paleosol whose 

prominent feature is a surface or subsurface horizon that experienced consistently low 

redox conditions (Mack et al., 1993). This type of horizon develops in areas of high 

water table, so that the gleyed horizon is waterlogged most of the t he .  It is characterized 

by colors of low chroma such as gray and green, carbonaceous matter, and pyrite. Cod 

originates as a waterlogged surface horizon containing a high concentration of plant 

debris. Slickensides are also comrnon features of soi1 horizons (Mack et al., 1993). 

Vertical and U-shaped burrows obsenred in Facies V are interpreted to be a 

GIossz~ngz2es ichnofacies assemblage. The surface associated with the Glossifngites 

ichnofacies assemblage is interpreted to be an exposure surface. The washed-out grey 

colouring and massive appearance associated with the G20sszfin~te.s ichnofacies 

assemblage are characteristics of a gleyed soil horizon. Because several Glossz~ngites 

ichnofacies assemblages occur within a short core interval in places, it is probable that 

this interval was formeci in a marginal marine supratidal environment whîch was flooded 

rarely by storm events, or that there are multiple exposure surfaces indicating additional 

seuqences within the BQ. A Gloss~fbn~tes ichnofacies is dominated by vertical, U- 

shaped, and branching burrows, and is typicaiiy formed in sernilithified dewatered muds 

(Ekdale et al., 1984b). These tend to develop subaeridy in intertidal to supratidal 

environments. In clas tic settings, mos t Glossz@ngites ichno facies assemblages are 

associated with erosionai discontinuities (Pemberton et ai., 1992). 

The characteristics of FA2 indicate it was deposited in a meandering estuarine 

tidd channe1 environment, with some tidal flat deposits with exposure after, and 

occasionally during, deposition of FA2 resulting in soil formation and development of 

Glossijkngites ichnofacies assemblages. The interpretation is based on the occurrence of 

1) a low diversity, marine, vertical and horizontal ichnofossils exhibiting simple feeding 

structures that are cornrnon to both the Skolithos and Cruzz*ma Ichnofacies; 2) relatively 

weii sorted sand with variable amounts of mud; 3) syneresis cracks; 4) sedirnentary 



structures suggesting bi-directional flow such as flaser, wavy, and lenticular bedding. and 

MS; 5) cohesive floodplain mud clast rip-ups; and 6) exposure surfaces and soils. 

3. 4.3 - Facies Successions 

Facies Associations 1 and 2 comprise a Facies Succession recording deposition of 

braideci river through estuarine sediments followed by a hiatus resulting in soi1 formation. 

The lower Facies Succession is BQB and the upper Facies Succession is BQA. The BQB 

was deposited during rising relative sea-Ievel, the subsequent fall in sea-level and 

subaerial exposure. The BQA was deposited during rising relative sea-level, the 

subsequent faII in sea-level and subaerial exposure. The Facies Successions therefore 

record two transgression-regression cycles. One or two additional Facies Successions are 

likely present but are represented only by Glosszj%ngites trace fossil assemblages. 

3.5: Sequence Stratigraphy 

Figures 3.11 and 3.12 show stratigraphie cross-sections A-A' and B-B', 

respectively, the positions of which are shown in Figure 3.5. The following observations 

from sections A-A' and B-B' can be made: 1) BQB deposits underlie BQA deposits 

except where the BQB was not deposited; 2) the BQ erodes through the Jurassic and into 

Mississippian strata in places, and through the Mississippian Turner ValleyIElkton 

Formation into the Shunda Formation in others; 3) the BQ was deposited in an incised 

valley bounded by pre-Cretaceous strata. The Tumer Valley and EWon Formations are 

not easily differentiated in the study area so they were not disthguished. Note also that 

the appearance of the Jurassic channel in well 11-30-25-28W4 ( Figure 3.12) is similar to 

BQ deposits. which might cause misidentification of BQ deposits. 

The base of the BQ is correlative to the pre-Cretaceous unconformity surface, and 

is considered to be a lowstand surface of erosion (LSE) that coincides with a 

transgressive surface of erosion (TSE) because there are no low stand sy stems tract 

deposits preserved. The surface between the BQB and BQA is also a LSE and a TSE. 

FA1 was deposited during a transgression and belongs to the transgressive systems tract. 

The surface at the top of BQA is a LSE, TSE and probably also a diachronous fiooding 

surface, although a lack of core control precludes a more definite interpretation. 
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Figure 3.1 1 : Stratigraphic cross section A-A' (locution shown on figure 3.1 ). Only gamma rüdiation curves are shown. 
Base of the BQ is indicaied by the thick dashed liiie. BQ interval is shaded. LSE = lowstand surface of erosion; TSE = 
transgressive surface of erosion; SB = sequence boundüry. Cross section is -23km in length. 
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Figure 3.12: Stratigraphie cross section B-B' (location shown on figure 3.1). Only gamma radiation curves are shown. Base of 
the BQ is indicated by the thick dashed line. BQA is shaded dark grey, BQB is light grey. LSE = lowstand surface of erosion; 
TSE = transgressive surface of erosion; SB = sequence boundary. Cross section is -29km in length. 



Because the upper and lower bounding surfaces of the BQA and BQB are LSEs, 

each lower and upper surface is also a sequence boundary (SB). Facies successions BQA 

and BQB therefore represent unconfonnity bounded sequences. Because the cross 

sections are somewhat schematic, surfaces intemal to the BQ, such as marine flooding 

surfaces, are not shown. Details on intemal surfaces are provided in Figure 3.4A and 

Appendix 1. A marine flooding surface has been tentatively placed at the base of FA2 

FA2 was therefore deposited during a stillstand or regression and belongs to the 

highstand systems tract. 

A stratigraphie cross-section, drawn dong the axis of the BQ trend is shown in 

Figure 3.13. The irregular channel base of the BQ is apparent, as is the general 

depositional dip to the north. The overlying Ellerslie Formation thickens to the noah, 

suggesting the formation of a basin to the noah and a north dope of the pre-Cretaceous 

unconformity surface. The high gamma radiation section between the BQB and BQA in 

weU 5-25-26-28W4 in Figure 3.13 represents a paleosol. Other welis have less distinct 

breaks between BQB and BQA, which causes difficulty distinguishing BQA from BQB. 

The discontinuous nature of BQB deposits in the south (Figure 3.13) may result from 

incorrect correlations as the BQA is difficult to distinguish from the BQB. 

The BQ overlies and erodes into pre-Cretaceous strata increasing in age from 

south to north: a) Jurassic Rierdon Formation; b) Mississippian Turner Vailey/Elkton 

Formation; c) Mississippian Shunda Formation; and d) Mississippian Pekisko Formation 

(Figure 3.13). It is important to note that the position of the Jwassic subcrop edge 

coincides with calcite-cemented BQ (Figure 3.13). 

In well 6-1-28-28W4 the Ellerslie and BQ appear to be thicker than normal 

(Figure 3.13). Over-thickening in this and adjacent welïs is likely due to karsthg of 

Mississippian carbonates. Because both the Ellerslie and BQ are over-thickened, karsthg 

of the carbonates is thought to have occurred tbroughout deposition of both formations. 
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Figure 3.13: Stratigraphie cross section C-Cf oriented paraliel with the valley axis (location shown on 
BQA is shaded dark grey, BQB is light grey. LSE = lowstand surface of erosion; TSE = transgressiv( 
ta dong its length. Cross section is - 175km in length. 
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Figure 3.14 shows a stratigraphie cross-section oriented dong BQ depositional 

strike. The extent of FA1 and 2 are shown on Figure 3.14, where pdeosols are separated 

from FA2 to accentuate thek position within the section. It appears from Figure 3.14 that 

the BQB was not deposited south of T22, however, this is an artifact of the choice of 

wells used to construct the cross section, as these deposits do occur south of T22 (see 

section 3.5). 

The estuarine deposits of FA2 extend M e r  south in the BQA than BQB, 

indicating the sea transgressed further south during BQA (Figure 3.14). A lack of core 

control at the top of BQA in the southem wells, however, means there is uncertainty in 

the lateral extent of FA2. FA2 deposits occur below FA1 and above a paleosol at the top 

of BQB in the northem portion of the BQA (Figure 3.14). This may be the record of an 

additional cycle that is poorly presenred in the study area A detailed re-examination of 

this area would be necessary to resolve this anomalous Facies succession. 

3.5: Facies GeomehylDistribution 

A structure map of the top of the Ellerslie Formation is show in Figure 3.15. 

The regional dip of the top of the EUerslie is to the west in the northem portion of the 

study area and to the southwest in the southern portion. This change in dip represents a 

hinge line of the foredeep basin towards the southwest. 

An isopach map of the Elierslie Formation is shown in Figure 3.16. It thickens to 

the no& and slightly to the west. This sediment distribution trend coincides with the 

inland sea position suggested by Farshori and Hopkins (1989; Figure 3.3). The 

lhickening trend suggests a basin to the northwest and northerly flow of the BQ channels. 

The Ellerslie isopachs show no indication of the vailey that the BQ was deposited in, 

suggesting the BQ vaiiey was filled by the end of BQ tirne. 

An isopach map of undifferentiated Jurassic strata shows a general thickening to 

the southwest with several outiiers in the northem portion (Figure 3.17). The significant 

south-southwest trending re-entrant at T.20 and contours to the south of the re-entrant 

suggest a north-south erosional trend (Figure 3.17). The re-entrant at T.24 is probably a 

result of poor data constraints in this area (Figure 3.1 7). 
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Figure 3.15: Structure map of the top of the EUerslie Formation. Note the western dip in 
the northem portion of the map and southwest dip in the southem portion of 
the map. The foredeep hinge h e  is shown as a thick black h e .  



Figure 3.16: Isopach map of the Euerslie Formation. Note the north-south linear 
thickening towards the north, as weii as the slight thickening to the West. The 
location of the BQ incised valiey fill is not apparent on this map suggesting it 
was filled by the beginnllig of Elierslie tirne. 



Figure 3.17: Isopach map of undifferentiated Jurassic strata. Note the generai thickening 
towards the southwest, the several outliers in the north and the significant re- 
entrant at T20. The re-entrant at T24 labeled "??" may be an artifact of 
mapphg due to poor well control. 



An isopach map of the BQ shows that the Jurassic re-entrant at T.20 is genetidy 

related to incision by the BQ channel, r e a f f i g  that the BQ was deposited in an incised 

vailey (Figure 3.18). BQ deposits occur in a linear 5-15 km wide north-south trending 

valiey (Figure 3.18). Some of the BQ deposits may actudiy be Jurassic channeis (B. 

Weeks pers. corn., Figure 3.18); these have the appearance of BQ deposits on logs, but 

these Jurassic and Cretaceous channels are difficult to distinguish through the use of only 

geophysical logs. Detailed core and chip sarnple examination is necessary to further 

refine the stratigraphy in these areas. The thick accumulation of BQ sediment in the 

southeast is Iikely a karst sinkhole within Mississippian strata. The northwest-southeast 

trendhg lobes of sediment to the south of Tl8 may be tributary channels that fed the 

main BQ channel (Figure 3.1 8). 

Isopach maps have been constmcted for both the BQB and BQA (Figures 3.19 

and 3.20). BQB deposits are somewhat discontinuous and are absent in T20, T21, and 

T29 (Figure 3.19). The discontinuous nature of BQB sediment is Likely due to non- 

deposition, rather han erosion because T20 and T21 coincide with the Jurassic re-entrant 

(Figure 3.17), where the incised vailey appears to be narrowed. Narrowing of the vailey 

would intensiv channel flow, causing oniy coarse grained sediment to be deposited, if 

any were present in the bed load. A sinkhole occurs just downstream of this area of non- 

deposition (Figure 3.19), suggesting the suikhole may in fact be a sediment pile formed 

where the valiey widened. It is also possible that the sequences were incorrectly 

identifiai, so that ali of the BQ was mislabeled as BQA. The isopach rnap of the BQA 

Facies succession shows that BQA deposits are more extensive and continuous dong the 

length of the channel than BQB deposits (Figure 3.20). 

The isopach map of the BQ + Euerslie Formations (Figure 3.21) can be utilized to 

infer the topography of the preCretaceous unconfoxmity surface. The BQ channel is 

delineated by an obviously thicker isopach, indicating a vaiIey fiüed in by sediment. 
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Figure 3.18: Isopach map of the BQ showing the linear north-south depositional trend, 
the Jurassic subcrop edge and the approxirnate position of the 
Delacour/Crossfield BQ field. Note the karst sinkhole at T21. Possible 
Jurassic charnels occw at T26-30 West of R28 and T25 R28-29. The western 
margin of the BQ is inferred to the north and West of T30 RlW5. 
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Figure 3.19: Isopach rnap of the BQB. Note the discontinuous nature of the BQB at T20 
and T29. The Jwassic subcrop edge, the position of the Delacour/Crossfield 
BQ field and possible Jurassic channels are also indicated on this map. 
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Figure 3.21: Isopach map of the BQ plus Eiierslie. This map shows the paleotopography 
of the pre-Cretaceous unconformity surface where thicker deposits represent 
paleotopographic lows and thinner deposits represent paleotopographic highs. 
The BQ vaky (outlined in white) coincides with thicker isopach, indicating 
vaiiey fiU deposits. The Jurassic subcrop edge, approximate position of the 
DeIacour/Crossfield BQ field and the outline of BQ deposits are also shown. 



3.6: Discussion 

Zaitlin et al. (1994) define an uicised vdey  system as a "fluviallyemded 

topographie low thut Ls ~ypically larger than a single channel f o m  and is chamctertzed 

by an abrupt seawmd shift of the depositional facies across a sequence bo- at its 

base, which is in twn mappabie regiodly onto the inte$uve. 27iefill mical& beguis to 

accumulute during the nert buse-level ri& and may contain deposits of the foliowing 

highstand andsubsequent sea-levei cycles". Any river type may be involved in the f i b g  

of an incised v d e y  (Cant, 1982). In southem Alberta the BQ consists of lowermost 

Cretaceous-aged clastics which are deposits of incised valiey fill successions in fluvial 

and esbiarine environments, irnmediately overlying the pre-Cretaceous unconfonnity 

(Banerjee, 1984; 1990; h o t  et al., 1996). It is therefore possible that BQ deposits fi an 

incised valley and the cnteria to determine this need to be evaiuated. 

Four criteria are necessary for the recognition of incised vdey  systems (Zaitlin et 

al., 1995): 1) it must be a negative (Le., erosional) paleotopographic feature where the 

surface that defines the incised valIey truncates underlying regionally persistent markers; 

2) the erosional surface at the base of the incised valley should be correlative to an 

erosional surface of regionai extent; 3) the base of the incised vailey fill should exhibit 

an erosional juxtaposition of more proximal facies over more distal deposits; and 4) 

depositional rnarkers within the incised valIey odap against the valley walls. 

The base of the BQ is interpreted to have been created by fluvial erosion as 

braided river deposits immediately overlie an erosional surface. The BQ river vaiiey is 

larger than a single channel (up to 15km wide) and is interpreted to be a negative 

paleotopographic feature (Figures 3.1 1 and 3.12). Tmcation of regionaily extensive 

marker horizons can not be verified in this case because the vaiiey erodes into a 

significant unconforrnity surface (the pre-Cretaceous unconfomity), and many of the 

regional rnarkers rnay have been tmcated during events unreiated to the vdey incision. 

The BQ, however, does tnincate entire formations such as the Jurassic strata (Figure 3.1 1) 

and the Mississippian Turner ValleyIEikton Formation (Figure 3.12). The Facies above 

and below the pre-Cretaceous unconfomity are not genetically related, thus it is difficdt 

to evaluate whether there is an erosional juxtaposition of proximal facies over more distal 



deposits. As hi& resolution sequence stratigraphy is necessary to determine whether the 

depositional markers within the incised vailey onlap against the vaiiey w&, this was not 

evaiuated. The BQ does meet some of the criteria for incised vaiiey iW, and is thus 

considered as such. However, these criteria should be reviewed and modifieci so that 

situations where a large time gap is involved such as the BQ can be evaluated accurately. 

In many small interior drainage basins of the western United States, alluvial fans 

emerge from mountain fronts transverse to the basin, while ephemerd or braided streams 

drain longitudinally down the axis of the basin (Cant, 1982). The BQ likely represents 

braided streams that drained longitudinally northward down the axis of the basin within 

an incised vaiiey, while alluvial fans fomied at the emerging mountain front to the west. 

Facies Association 1 @A 1) deposits have similarities with both the Donjek-type 

and South Saskatchewan-type braided Stream models proposed by MiaU (1977). 

However, riven Vary between a braided and meandering style of deposition within a short 

distance in modern-day streams (Jackson, 1978). Modem meandering strearns can 

become locaIly to completely braided during low or slack flow (Jackson, 1978). FA 1 

may grade into meandering river deposits toward the north where deposits are mer  

grained with increased mud content and where thick flood plain deposits are preserved. 

Facies Association 2 (FA 2)sediment conforms to meandering tidal channel 

deposits with some tidal fiat deposits. Tidal flats and tidai channel deposits were not 

distinguished in this study as they will typically be gradational to one another. The top of 

FA 2 represents an exposure horizon that was generally waterlogged. 

3.7: Summary 

The BQ consis ts of two s tacked fiing-upwards valley-fi Facies Successions, the 

older BQB and younger BQA. These comprise bed-load dominated braided channel 

deposits of Facies Association 1 and transitional upwards and northwards to fluvial 

dominated m e a n d e ~ g  tidal estuary channel deposits of Facies Association 2 are capped 

by an exposure horizon. Both Facies successions exhibit a general fining upward grain 

size trend, and erosive basal contacts. 

The BQB valley incision began d u ~ g  a relative sea-Ievel lowstand and fiiled 

with braided river sediment in response to a marine transgression from the north. After 



the maximum extent of sea-level rise and during the subsequent f d ,  meandering tidal 

channel and tidal flat deposition persisted as far south as T23. A sea-level lowstand 

resulted in a signifiant exposure surface and the formation of local soil horizons within 

waîerlogged high water table environment This high water table indicates that the base 

level remained relatively high during the lowstand. 

An indeterminate amount of time passed before a river re-occupied the valley and 

eroded into BQB sediments. The intermittent soil preservation at the top of the BQB 

Facies succession may be the result of variable soi1 erosion by the BQA river. A relative 

sea-level rise frorn the north, and subsequent fall, resulted in a sirnilar pattern of 

deposition as in the BQB: braided river to meandering river in a tiddy-influencecl 

estuary. Estuarine conditions were established as far south as T20 in the BQA, whereas 

dominantiy marine conditions were established at the northern end of the study area in the 

BQA. 

BQA deposits erosionaiiy overlie BQB deposits and follow the same iateral and 

vertical Facies succession, except that the BQA is more marine influenced than the BQB 

at the extreme northern end of the study area. The surface above the BQA interval is 

probably a diachronous marine flooding surface; there is indication of a significant hiatus 

in the south (Le., glosszjkngites assemblage at T20). but little in the north. The overiying 

Ellerslie Formation records marine to marginal marine sediments deposited in response to 

pulsed, diachronous transgression-regression cycles. This interpretation is supported by 

Farshori and Hopkins (1989), who interpreted the Ellerslie as regressive shoreface or 

offshore shoal deposits in marine to brackish water conditions that existed as far south as 

the Canada-USA border (Figure 3.3). 



4.1: Introduction 

Diagenesis can be defined as the changes that occur in the character and 

composition of sediments, begùuiing from the moment of deposition until the rocks are 

moved into the realm of metamorphism (Larsen and ChiIingar, 1979). Diagenesis 

includes processes such as compaction, cementation, solution-mediateci mineral 

recrystdization and replacement, dissolution of rninerds, coalificaîion and the 

degradation of organic matenal and generation of hydrocarbons. Although the transition 

from diagenesis to metamorphism is not rigorously defiied, metamorphism is considered 

herein to encornpass rocks that are in equilibrium with fluids andor gases that are present 

so that aU components of the system are in stable equilibrium. Diagenetic systems 

generdy are in metastable equilibrium or not in equilibrium. 

Factors that contribute to the diagenetic alteration of rocks include relative 

differences in the solubility of phases, as in the dissolution of chalcedony and 

precipitation of quartz, and the activities of living organisms and the control they rnay 

exert on formation fluid composition especially in shallow buried horizons. Changes 

recorded in the texture and mineralogy of clastic rocks can indicate which processes may 

have been active during diagenetic alteration and aid in the reconstruction of the post- 

depositional history. 

Variations in fluid composition c m  resdt from subsurface fluid flow, which is 

strongly affected by stratigraphie and tectonic setting. The Lower and lower Upper 

Mannviiie Group was depositeci in environments ranging from marine to near shore to 

continental (Farshori and Hopkins, 1989; Hayes et al., 1994). The BQ encompasses 

fluvial to near shore environments (see Chapter 3). As different depositional 

environments are represented in the Mannvilie, the initial pore fluid composition and thus 

early diagenetic aiteration m u t  have varied within different depositional settings. The 

tectonic setting has evolved since the Lower Cretaceous from a foreland basin setting to 

an elevated plateau where subsurface fluid flow is driven by topography (Hitchon and 



Friedman, 1969). In order to identify the variations in f l ~ d  composition as a result of 

fluid fiow and tectonic settuig, aii these factors must be considered* 

4.2: Diagenetic Minedogy 

BQ framework mineralogy consists of monocrystalline quartz and chert grains in 

varying proportions with lesser amounts of sediment- rock fragments (Figure 3.4). The 

BQ belongs to the lithic lithofacies of the sandstones in the Western Canada foreland 

basin (Potocki and Hutcheon. 1992); this suggests the sediment is derived in large part 

from the Rocw Mountain fold-thnist belt to the West. The dominant diagenetic phase in 

the BQ is quartz which occurs as overgrowths on quartz grains. Other diagenetic phases 

include pore-fiUing kaolinite. pore-rimming and pore-bridging illite, pyrite cernent and 

framboids. and rare pore-filLing barite cernent. The BQ is also partially calcite-cemented, 

up to 27 vol.%, adjacent to the Jurassic subcrop edge. Minor dolomite cement occurs 

sporadicaily dong the Iength of the BQ channel and occurs with calcite cernent in places. 

Core analysis-denved porosity and point-count-derived porosity values are not 

well correlated, probably because thin-section samples are seldom obtained from the -2.5 

cm plug typically used for core analysis. In addition, much of the porosity may be rnicro- 

porosity within chert grains and clay minerds that wiil be missed by point-counting. 

Core analysis derived porosity is considered to be more accurate than point-counted 

porosity. A cross-plot of core analysis porosity vs. pemeability is shown in Figure 4.1 

for sarnples from the BQ. Sarnples with high porosity and low permeability that plot 

above the 'typical' porosity vs. perrneability m e  could contain high microporosity. 

The clay-size fraction ( ~ 2  p) of the samples was separateci and analyzed by 

XRD to detennine the abundance and identity of clay minerals. The resdts. shown in 

Appendiv II. were used to determine the feasibility of utilizing bdk mineralogy XRD to 

identify clay minerals in the BQ. Clays in the BQ consist of iilite and kaolinite without 

smectite or chlonte. As the ratio of kaolinite and illite in the clay separates corresponds 

to that of the bullc samples, it is concluded that a bulk mineraiogy analysis of the BQ can 

be used to identify clay minerals and detennine their abundance. 
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Figure 4.1: Plot of core-analysis-derived porosity vs. permeability for BQ sarnples. The 
high porositynow permeability sarnples may contain high microporosity. 



4.2.1: Qumo? 

The most cornrnon and pervasive diagenetic product in the BQ is quartz cernent 

which occurs as syntaxial overgrowths on monocrystahe quartz grains (Figure 4.2A). 

Quartz overgrowths occur in concentrations ranging from 0-23 vol.%, and are comrnonly 

difficult to distinguish from sunired grains due to compaction effects (Figure 4.2A). 

Amalgamateci quartz overgrowths have a granuiar mosaic texture giving the impression 

of substantial pressure solution. While quartz cernent significantly reduces reservoir 

quality in the BQ, it may also have preserved primary porosity during burial by propping 

pore spaces open and impeding fluid fiow through the rock, thereby slowing the rate of 

further cementation. Quartz overgrowths commoniy reduce the perxneability of a rock by 

growing into and constricthg pore throats (Figure 4.2B). 

Frarnework quartz grain abundance is positively correlated with quartz 

overgrowth percentage (Figure 4.3). Maximum values of porosity and permeability 

correlate with values of about 10 vol.% quartz overgrowths (Figure 4.4). This amount of 

quartz overgrowths probably represents the optimum amount necessary to prop open pore 

spaces without occluding pore throats; 4 0  vol.% overgrowths would result in 

compaction of grains and >10 vol.% would result in occlusion of pore space and throats. 

Values of porosity and pexmeability are generally maximum in samples with 60 vol.% 

hamework quartz grain content (Figure 4.5). 

Microcrystalline quartz overgrowths, or outgrowths, occur sporadically on chert 

grains (Figure 4.6). Quartz precipitates at a slower rate on chert grains compared to 

monocrystalline quartz grains (Heald and Renton, 1966). A rock with a high proportion 

of chert grains that is exposed to silica cementing fluids may have higher porosity than 

adjacent quartz-rich rocks. Figure 4.7 shows the relationship of point-counted chert 

content versus porosity and permeability measured by core analysis; increasing chert 

content does not appear to correlate with increasing porosity as expected. A &op in 

porosity and permeability occurs between 50-60% chert (Figure 4.7). Permeability is less 

in rocks with ~50% chert than in rocks with 4 0 %  chert; however, the maximum porosity 

remains the sarne in rocks with >60% and 40% chert (Figure 4.7). This phenomenon is 

attributed to high microporosity in samples with high chert content. 
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Figure 4.2: A) Photomicrograph of quartz overgrowths (Q) on monocrystaiiine quartz 
grains, minor kaolinite (KAOL) and sutured grain contacts indicative of 
chemical compaction. 

B) SEM image of corroded chert grains (C) and quartz overgrowths (Q) plugging pore 
throats. 
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Figure 4.3: Plot of frarnework quartz grains vs. point-counted quartz overgrowths for the 
BQ. Note that the sarnples with high quartz content contain increased 
amounts of quartz overgrowths. 



Porosity (vol.%) 

30 1 

O 20 40 60 80 100 120 

Permeability (md) 

Figure 4.4: Plot of quartz overgrowths from point-counthg vs. (A) porosity and (B) 
permeability €rom core analysis. Note that the highest values of porosity and 
petmeability coincide with samples with 10 vol.% quartz overgrowths. 
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Figure 4.5: Plot of framework quartz grains from point-counihg vs (A) porosity and @) 
penneability from core analysis. Note the maximum values of porosity and 
permeability are associated with samples with 60 vol.% quartz grains. 



Figure 4.6: A) Photornicrograph of rnicrocrystalline quartz outgrowths (Q) extending into 
fracture porosiq (FR PORI from a hctured chert grain; note the quartz 
overgrowth (DIS Q) partiaily dissolved due to chernical compaction. 

B) Photomicrograph of rnicrocrystalline quartz outgrowths (Q) extendhg into pore space 
from chert grains, illite (ILL) rimming rnoldic porosity (MOLD) and an 
elongate pore space (EL PORE). 
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Figure 4.7: Plot of point-counted chert content vs. (A) core analysis porosity and (B) 
pemeability. Note the general decrease in porosity and permeabiiity at 50% 
chert. 



With freely circulating solutions weil sorted, coarse sands become cemented by 

quartz faster than fine-grained sands because of the greater influx of cementing fluids into 

the more permeable coarse sand (Heald and Renton, 1966). Finer graineci sand samples 

were cemented by quartz much more rapidly than coarser sands in cases where the influx 

of cementing solution was the sarne (Heaid and Renton, 1966). The rate of cementation 

therefore appears to be a function of the surface area of the grallis. In BQ sediments, 

fmer-grained sands are composed dominantly of quartz grains, whereas coarser sands 

have variable, but usiially appreciable, chert content. Fine graineci quartz-rich BQ sands 

are generaily tightly cemented by quartz (Figure 4.8) and are generaliy not considered 

potential resenroir rock. Coarser chert-rich BQ sands have widely variable porosity (see 

Appendix 1). Sarnples containing grain segregation layers show that chert-rich layers 

have more pore space than the quartz-rich layers. indicating that increased chert content 

results in Uicreased porosity. The opposing evidence presented with respect to chert 

content vs. porosity values needs further evaluation. 

Throughout the estuarine sections of the BQ, the sediment commonly exhibits 

alternathg dark and light bedding (Figure 4.8C). Thin section examination reveals that 

these layers have similar frarnework mineralogy, -90% quartz, - 10% chert (Figures 4.8 

D-E). However, the light coloured beds are tightly cemented by quartz overgrowths 

(Figure 4.8F), whereas the dark beds lack quartz overgrowths but contain rirns of very 

fine (oil stained?) sedirnent (Figure 4.8G). Minerai Coatings may inhibit quartz 

cementation and preserve primary porosity during burial (Heald and Larese, 1974). The 

coating material is a depositional feature and represents matrix fines present in the dark 

beds that have been removed from the light beds by bionirbation or winnowing. Figures 

4.8H-1 show examples of matrix clays that have partially to totally inhibited quartz 

overgrowth formation, resulting in high porosity but low permeability. 

42.2: Kaolinr'te 

Kaolinite ranges in concentration from O to 5 wt.% and occurs as pore-filiing 

booklets. Kaolinite content has no obvious correlation with porosity, while pemeability 

generally decreases with increasing kaolinite content (Figure 4.9). Kaolinite is rare if the 



Figure 4.8: A) Photomicrograph of tightly quartz-cementeci. fine graine 
sandstone. 

B) Photomicrograph of tightly quartz-cemented, fine grained quartzose sandst 

d quartzose 

:one. 
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Figure 4.8 cont'd: 
C) Core photograph of Facies Association 2 sediment showing light and dark bedding. 

The location of thin-section photographed in Figures 4.8 D-G is shown. 
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Figure 4.8 cont'd: 
D) Photornicrograph of the contact between upper light and lower dark beds. Note the 

change in appearance of the beds but simila. f'ramework mineralogy. 
E) Photomicrograph of the same area shown in Figure 4.8A completely into the dark bed. 
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Figure 4.8 cont'd: 
F) Photomicrograph of Light colored bed. Note the lack of matrix fines, as weii as the 

presence of minor bihunen (dark intergrandar material) and quartz 
overgrowths (Q) on quartz grallis. 

G) Photornicrograph of dark colored bed. Note the abundant oil-stained matrix fines and 
the lack of quartz overgrowths. 



Figure 4.8 cont'd: 
H) Photomicrograph of abundant matrix fines, porosity (blue), bihunen (BIT). kaolinite 

(KAOL), bitumen lined grain mold (MOLD) and minor quartz overgrowths. 
1) Photomicrograph of abundant matrix fines, porosity (blue) and no quartz overgrowths. 
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Figure 4.9: Plot of kaolinite content determineci by XRD vs. (A) core analysis porosity 
and (B) pemeabiiity. Note that kaolinite content does not correlate with 
porosity , whereas permeability generaiiy decreases w ith increasing kaolini te 
content. 



sample is calcite-cemented (Appendix II). It often Nls oversized pore spaces and is 

frequently observed in contact with partially dissolved chert (Figure 4.10) and corroded 

quartz grains and overgrowths (Figure 4.10; 4.11). Well formed kaolinite booklets 

coating microcrystalline quartz overgrowths are s h o w  in Figure 4.12A and coated by 

illite are shown in Figure 4.12B. Kaolinite is interpreted as diagenetic rather than detrital 

due to its fragile appearing habit, which would not survive transport in a braided river. 

4.2.3: DZite 

IUite ranges in concentration h m  O to 10 wt.% and occurs as massive pore- 

f i g ,  pore-bridging and fibrous grain-coating cements. It is difficult to discriminate 

between diagenetic and detrital iliite without knowledge of other diagenetic events. 

Samples with >5wt.% illite generdy contain detrital ilIite (Figures 4.8G-I). The most 

conclusive identification of diagenetic iliite is where it rims a diagenetic mineral such as a 

quartz overgrowth (Figures 4.13A-B). Illite often occurs adjacent to partially dissolved 

quartz overgrowths (Figure 4.14A-B) and frequentiy outlines dissolved grains (i.e., grain 

molds; Figures 4.6B. 4.13A, 4.15A-D) . These grain mol& may have been plucked out in 

the thin-section preparing process, however these samples often have high porosity 

(>13%) as deterrnined by core analysis so it is iikely that the grains were dissolved while 

the iiiite that rirnmed them was not. SEM images confirni that illite bridges pore spaces 

adjacent to partially dissolved chert grains (Figures 4.15C-D). Illite precipitated after 

kaolinite (Figure 4.12B) and microcrystalIine quartz overgrowths. There is no clear 

relationship be tween illite content and porosity , but permeability decreases with >4% 

Uite (Figure 4.16). 

4.2.4: Pyrite 

Pyrite concentration ranges from O to 11 wt.% and occurs in a variety of habits: 1) 

pore-filing cernent; (Figure 4.17A); 2) within sedirnentary rock fragments (Figures 

4.10A. 4.11 A, 4.13A, 4.15A-B); 3) within calcite cernent (Figure 4. l m ) ;  4) framboids 

intergrown with quartz overgrowths (Figure 4.17C); and 5) euhedral (Figure 4.17D) to 

anhedral (Figure 4.17E) crystals that have grown within partially dissolved grains and 

between grains (Figure 4.17F). Pyrite has no obvious relationship to porosity, but 

permeability generaily decreases with increasing pyrite content (Figure 4.18). 



Figure 4.10: A) Photornicrograph of kaolinite filling oversized pore space. Vague 
outlines of two grains can be seen. 

B) Photomicrograph of kaolinite filiing oversized pore space, padaily dissolved chert 
(CH) grains, and corroded quartz overgrowths (QOG. 



Figure 4.11: A) Photomicrograph of pore-NLing kaolinite (KAOL) adjacent to corroded 
quartz overgrowths (QOG). 

B) SEM photomicrograph of kaolinite (KAOL) adjacent to a partially corroded (DQ) 
quartz grain (a. 



Figure 4.12: A) SEM image of kaolinite (K) booklets growing over mic 
quartz outgrowths (Q). 

B) SEM image of illite (ILL) coatings on older kaoiinite bookiets (K). 

rocry s talline 



ligure 4.13: A) Photornicrograph of iliite (ILL) rirnming quartz overgrowth (C 
fracture, outlining dissolved grains. Minor pore-filling kaolinite 
present. 

;) SEM image of quartz overgrowth (Q) partially coated by Wite (ILL). 
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Figure 4.14: A) SEM image showing alite associated with quartz overgrowt 
it is difficuit to determine whether it is intergrown with quartz O 

if it has precipitated in corroded quartz overgrowth (D). 
B) SEM image showing iilite associated with quartz overgrowth (Q). Again, 

to determine whether it is intergrown with quartz overgrowth 
precipitated in coroded quartz overgrowth (D). 

h (Q). Here, 
vergrowth or 

it is difficult 
or if it has 



Figure 4.15: A) Photomicrograph of illite (ILL) outlining dissolved grains (MOLD). 
B) Photomicrograph of illite (ILL) outlining dissolved grains (MOLD) and partially 

filling pore spaces. 



Figure 4.15 cont'd: 
C) SEM image of illite cernent (ILL) bridging pore space and coating chert (( 

(Q) grains- 
D) SEM image of illite cernent (ILL,) bridging pore space and coating partia 

chert (C) and quartz (Q) grains. 

and quartz 

dissolved 
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Figure 4.16: Plot of illite content determineci by &)vs. core anaiysis (A) porcsi@ and 

(B) permeability for ad thin-sections examineci. ~ & e  that cher= Is no 
correlation between iliite content and porosity or pexmeability. 



Figure 4.17: A) Photomicrograph of chert and quartz grains 'floating' within pyrite 
cernent. 

B) Photomicrograph of pyrite (PY) included within calcite cernent (CC. 



Figure 4.17 cont 'd: 
C) SEM image of pyrite (P) intergrown with quartz overgrowths (Q). 
D) Photomicrograph of euhedral pyrite crystals that have grown 

dissolved chert grain. 



Figure 4. l? cont'd: 
E) Photornicrograph of subhedral pyrite crystals that have grown within a partiaily 

dissolved grain. 
F) Photomicrograph of euhedral pyrite crystds that have grown between grains. 



Figure 4.18: Plot of pyrite content d 8 ~ & @ p m  vs. (A) core analysis porosity and 
(B) permeability for ail thin-sections examined. Pyrite has no correlation 
with porosity or permeability. 



42.5: B e t e  

Barite cement is rare, identified in few samples, and ranges from O to 8.4 wt.%. It 

occurs as cernent (Figure 4.19A) and as laths partialiy occluding pore spaces (Figures 

4.19B-C). The sarnple containing the most pyrite (Il-%) also has the most barite 

(8.4wt.%), suggesting a causal relationship. Barite occurs predominandy in rocks with 

>9% porosity and >1 md permeability (Figure 4.20). 

4.2.6: Calcite 

Calcite ranges in concentration from O to 27vol.% and occurs as pewasive to 

patchy poilcilotopic in terpuiar  crystais and filling partiaily dissolved chert grains. 

Calcite cement occurs in chert-rich sandstones of Facies Association 1 (Figure 4.21) 

adjacent to the Jurassic subcrop edge, but aiso sporadicaily dong the length of the BQ. A 

clear relationship between porosity and permeability and calcite exist, in which higher 

calcite content coincides with lower porosity and permeability values (Figure 4.22). 

Rocks with >15vo1.% calcite have framework grains 'floating' in caIcite cernent Figures 

4.23A-D), quartz grains with only thin quartz overgrowths and very little evidence of 

compaction In most calcite-cemented samples the framework grains are in contact with 

one another indicating some compaction occurred prior to calcite precipitation (Figures 

4.24A-F). Dissolution of calcite is evident (Figures 4.24D, E, and 4.25A-C). The 

thickness and frequency of quartz overgrowths generally increases with lower amounts of 

calcite cernent and increased amount of compaction. Rarely, replacement of a grain by 

calcite can be demonstrated (Figure 4.23A). 

4.2.7: Dolomite 

Dolomite ranges in concentration from O to 4.3wt.%. Deaeased porosity and 

pemeability generally corresponds to higher dolomite concentrations (Figure 4.26). 

Dolomite typically occurs as euhedral to subhedral rhombs in intergranular spaces 

(Figures 4.27A-C), as srnalier rhombs within sedimentary rock fragments (Figure 4.27D) 

and rarely intergrown with calcite Figure 4.27E). It is dificuit to demonstrate whether 

dolomite is diagenetic versus detntal, but the euhedral crystals would be rounded during 

transport in a high energy river, therefore at least some of the dolomite is interpreted to be 

diagenetic. 



Figure 4.19: A) Photomicrograph of barite cernent precipitated in oversized pore space 
(OSP). 

B) Photomicrograph of a barite Lath (BAR) precipitated in pore space. 



Figure 4.19 cont'd: 
C) SEM image of a barite lath (B) precipitated in pore space adjacent to chert grains (C). 



Porosity (vol.%) 

Figure 4.20: Plot of barite content detemhed b i  %lUf vs. (A) core analysis porosity and 
(B) permeability for al i  thin-sections examineâ. Barite generally occurs in 
porous and permeabie rocks. 
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Figure 4.21: Plot of point-counted calcite content vs. chert content normalized to 
100vol.% framework grains for al1 thin-sections examinedo Note that calcite 
occus only in rocks with >20 vol.% chea 
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Figure 4.22: Plot of point-counted calcite content vs. (A) core andysis porosity and (B) 
permeability for ail thin-sections exarnined. Note that calcite correlates with 
reduced porosity and permeability values. 



Figure 4.23: A) Photornicrograph of chert and quartz grains with minor quartz 
overgrowths (QOG) floating in poikilotopic calcite cernent (CC). 

B) Photomicrograph of chert grains (Cm) floating in poikilotopic calcite cernent (CC). 
Note the partially dissolved chert grain (DIS CHI?). 



Figure 4.23 cont'd: 
C) Photomicrograph of chert (Cm), quartz (QTZ) and a partiaiiy dissolved sedirnentary 

rock fragment (DIS SRF) floating in poikilotopic calcite cernent (CC). 
D) Photomicrograph of chert (CEET), quartz grains (QTZ) and sedïmentary rock 

fragments (SRF) floating in poikiiotopic calcite cernent (CC). 



Figure 4.24: A) Photomicrograph of intergrandm calcite cernent (CC) possibly replacing 
a grain at center. Note the thin quartz overgrowths (QOG). 

B) Photomicrograph of intergrandu calcite cernent (CC) and thin quartz overgrowths 
(QOG) 



Figure 4.24 cont'd: 
C) Photornicrograph of intergranular calcite cernent and interpenetrating 

grain contacts indicative of chemicai compaction. 
D) Photomicrograph of corroded intergranular calcite cernent (CC) 

overgrowths (QOG). 

and sutured 

and quartz 



Figure 4.24 cont'd: 
E) Photomicrograph of corroded intergranth calcite cernent (CC) 

overgrowths (QOG). 
F) Photomicrograph of intergranular calcite cernent (CC) and calcite 

dissolved chert grain (CHT) . 

and thick quartz 

infilling partially 



Figure 4.25: A) SEM image of corroded calcite cernent (CC) adjacent to con 
(cm). 

B) SEM image of corroded calcite cernent (CC) adjacent to quartz overgrow 
corroded chert (CHT). 



Figure 4.25 cont'd: 
C) SEM image of corroded calcite cernent (CC) adjacent to quartz grain (Q). 



Porosity (vol.%) 
8 a s a n 1 

B 

6 - 9  - 
8 

O 

5 4 - 
a 

4 
O - D 

8 0 

O 

2 - 
0 O 

( D  O O 

Perrneability (md) 

Figure 4.26: Plot of dolomite content determined by XRD vs. (A) core analysis porosity 
and (B) pemeability for ai i  thin-sections examined. Note that dolomite 
correlates with a wide range of porosities, but only with low pemeability. 



Figure 4.27: A) Photomicrograph of subhedrd dolomite (DOL) that ma 
adjacent to intergranular calcite (CC) and co~oded quartz 
(QOG). 

B) Photomicrograph of a subhedral rhomb of diagenetic or detntal dolomite 

iy be detrital, 
overgrowths 



Figure 4.27 cont'd: 
C) Photomicrograph of a euhedral rhomb of diagenetic dolomite (DOL) adjacent to thick 

quartz overgrowths (QOG) and a partiaiiy dissolved sedimentary rock 
fragment (DIS SU). 

D) Photomicrograph of euhedrai rhomb of diagenetic dolomite (DOL) within a 
sedimentary rock fragment. 



Figure 4.27 cont'd: 
E) Photornicrograph of diagenetic dolomite (DOL) cernent intergrown with calcite 

cernent (CC) in upper right hand area of the photo. 



4.2.8: Pyrobitumen 

The term "pyrobitumen" is used to refer to any black residue that may be a 

remnant of thermal alteration of hydrocarbons occurring in pore spaces; it does not imply 

whether it is soluble or insoluble in organic solvents. Pyrobitumen is therefore a 

"catchail" terni for residual solid and presumably imrnovable hydrocarbons, and does not 

encompass depositional organic matter. Pyrobitumen occurs sporadidy in BQ sediment 

and degrades reservoir quality by plugging pore spaces and pore throats (Figure 4.28). 

Pyrobitumen post-dates thick quartz overgrowths. 

4.3: Other Diagenetic Effects 

Cementation is the most commody observeci diagenetic feature in most studies of 

clastic sedunenu, whereas the effects of compaction and dissolution are often not 

evaluated as carefully. Compaction and dissolution of framework grains and cements can 

significantly affect reservoir quality and require as much consideration as cementation in 

an analysis of reservoir quality. 

1.3. 1: Compaction 

Depending upon the sorting and rounding characteristics of deposits, sandstones 

have initial porosity values ranging from 27.8-42.4%, from very poorly to very weii 

sorted sands, respectively (Beard and Weyl, 1973). An average initial porosity value of 

40% has been proposed for well sorted sands (Fuchtbacher, 1967; Houseknecht, 1987, 

1988). Both mechanical and chernical compaction c m  act on sediments to reduce initial 

porosity. Mechanical compaction is the buik volume reduction resdting from processes 

other than framework grain dissolution; it is generaily induced by lithostatic stresses 

(Houseknecht, 1987). The volume reduction is characterized by reorientation and 

repacking of competent grains by smaii scale fractures or cleavage of brïttie grains and by 

plastic deformation of ductile grains (Houseknecht, 1987). C h i c a l  compachon is the 

bulk volume reduction caused by dissolution of framework grallis at points of contact; it 

is generally induced by lithostatic stresses (Fuchtbacher, 1967; Houseknecht, 1987). The 

volume reduction is characterized by intergranular pressure solution which produces 

features such as sutured grain contacts and stylolites (Houseknecht, 1987). Mechanical 



Figure 4.28: Photomicrograph of bitumen (BIT) in pore space adjacent to chert (Cm) 
and quartz overgrowths (QOG). 



compaction dominates early compaction processes in the upper 1000-1500m of burial, 

reducing the average initial porosity of 40% to 25-30%. Further volume reduction 

occurs through chemical compaction processes that dominate during later burial stages 

(Houseknecht, 1987, 1988, 1989; Fuchtbacher, 1967; Bjorlykke, 1983; Potocki and 

Hutcheon, 1992; Ehrenberg, 1995). 

Figures 4.6A, 4.24C. and 4.29A-D show suhiring and interpenetration of grain 

contacts indicative of abundant pressure solution. Many calcitecementeci sarnples 

exhibit effects of chemical compaction (Figures 4.17l3, 4.24A-F), which likely occurred 

prior to calcite precipitation. Samples with > l&ol.% calcite, however, show no evidence 

of chernid compaction Eigures 4.23A-D). 

A plot of percentage of initial porosity lost due to compaction vs. porosity lost due 

to cementation is shown in Figure 4.30. Initiai porosity was assumed to be 40% after 

Ehrenberg (1 995) and Houseknecht (1 987). The plot indicates that compaction played 

the largest role in porosity destruction of BQ sediment (Figure 4.30). 

43.2: DISsolution 

Framework grain and cernent dissolution can restore some of the porosity lost to 

compaction. This secondary porosity cm, however, be infiiied by another generation of 

cernent, so its timing relative to hydrocarbon migration and empiacement is important. 

Schmidt and McDonald (1979) list eight criteria for identifying secondary porosity in 

sandstones: 1) partial dissolution; 2) molds; 3) inhomogeneity of packing; 4) oversized 

pores; 5) elongated pores; 6) corroded grallis; 7) intra-constituent pores (Le., pores within 

a cernent or grain); and 8) fractured grains. 

Partiaily dissolved chert grains and sedimentary rock fragments are comrnon 

(Figures 4.1 SC-D, 4.23B-C, 4.24F, 4.25C, and 4.3 1A-B) . Oversized and elongate pores 

which create the appearance of heterogeneous packing are comrnon (Figures 4.31C-D). 

Grain and/or cernent dissolution is inferreci where ïüite rims molds of dissolved grains 

(Figures 4.6A-B, 4.8H, 4.13A, and 4.15A-D). Kaolinite often fils pore spaces that 

appear to be oversized, indicating that it has precipitated in a pore space evacuated by 

grain dissolution (Figures 4.10A-B, 4.31B). Quartz grains and overgrowths frequently 

exhibit corrosion features (Figures 4.1 1A-B. 4.1 4AB, 4.243, 4.27A) suggesting 



Figure 4.29: A) Photornicrograph of interpenetrating chert and quartz grains with sutured 
contacts indicating chemical compaction. 

B) Photomicrograph of a stylolite, indicative of chemical compaction, adjacent to pore 
space. 



Figure 4.29 cont'd: 
C) Photornicrograph of interpenetrating chert and quartz grains with sutured contacts 

adjacent to pore space. 
D) Photomicrograph of interpenetrating chert and quartz grallis and sutured contacts 

adjacent to pore space. 
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Figure 4.30: Plot of percentage of initial porosity lost due to compaction vs. percentage of 
initial porosity lost due to cementation based on pointcount data. It 
illustrates that compaction played the largest roie in porosity destruction. The 
1:l correlation line goes through the origin. 



Figure 4.31: A) Photomicrograph of partiaily dissolved chert grains and sedirnentary rock 
fragments (DIS SRI?) adjacent to thick quartz overgrowths. 

B) Photomicrograph of partially dissolved chert grain with kaolinite fiiling pore space 
vacated by partial grain dissolution. 



C) Photomicrograph of Uely grain molds (MOLD) and elongate pore space (E 
D) Photomicrograph of abundant oversized pore spaces (OSP) 

L PORE). 
suggesting 

inhomogeneous packing. 



dissolution. Quartz dissolution is commonly associated with kaolinite and calcite 

cements, suggesting a causal relationship. Calcite often exhibits dissolution features 

(Figures 4.17B, 4.24D-E, 4.25A-C). Fracture porosity is also obsemed (Figure 4.6A). 

Intra-constituent porosity was not identifieci, however partiaily dissolved chert grains 

filleci by calcite cernent (Le., Figure 4.24F) indicate porosity developrnent prior to calcite 

precipitation, fiustrating the importance of the timing of dissolution. It is clear that 

secondary porosity development has o c m e d  in the BQ sediments. 

4.4: Paragenetic Sequence 

'Paragenetic sequence' refers to the order in which diagenetic events have 

occmed. The main criteria for determinhg the paragenetic sequence for the BQ is 

observed cross-cutting reiationships. Diagenetic events were lïnked to a burial history 

curve; Figure 4.32 shows the proposed paragenetic sequence dong with the burial history 

c w e  for the Lower Cretaceous in the study area. 

4.4.1-4Rite 

Early diagenesis is often mediated by bacterial processes in the upper 1000 meters 

of sediment burial (Gautier and CLaypool, 1984). Sulfate reducing bactena are cornmon 

in the upper 10 meters of sediment and c m  mediate the formation of pyrite (Gautier and 

Claypool, 1984). Several generations of pyrite precipitation occur in the BQ sedirnents 

making its history and timing difficult to establish. Patchy pyrite cernent with framework 

grains floating in it and framboidal pyrite cornposed of tiny euhedrai crystals of uniform 

size. are usually considered to be an early diagenetic product (Hesse, 1984). Euhedral 

pyrite crystals are commonly considered to be a later diagenetic product (Hesse, 1984). 

Detemllning the relative timing of pyrite that replaces grains is problematic in the BQ 

because grain dissolution occurred during at least two stages of burial (Figure 4.32). Late 

euhedral pyrite occurs between grains, but exhibits few cross cutting relaîionships to 

f i y  establish its timing. Late calcite (discussed below) contains pyrite inclusions, 

indicating pyrite precipitated sometime pnor to this calcite event, but a more precise 

detexmination is not possible. 
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Figure 4.32: Paragenetic sequence of the BQ formation The width of the spbo l s  
represents the magnitude of the diagenetic alteration Dashed lines for pyrite, 
hydrocarbon emplacement, and chert dissolution indicate uncertaînty of timing and 
magnitude of diagenetic aiteration. Formation temperatures were calculated using a 
geothermal gradient of 25*C/lan and 5OC surface temperature and the present reservoir 
temperature is 70°C. The B d a l  history curve is modified afîer Creaney and AUan 
(1 990). 1500 meters is approximately where mechanicd compaction reduces porosity to 
-26%; chemicai compaction is responsible for any M e r  porosity loss. 



4.42- Calcite 

Calcite cernent precipitated during three stages. Petrographidly, the early calcite 

cernent (Cl) is characterized by framework grains fioating in 13-27 vol.% poikilotopic 

calcite cernent indicating v e v  Little compaction occurred prior to calcite precipitation. 

Mechanical compaction can reduce sandstone porosity to about 25-30% by 1500 meters 

burial (Fuchtbacher, 1967; Bjorlykke, 1983; Potocki and Hutcheon, 1992). Cl calcite 

cernent occurs in concentrations up to 27 vol.% and accounting for rninor quartz 

overgrowths (- 1 vol.%), sandstone porosity at the tirne of calcite cementation was up to 

26%; this porosity value suggests Cl precipitated at a depth of about 1500 meters. Minor 

quartz cementation, and chert /sedimentary rock fragments dissolution precedes Cl. 

Calcite cements C2 and C3 precipitated later in the burial history when chernical 

compaction and other diagenetic processes had significantly reduced porosity. C2 calcite 

concentration ranges from 0.5-13 vol.% calcite and it is not associated with dolomite 

cernent. Quartz overgrowths are thicker and more abundant in C2 than in Cl-cemented 

rocks. C2 precipitated between 2500-2800m and 70-80°C. C3-cemented rocks have 

thicker and more abundant quartz overgrowths than C2-cemented rocks. C3 calcite 

concentration ranges from 1.5-7 vol.% and is usuaiIy associated with dolomite cernent. 

C3 precipitation occurred very near to maximum burial (-3500m and 100°C) determined 

by the smaii arnount of pore space that remained when it precipitated. 

4 43- Calcite dissolution 

Secondary porosity in the BQ is attributed partiaily to dissolution of calcite 

cernent. The occurrence of irregular pore shapes, elongate pores, and corroded calcite 

cernent is indicative of dissolution-related secondary porosity. Shce no other Ca-bearing 

minerais occur in the BQ, ai I  ca2+ and CO2 may have been removed frorn the BQ upon 

calcite dissolution. Figure 4.33 shows CO2 distribution in the study area. The CO2 

anomaly identifieci by Cody (1993), and slightly elevated CO2 in the vicinity of the 

Delacour/Crossfield BQ field are seen. There are however some areas of low CQ 

concentration, making it difficult to interpret the relationship of CO2 to calcite 



Figure 4.33: Map of CO2 concentration for regionai study area. Note the high CO2 in the 
southeast, and variable concentrations in the vicinity of the 
Delacour/Crossfield BQ field. No relationship between calcite dissolution 
and CO2 concenûations cm be discemeci. 



dissolution. Calcite was dissolveci through flushing by a calcite undersaturated fluid as 

no mineral phases are observed in contact with corrodeci calcite. 

4.4 4-Dolomite 

It is proposed that much of dolomite is diagenetic as it is rmlikely that euhedral 

dolomite crystais would swive  transport in a braided strearn Dolomite cernent 

generaiiy occurs as subhedral to euhedrai rhombs that precipitated after thick quartz 

overgrowths precipitated. Dolomite is sporadicaüy intergrown with C3 calcite suggesting 

calcite and dolomite precipitation were coeval. Rounded dolomite grains do occur, 

however, indicating that some dolomite is detrital. Dolomite within sedimentq rock 

fragments may be a part of the original grain and not related to BQ diagenesis. 

4.4.5- O and C isotopes in calcite and dolomite 

6180 and 613c ratios of calcite and diagenetic dolomite are presented in Table 4.1 

and a plot of the isotope data is shown in Figure 4.34. Ail 613c and 6% ratios for calcite 

and dolomite herein are expressed as parts per mil (%) relative to the PDB standard. The 

three generations of calcite cementation have distinct isotopic signatures (Figure 4.34). 

Many petrographicaily identified C1 calcite-cemented samples have 613c ratios similar to 

C2, rather than Cl, whereas Cl and C2 have similar 6180 ratios. Petrographically 

identified Cl with a 613c ratio similar to C2 may be a mixture of both generations. 

Slightly positive Cl and C3 6I3c ratios suggest an inorganic sea water source of 

carbon (Faure, 1991). Because of the large amount of pore space occupied by Cl calcite, 

it may represent recrystallization of shell fragments. Longstaffe (1986) identified calcite 

cernents in the Belly River Formation from the Western Canada Sedimentary Basin with 

6I3c ratios ranging from -8.8 to -3.5 as a mixture of organic and inorganic carbon. 613c 

ratios in C2 ranging from -4.3 to -8.1 suggest a mixture of inorganic and organic carbon: 

isotopicaily heavier Cl calcite with carbon from an inorganic source, and isotopically 

lighter C2 calcite with carbon from an organic source (Faure, 1991). Isotopidy lighter 

organic carbon in C2 is likely derived from HCO, in rneteoric waters, or fkom CO2 

generated d u ~ g  thermal maturation of kerogen (Ayalon and Longstaffe, 1988). The 

proposed timing of C2 precipitation coincides with hydrocarbon generation in many 



Table 4.1: 6180 and 6I3c isotope ratios in calcite (Cc) and dolomite (Dol) cernent Wt% 
from bulk XRD data vol.% from point counting, and porosity (%; 4) 
detenniRed by core analysis. 613c and #*O ratios for calcite and dolomite are 
expresseci as parts per mil (%O) relative to the PDB standard. 
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Figure 4.34: Plot of 6180 vs. 6I3c ratios in calcite and dolomite cements relative to PDB 
standard showing the ratios of the three generations of calcite cernent (Cl, 
c2, C3). 



source rocks in the Western Canada Sedimentary Basin (Creaney and Man, 1990), 

indicating that organic carbon couid have been supplied by maturation of kerogen. A 

contn'bution of organic carbon from meteoric waters is consistent with a mode1 of water 

from Paleozoic strata mixing with fresher waters fiom Mesozoic strata that has been 

subjected to recharge. 

Dolomite cernent has similar 613c ratios and 6180 ratios that are about 2% heavier 

than coeval C3 calcite cement. Scofin (1987) observeci that dolomite is normaUy about 3- 

4% heavier than coexisting calcite, suggesting that dolomite and C3 caicite in the BQ 

were precipitated €rom the same water. 

AU 6180 ratios in calcite and dolomite are negative indicating precipitation at 

elevated temperature andlor involving meteoric waters (Faure, 199 1). Figure 4.35 shows 

a plot of temperature vs. caicite 6180 ratios and the waters that are in equilibrium with 

calcite at a certain temperature and calcite 6180 ratio. The 6180,, ratio lines were 

plotted utilking equations 4.1-4.3 (from Faure, 199 1). 

6180, (SMOW) = 1.03086 * 618~cc  (pDB) + 30.86 i4.11 
6 2 1 0 ~ l n a ~ ~ ( 0 )  = (2.78 * 10 ) - 2.89 W.21 

s~*o, = (PO= (SMOW) + 103/ C~~~,(O)) - 103 14-31 

~here:6 '~0,  = 6180 value for calcite. 

a%(O) = the fractionation of O between calcite (cc) and water (w) . 
T = formation temperature in OKelvin. 

6180, = 6180 ratio of the water that calcite precipitated frorn. 

Temperatures of caicite precipitation are approximated fiom the paragenetic sequence and 

burial curve (Figure 4.32). Dolomite values were not utüized due to uncertainties of 

isotopic fractionation during dolomite precipitation. 

The present day average 6180 ratio for meteoric water (precipitation) in southern 

Alberta is approximately -17.5% (Yonge et al., 1992). Because southem Alberta is at 

about the same latitude it was at in the Cretaceous (Jeletzky, 1984), the 6180 ratio of 

meteoric water shouid be similar. Cl precipitated €rom water depleted in 180 (-3 to -7). 

which is typicai of sea water diluted by meteoric water (Figure 4.35). 
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Figure 4.35: Graphic display of oxygen isotopic equilibrium relationship between 
temperature, calcite and water. Curved lines on the gra h are 6180 ratios of 

1g water in equilibrium with calcite over a range of calcite O compositions and 
temperatures. Cl is in equilibrium with water depleted in 180 relative to sea 
water around 50°C. C2 is in equilibnurn with a range of marine-like water to 
water depleted in "0 relative to sea water around 75OC. C3 is in equilibriurn 
with water enriched in 180 relative to sea water around 100°C. Equiiibrium 
relationship for water lines is according to equations 4.1-4.3. 



Sea water in the Cretaceous likely had 6180 - -1.0% (Aydon and Longstaffe, 

1988). C2 precipitated from water that closely approxùnates Cretaceous sea water (+0.5 

to -6), with some waters relatively depleted in 180 (Figure 4.35). 

C3 is in equilibrium with waters that are enriched in 180 relative to sea-water 

(1.75 to 7; Figure 4.35). C3 may have precipitated from a slightly concentrated sea water 

source and the negative 6180aci, ratios are due to precipitation at elevated temperature. 

A concentrated sea water source supports coeval dolomite and C3 calcite precipitation as 

more saline waters are generally necessary for dolomite precipitation due to its high 

solubility. Waters in Paleozoic strata prior to the Laramide orogeny originated from 

varying degrees of sea water evaporation (Hitchon and Friedman, 1969), providing a 

source for the C3-bearing fluid. 

The predominance of inorganic carbon in C l  cernent does not support a meteoric 

water influence whereas the 6180 ratios for C l  suggests meteoric water infiuence; 

recrystallization of sheU material is a probable rnechanism to explain the source of Cl 

calcite, where the 6 180 ratio was m e t  by rneteoric water. 

C2 couîd have precipitated as saline water fiom Paleozoic rocks entered the BQ 

adjacent to the Jurassic subcrop edge and mixed with fresher Mannvilie formation waters. 

Mïxing of meteoric and sea waters could resuit in the 6180 ratios indicating precipitation 

from sea water with a variable meteoric water cornponent, and the 6I3c ratio suggesting 

an organic carbon source. The negative 613c ratios are probably derived from a mixture 

of biogenic and inorganic carbon, where carbon is oxidized to bicarbonate and 

incorporated into calcite (Faure, 199 1). 

6%,, and 613~dcik ratios for C3, are consistent with precipitation fiom a 

concentrated brine solution, however, rock water interactions cm alter the 6180,, ratio. 

This suggests that there was no meteoric influence on the BQ at maximm buriai depth 

and the waters responsible for C3 precipitation were derived from Paleozoic strata. A 

decrease in pH caused by high pCOt waters from Paleozoic strata entering the BQ may 

have been buffered by CO2 reacting with feldspathic rocks to produce kaolinite and 



carbonate (Cody, 1993; Smith and Ehrenberg. 1989). The lack of kaolinite associateci 

with calcite and lack of K-feldspar indicates this mode1 was probably not the cause of C3 

precipitation, but a similar rock-water buffering mechanisin was probably responsible. 

The position of calcite-cemented areas within the BQ are shown in (Figure 4.36). 

Cl and C2 occur in the same geographic area, indicating it is possible to have a mixture 

of the two generations resulting in petrographically identifieci Cl samples with 613c 

ratios of C2 samples. C3 is geupphically isolated from Cl and C2, suggestïng it 

precipitated from a source different from C l  and C2 during a separate event. C3 

precipitation did not occur in the southern portion of the channel (Figure 4.36). C l  was 

probably locaüzed because shell accumulations rnay be locaiized during deposition. C2 

may have been more regionally extensive and later dissolved. 

Early pyrite framboids Uitergrown with quartz overgrowths indicate quartz cernent 

began to precipitate relatively early. Early quartz overgrowths (QI) are thin and 

volumetridy insignificant and occur prior to Cl calcite, indicating it was precipitated 

prior to 1500m buriai depth at temperatures lower than 45OC. Quartz cementation 

occurred during at least two other major pulses: 42  pnor tu C2 calcite at -50 to 65OC and 

1700-2500m depth and 43 prior to C3 calcite at -80 to 100°C and 3000-3500111 depth. 

Quartz precipitation in the BQ was episodic between 40 and 90°C rather than continuous. 

which conforms to observation of typicai temperatures for silica precipitation (McBride, 

1989). 

An unrealistic quantity of water m u t  flow through a formation to account for 5- 

15% quartz cernent. which niles out extemal sources of silica cernent (McBnde, 1989). 

Conversion of smectite to iUite is a potentiai source of silica cernent, but illite in the BQ 

is interpreted to have precipitated after quartz, also niling it out as a source of silica. The 

reaction of K-feldspar to form kaolinite can generate silica for quartz cementation, 

however kaolinite precipitation postdates, and rnay actually consume, quartz 

overgrowths. Dissolution of chert and other silica-bearing framework grains in the BQ is 



Figure 4.36: Map of BQ channel outiine. calcite cernent occurrences (hatched), 6180 and 
613c isotope ratios in calcite, during which generation the calcite precipitated, 
the Jurassic subcrop edge, and the DelacoutlCrossfield BQ gas field. 



interpreted to have occurred after 42 and 43, so this can be excluded as a silica source. 

Q1 may have a source in the chert dissolved within the BQ early in the buriai history. 

Pressure solution of cietrital quartz and other silicates is often cited as  a source for silica 

cernent (Le., Fuchtbacher, 19741, however, quartz overgrowths in the BQ comrnonly 

precipitated prior to pressure solution as they are often penetrated by other grains and 

stylolitized. Chernical cornpaction is relaiively continuous throughout the history of BQ 

burial below 1500rn, however, so it is the most likely source of silica for quartz 

overgrowths. 

Microcrystalline quartz outgrowths precipitated on chert grains grow into pore 

spaces created by dissolution of framework grains and calcite cernent. Both kaolinite and 

Wte in the BQ are interpreted to have precipitated after microcrystalline quartz. The 

silica source for microcrystailine quartz outgrowths is sornewhat problematic, as the 

sediments were undergoing uplift rather than burial, at the time of precipitation (i.e., 

figure 3.32). It is most Likely that local pressure solution of adjacent silica-bearing grains 

supplied the silica for microcrystalline quartz outgrowths as no other reasonable source 

exists. 

4 4 7-Che~t dksolution 

The term 'chert" is used throughout this section both for chert grains and 

sedirnentary rock fragments, the b d k  of which are chert. Minor chert dissolution 

o c m e d  pnor to Cl,  as calcite is seldom obsenred within partially dissolved chert grains. 

Silica released from early chert dissolution in the BQ is interpreted to have been 

redistributeci within the BQ as early quartz overgrowths on quartz grains, because the two 

events roughly coincide. Chert dissolution interpreted to have taken place during uplift 

created abundant secondary porosity and is one of the most important reasons for the 

occurrence of reservoir quality rocks in the BQ. In order to have this secondary porosity 

preserved, the sediment could not have been subjected to further burial after chert 

dissolution, or the pore spaces wodd collapse. Severai examples of interpenetrating and 

sutured grains and stylolites adjacent to oversized pore spaces suggest dissolution 

occurred after maximum burial and chernicd compaction, during uplift. 



4 4.8- Kaolinite 

Kaolinite in the BQ is interpreted to have precipitated prior to illite cernent 

Outlines of grains and partiaily dissolved chert grains are o h  observed where kaolinite 

has precipitated, suggesting some chert and possibly other phases were cori~umed during 

the reaction responsible for kaolinite precipitation Because microcrystaUine quartz 

outgrowths post-date chert dissolution in the BQ, and kaolinite post-dates 

microcry staliine quartz outgrowths, kaolinite can be interpreted to post-date chert 

dissolution. Cormded quartz overgrowths adjacent to kaolinite sugges t quartz was 

consumed in the reaction responsible for kaolinite precipitation. Kaolinite probably pre- 

dates hydrocarbon emplacement in the BQ because kaoiinite is oil stained in some 

instances. 

Silica dissolution alone c m  not be responsible for kaolinite precipitation because 

an Als source is necessary for kaolinite to precipitate. K-feldspar is conspicuous in its 

absence in BQ sediments, whereas trace amounts of plagioclase OCCUT. Since plagioclase 

is present, it is probable that K-feldspa. was also present, but has been entirely consumed 

to form kaolinite and/or illite. 

The reaction that forms kaolinite from K-feldspar produces silica, but 

observations indicate quartz has been consumed during kaolinite precipitation. Hydration 

of an Al-hydroxide in the presence of silica c m  resdt in kaolinite precipitation. AI- 

hydroxides, such as gibbsite and diaspore. are typical weathering products of Ai-bearing 

silicates such as feldspar and kaolinite. Both diaspore and gibbsite are relatively stable in 

the weathering regime, however both rninerals may fom kaolinite with the addition of 

silica (Nase, 1986). Thermodynamic calculations suggest gibbsite is not likely to 

undergo reactions at the proposed temperature of formation of kaolinite (-85OC), while 

diaspore rnay react with silica and water to form kaolinite. The BQ was undergoing uplift 

and was therefore cooling when kaolinite was precipitated. Diaspore + silica + water = 

kaolinite is a hydration reaction, which is more likely to occur during uplift (cooling) than 

gibbsite + silica = kaolinite + water; a dehydration reaction. The problem with this 

mechanism for the formation of kaolinite is that no diaspore is observed. This may be the 

result of complete consumption of diaspore. In addition, gibbsite and diaspore are 



generally formed by prolonged weathering in subtropical to tropical climates (Klein and 

Hurlbut, 1985) and southem Alberta in the Cretaceous was probably not tropical to 

subtropical latitudes (Jeletzky, 1984). making it less likely (but not impossible) that K- 

feldspar weathered to diaspore or gibbsite. 

4. 4.9-nlite 

mite shows no corrosion, and was not involved in reactions that consume it, Illite 

often post-dates or is coeval with corrosion of quartz and rnay be a product of silica 

dissolution. There are however instances of ilIite coating uncorroded quartz overgrowths, 

indicating there are two generations of iiIite precipitation: I l  did not consume quartz 

overgrowths and 12 rnay have consumed quartz overgrowths. The f i t  generation of iiiite 

(Il) is massive and rims moldic pore spaces from dissolution of chert grains and must 

have precipitated prior to chert dissolution. I l  coats and thus post dates 43.  Because no 

quartz dissolution is associated with I l ,  it rnay have formed by the reaction K-feldspar = 

illite + quartz. A relationship between illite and calcite precipitation and dissolution 

could not be established. 

12 is fibrous, precipitated after kaolinite precipitation and is often observed in 

contact with dissolved quartz, suggesting that it formed through a reaction that consurneci 

silica. Because reacting K-feldspar to create iliite wiU result in quartz precipitation, it is 

unIikely to be responsible for 12 precipitation. An Al-hydroxide reacting with K-feldspar 

and quartz rnay explain 12 precipitation, but the reaction is unnecessarily complex and 

requires an additionai source of K+. Diaspore rnay react with quartz to form Wte, but 

stili requires an addition of Kf, however, rnany of the sedimentary rock fragments have 

been partially dissolved and rnay be a source of K+. 

4.4.10-Bante 

Barite cement is rare and exhibits virtuaily no cross-cutting relationships with 

other minerais. Barite does grow into large pore spaces created by dissolution of calcite 

cernent and chert grains and must have been precipitated after chert dissolution during 

uplift. Its timing relative to kaolinite, illite, microcrystaiiine quartz and hydrocarbon 

emplacement can not be determined. A source of ~0:- is necessary to f o m  barite. 

Oxidized H2S associated with hydrocarbons andor bacterial sulfate reduction, oxidation 



of pyrite, or dissolved SO:- are potential sources of ~0:- Barïte is extremely insoluble 

and a low concentration (0.2 mg/L) is required to precipitate barite (Comolly et al., 

1990). ComoUy et al. (1990) deterrnined that when SO: is present in formation waters 

of the Alberta Basin, they are saturatecl with respect to baite. It is therefore likely that 

barite simply precipitated out of solution, probably due to formation waters mixing. 

4.5: summary 

The BQ has a relatively complex paragenetic sequence. The most important 

events in the creation of BQ resenroir quality rocks were calcite cementation that 

preserved porosity upon burial, and calcite cernent and chert dissolution that creates 

secondary porosity. Understanding these events is critical to the economic pursuit of 

hydrocarbon accumulations in the BQ and other geological settings. Early pyrite cernent 

is volumetrically minor, and probably formed due to bacterial sulfate reduction in the 

upper lOOOm of sediment. The origin and timing of later pyrite generations is poorly 

constrained. Calcite cernent was precipitated in three events from waters of progressively 

increasing salinity, suggesting progressive isolation €tom meteoric waters and an 

increased influence of waters from Paleozoic strata during burial. Cl calcite with 6180 = 

-13.5 and 613c = 2.7 precipitated at -1500m, -45OC from recrystallization of sheli 

material by rneteoric water. C2 calcite with 6180 = -16.1 to -1 1.2 and 613c = -4.0 to -8. 1 

precipitated at -2500-2800m, -70-85 O C  from sea water to slightly diluteci sea water, 

probably due to saline waters from Paleozoic strata (supplying the ca23 m w i g  with 

fresher water in the BQ (supplying the HC0,-). Stable isotope ratios indicate C2 is 

probably a mixture of Cl  and C2. C3 calcite with 6180 = -7.5 to -11.8 and 613c = 0.6 to 

1.5 precipitated at -3500m. - 100°c from an increase in pCO, that was buffered by 

silicate minerals in concentrated sea water derived from Paleozoic strata. Quartz 

overgrowths were precipitated in three pulses: Q1 is early (<45*C, 1500m) and prior to 

Cl and coeval with early pyrite; 42 is prior to C2 (50 to 65*C, 1700-2500m); and 43) is 

prior to C3 (80 to lOO0C, 3000-3500m). 



Diagenetic alteration during uplift in order of occurrence were illite precipitation 

in the fonn of grain rims and coatings, calcite cernent and chert grain dissolution, 

microcrystalline quartz, kaolinite, and fibrous Wte precipitation. Late cementation does 

no t significantl y affect reservoir quality, but suggests the hydrological regime was one of 

fresh water recharge. 

Ayalon and Longstaffe (1988) detennined a similar diagenetic history for the 

Belly River Formation in the western Canada sedimentary basin. They documented early 

and late calcite cements preserving porosity during burial and kaolinite and illite 

precipitation and caicite cernent and framework grain dissolution during uplift resulthg 

in secondary porosity. This suggests that processes acting upon the BQ are similar to 

those in many Western Canada Sedimentary Basin sandstones. 

Many studies have attributed porosity in sandstone reservoirs to secondary 

porosity created by leaching of early calcite cernent and fkamework grains, particularly 

feldspar (i.e., Lindquist, 1977; Stanton, 1977; Memtt, 1980; Dutton, 1977; McBride, 

1981; 1977; Loucks et al., 1977; Coleman a .  Coleman, 1981; Richman et al., 1980; 

Loucks et al., 1984; Land, 1984; Franks and Forester, 1984; Surdarn et al., 1984; 

Moncure et al., 19&1; Siebert et al., 1984; Boles, 1984; Bjorlykke, 1984). Dissolution of 

grains and cernent is not the only mechanism of porosity preservation at depth; Bjorlykke 

(1983) interpreted secondary porosity may often be due to overpressuring of the 

formation leading to preservation of anomalously high primary porosity during burial. 

The BQ pressure of 170 bars is presently underpressured at a depth of 2100-2200m 

relative to a hydrostatic gradient of 100 bars/km. It is not know if the BQ was 

overpressured during burial so overpressure c m  not be discounteci as a mechanism of 

porosity preservation. It is therefore important to observe features of dissolution, 

particularly corroded and dissolved grains and cernent, elongate pore geometry, and 

oversized pores in order to identiq correctly secondary porosity. The BQ is interpreted 

to have experienced secondary porosity generation due to calcite and chert grain 

dissolution during upliit. 



5.1: Introduction 

Water undergoes chernical and isotopic changes through movement and mixing, 

mineral dissolution and precipitation reactions, and reactions with organic matter, 

especially those mediated by living organisms. Mapping water composition within the 

Lower MannviLie Group and Glauconitic Formation determine if water composition 

variations bear any relationship to calcite cementation within the BQ adjacent to the 

Jurassic subcrop edge. 

Cody (1993) found that water mixing was the dominant control on major element 

chemistry of the Mannville Group in southem Alberta. Along much of the BQ 

depositional trend the BQ is in contact with underlying Mississippian strata (Figure 3.13) 

that contains waters of different chemistry than waters typical of Luwer MannviUe strata 

(Figure 1.3). The two water types may rnix resulting in water composition variations 

dong the BQ trend causing mineral precipitation and/or dissolution (Figure 1.4). 

Dissolved sulphur and bicarbonate species within MannviIle waters were afîected by 

bacteriai sulphate reduction, re-oxidation of sulphide, precipitation of pyrite, and a 

complex association of bicarbonate producing processes, including methanogenesis, 

dissolution of carbonate minerals and cross formationai migration of gases (Cody, 1993). 

Processes such as bacterial sulphate reduction can not be evaluated herein due to a lack of 

detailed water chemistry and isotope analyses, but these processes may have an effect on 

diagenetic reactions in the BQ. 

The formation water composition study area (Figure 1.1) encompasses a greater 

area than the geological mapping area because factors such as fluid flow directions that 

impact water composition are not lirnited to the region encompassed by the geological 

study area. Publicly available water analyses were digitized by Rakhit Petroleum 

Consuking Ltd. and made available for use by Dr. Hugh Abercrombie (formerly of the 

Geological Survey of Canada). 

The Lower Mannville Group and Glauconitic Formation are considered a single 

aquifer unit in this study for the purpose of water composition and hydrostatic head 



mapping, as in previous works (Cody, 1993; Cody and Hutcheon. 1994; Comoily et al., 

1990). The Ostracod Formation may, however, act as an aquitard, effectively separating 

the Lower Mannville Group and Glauconitic Formation (J. Cody pers. corn.). Jurassic 

strata was not included in this aquifer unit as few Jurassic resewoir units exist in the 

study area. 

5.2: Regionai Chemical Variations 

Chemical data are presented in Figure 5.1 and fluids are classified as brackish 

waters (TDS ~10,000 mg/L), saline waters (TDS 10,000-35.000 mgL), or brines (TDS 

>35.000 mgL) after Hem (1985). Figure 5.1 shows that cations from al l  Lower 

Mannville Group and Glauconitic Formation waters are dorninated by ~ a +  and K> 
whereas the anion distribution is more complex. Cl- dominates anions in brine waters, 

HCO,- and Cl- are the dominant anions in saline waters, and HC03, ~ 0 ~ ~ -  and Cl are the 

prevalent anions in brackish waters. This relationship suggests that with decreasing 

salinity the waters becorne progressively enriched in HCO; and ~0~~'. 

The same anion trend has been found in waters from Upper MannvilIe strata of 

southem Alberta: brackish waters relatively enriched in HCO; and SO:-, relative 

enrichment in HCO; in saline waters and domination by Cl- in the most saline waters 

(Cody, 1993). Freeze and Cherry (1979) recognized that ground waters normally evolve 

from young waters dorninated by HCO; in recharge areas, to HCOi- and ~ 0 t - - r i c h  

waters in intermediate regions, to older CL*-rich waters in the deepest regions. However. 

this relationship does not occur in waters in Lower Cretaceous strata in southem Alberta 

as the freshest waters are HCOi- and ~ 0 F 4 o m i n a t e d  whereas intermediate saiinity 

waters are HCO, dominated (Figure 5.1). This different anion trend in the Lower 

Mannville Group and Glauconitic Formation infers unique processes in southern Alberta 

and warrants further investigation. 

A contour map of total dissolved solids (TDS) is shown in Figure 5.2. Waters 

characterized by high TDS occur in the southwest and adjacent to the Jurassic subcrop 

edge, pafiiculariy where the BQ channel is present; low TDS waters occur in the 

northwest, northeast and southeast away from the Jurassic subcrop edge (Figure 5.2). 



Figure 5.1: Temary plots of major ion chemistry in m g L  for Lower Mannville + 
Glauconitic Formation waters. Fluids are divided into brines (A), saline 
waters (B), and brackish waters (C) after Hem (1985). The brines are Cl*- 
dominated, the saline waters are relatively e ~ c h e d  in HCOi and the least 
saline (brackish) waters are more enriched in S O ~ - .  
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Figure 5.2: Map of total dissolved solids (TDS) of Lower Mannviiie + Glauconitic 
Formation waters. Higher TDS waters generaiiy occur adjacent to the 
Jurassic subcrop edge and the southwestern lobe. 



A steep TDS gradient occurs around T20, R27W4, which coincides with the position of 

calcitecemented BQ rocks (Figure 4.36). This high TDS gradient suggests either that 

there is a permeability barrier separating waters of different composition or that a m g  

zone exists. 

If waters are subject to simple dilution, the relative ionic ratios and theu positions 

on temary diagrarns do not change. This suggests that in the Lower Mannville Group and 

Glauconitic Formation either there is a net addition of HCO; and ~0~'' relative to Cl-, or 

that Cl- is being preferentially removed relative to HCOi and ~0:- from the l e s  saline 

waters. No halide minerais occur in the BQ and the waters are undersaturatecl with 

respect to halite indicating Cl- probably is not being removed from solution. A contour 

map of chloride concentration (Figure 5.3) c o n f i s  that CI- is not being removed by 

precipitation or added by dissolution of halide rninerals as variations in Cl- are similar to 

those of TDS (Figure 5.2). The highest Cl- values occur adjacent to the Jurassic subcrop 

edge and in the lobe in the southwest. 

A contour map of HCOi concentration (Figure 5.4) shows high HCO; 

concentrations occur in the southeast, northeast and northwest, coincident with low TDS 

and Cl- concentrations; areas with low HCO,' concentration waters generally coincide 

with areas of high TDS water, such as adjacent to the Jurassic subcrop edge and in the 

southwest (Figure 5.4). 

Since Cl* concentration is not affected by rock-water interactions and HCO; 

concentration can be used as an indication of freshwater recharge (Freeze and Cherry, 

1979), a map of Cl-/ HCO, ratios should indicate where there may be recharge. A 

contour map of Cl'/ HCO,- ratio (Figure 5.5) shows areas of waters with high CI-/ HC0; 

ratios in the vicinity of the Jurassic subcrop edge and in the southwest; these waters 

coincide with high TDS waters (Figure 5.2). Waters with low Cl7 HCOi ratios occur in 

the northwest, northeast, and south, except the high TDS lobe in the southwest (Figure 

5.5); these waters coincide with 1ow TDS waters (Figure 5.2). Areas with low TDS and 

Cl- concentrations, low Cl7 HC03- ratios and high HC03' concentrations may indicate 

recharge areas. Recharge may be occurring €rom the northwest, southwest, northeast and 

southeast. Areas of high TDS and Cl- concentrations, high Cl7 HC03- ratios and low 
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Formation waters. Higher bicarbonate concentrations coïncide with low TDS 
waters in the southeast northwest and northeast; low bicarbonate waters 
coincide with high TDS waters. 



Figure 5.5: Map of chIoride/bicarbonate ratio of Lower Mannville + Glauconitic 
Formation waters. High ratios are coincident with high TDS dong the 
Jurassic subcrop edge and the southwestern lobe. Recharge may be occurring 
from the southwest, northwest, northeast and southeast 



HCOi concentrations adjacent to the Jurassic subcrop edge and the lobe in the southwest, 

may indicate either cross formational flow as high salinity water moves upwards from 

Mississippian strata, or isolated areas that have not been diluted by recharge. Waters 

adjacent to the Jurassic subcrop edge are more Likely to be affected by cross formational 

flow because they are in direct contact with Mississippian strata, It is unlikely that the 

high TDS lobe in the southwest is due to current cross formational flow with 

Mississippian formation waters, because thick Jurassic shales underlie the Mannvilie in 

this area. It is more Iikely that the lobe in the southwest is isolated fiom regional fluid 

flow and the water in the Lower Mamville Group and Glauconitic Formation has not 

been diluted by recharge. 

A contour map of fresh water hydraulic head was constructed to aid in 

determining regional fluid flow patterns (Figure 5.6). Where unimpeded, water will flow 

from areas of hi@ head to areas of low head perpendicular to the contours; suggesting 

that the southeast, northwest and the southwest are areas of recharge (Figure 5.6). The 

southeast and northwest areas coïncide with low TDS and Cl' concentrations, low Cl-/ 

HCO; ratio, and high HCO, concentration waters, al1 of which are characteristics of 

fresher waters. A steep hydraulic head gradient surrounding the lobe of high TDS in the 

southwest suggests recharge into the lobe. However, recharge into the lobe is 

inconsistent with the fact that waters within the lobe that have high TDS and Cl' 

concentrations, high Cl-/HCO, ratios, and low HCO; concentration. This inconsistency 

rnay indicate a permeability barrier exists, isolating the lobe fiom the rest of the aquifer. 

Hydrostatic head contours in the viciniîy of the Crossfield/Delacour BQ field 

indicate converging fluid flow from the north and south (Figure 5.6), coincident with high 

TDS and Cl- concentrations, high Cl-/ HC0; ratios and low HCOi concentrations waters, 

suggesting fluid may be rising from underlying strata. A low head gradient coupled with 

intemediate saIinity waters in the northeast indicates that there is little potential for fluid 

flow. More data in the north-centrai portion of the study area are necessary to 

characterize accurately fluid flow in that area. 



Figure 5.6: Map of fresh water hydraulic head of Lower Mannville + Glauconitic 
Formation waters. Fiuids will flow from high head to Iow head values, 
perpendicular to contour lines. Highest head values are in the northwest and 
southeast identifying probable areas of recharge. The Delacour/Crossfield 
BQ field is in not affected by regional recharge indicating fluid may be 
entering from the Mississippian below. The northeastem portion of the map 
with widely spaced contours has low fluid flow potential. The isolated steep 
gradient in the southwest lobe probably represents a permeability banier. 



5.3: Water Muring Mode1 

C2 calcite precipitation has been atirï'buted to rnixing of saline waters with fresher 

waters. The varying water compositions withui the Lower Mamvilie Group and 

Glauconitic Formation suggests that there is potential for fluid mixing. Fiuid mWng 

models (Figure 1.4) must be considered to interpret some diagenetic effects, especialIy 

where the BQ is calcitecemented adjacent to the Jurassic subcrop edge (Figure 4.36). 

Calcite has the potentid to precipitate when saline waters from Paleozoic strata are mixed 

with fresher waters from Mesozoic strata @otocki and Hutcheon, 1992; Figure 1.4). 

Comoliy et al. (1990) proposed that waters in Lower Cretaceous clastic strata were 

rnodifed by rnixuig with waters from Paleozoic carbonate strata, Lower Cretaceous 

brines have expenenced about 80% dilution by meteoric water in response to gravity- 

driven flow during the Laramide orogeny (Connoily et al., 1990). Saline waters in 

Mesozoic strata adjacent to the Jurassic subcrop edge in the study area may have been 

modified by mixing with vaters from Paleozoic strata Mixing may occur in several 

locations in the study area where high TDS is adjacent to low TDS. 

The potentiai that calcite precipitation may result from mking fresh Lower 

Mannville waters with more saline Lower Mannville waters was investigated by 

modeling with SOLMINEQ88 (Kharaka and Barnes, 1973; Perkins et al., 1988). The 

waters used in the mWng mode1 were obtained from the database used for compositionai 

mapping and were chosen because they are spatially adjacent to one another, have 

drastically different chernistries and are adjacent to the calcite-cemented BQ (8-22-20- 

27W4 with TDS = 88,02lrng/.L, pH = 5.62, and 6-12-20-27w4 with TDS = 3,80Omg/L, 

pH = 7.29). To create a water rnixing model, SOLMINEQ88 progressively mixes 10% 

aliquots of the fresher water to saline water (or vice versa). The output is a series of 

values of calcite saturation States. 

An accurate value of pH rnay be the most critical and the most difficult value to 

mesure accurately (Kharaka, 1984). When SOLMINEQ88 was run using BQ reservoir 

temperature conditions and pH measured at the surface, the fluids were aiways 

oversaturated with respect to calcite. M e n  a reservoir pH was calculated using pCOz 

values obtained from the Alberta Energy and Utilities Board gas database the fluids were 



almost always undersaturatai with respect to caicite. Because caicite has a rapid reaction 

rate, it wW rapidy equilibrate through precipitation or dissolution and conditions of 

oversaturation and undersaturation are not Likely to persist over a long period of tirne. 

Using the pH as rneasured at surface or calculating pH fiom the pCOz to detemillie the 

saturation state of calcite is therefore unreliable. To caldate  activities of species in 

waters Connolly et al. (1990) and Cody (1993) set pH by assuming it is controlled by 

calcite. The saline and fresh waters used in the mixing mode1 were therefore assumed to 

be in equilibnum with calcite, and mixing of the waters in SOLMINEQ88 was completed 

assuming pH was set by equilibrium with calcite. 

The resdts of the m g ,  shown graphicaliy in Figure 5.7, demonstrate that 

calcite has the potential to precipitate upon mixing of the two chemicaiiy distinct waters. 

The ca2+ is supplied by the saline waters, and the HCOi is supplied by the HCOi-rich 

fresher water. It is proposed that mixing of waters of different chemistry mch as the two 

modeled (Figure 5.7), was responsible for C2 calcite precipitation in the BQ during buriai 

diagenesis. Several other areas of contrasting salinity exist within the study area, and 

waters fiom weUs in these areas should be sampled to obtain high quality water analyses 

to test the hypothesis of water mïxing causing calcite precipitation. Cores/cuttings should 

also be evduated to determine if there is any calcite present. 

A log of saturation index value of 0.4 is the maximum value recorded for calcite 

saturation state (Figure 5.7), which was then used by SOLMINEQ88 to calculate 0.369 

cm3 of calcite will precipitate per litre of water. To fill an average porosity of 10% in the 

BQ with calcite would require a fluid flux of about 0.7 to 1.1 meters per year (Figure 

5.8). This value of flux is reasonable, as flow rates in the Western Canada Sedirnentary 

Basin range from c0.1 to >8m/yr (Toth, 1978; Garven and Freeze. 1984a, b; Ge and 

Garven, 1988; Garven. 1989; Bethke, 1989). Mixing of saline and fresh water over a 

period of 200,000 to 400,000 years could resuit in extensive precipitation of C2 calcite 

within the BQ. According to the maximum fluid flw calculateci (-8m/yr), the 

cementation could have occurred over as Little as 30,000 years (Figure 5.8). 



Undersaturated 

O 20 40 60 80 1 O0 
Percentage of Fresher Water 

Figure 5.7: Plot of results fiom mixhg saline water with fresher water within Lower 
Mannvilie strata showing calcite precipitation upon mkhg. Both end- 
members were assumeci to be in equilibrium with calcite to start with. 
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Figure 5.8: Graphic plot of the flux of water required to precipitate 10 vol.% caicite 
within a specified tirne in the BQ. C2 calcite probably precipitated over a 
penod of 200,000 to 400,000 years, requiring a flux of 0.7 to 1.1 meterdyear. 



5.4: Discussion 

The importance of the Jurassic subcrop edge in controhg diagenesis is 

demonsîrated in this study. While gas-source rock correlations are diff~cult, a reasonable 

suggestion (B. Weeks, pers. corn.) is that gas in the Delacour/Crossfield BQ field was 

denved from the Exshaw Fornation. It is probable that the gas in the 

Delacour/Crossfield BQ field followed a similar migration pathway as the hydrocatbons 

in the cutbank field in Montana. Oil in the BQ Cutbank field in northern Montana was 

denved from the Exshaw/Bakken Formation (Dolson and Piombino, 1994). The oil 

migra ted up through frac tured Mississippian carbonates until it reached the base of 

impermeable Jurassic shales and then rnigrated eastward within Mississippian carbonates 

(Dolson and Piombino, 1994). The 02 entered Lower Cretaceous sû-ata at the Jurassic 

subcrop edge in Alberta and then migrated south, dtïrnately accumulafing in the Cutbank 

field (Dolson and Piombino, 1994). The migration pathways in both cases are controiled 

to some extent by the Jurassic subcrop edge. The proposed f l ~ d  migration pathway 

provides the necessary conditions for calcite to precipitate in the BQ, particdarly in the 

vicinity of the Jurassic subcrop edge according to the water mixing model. 

It is possible that C l  and C2 calcite cements in the BQ were recrystallized during 

uplift as a steep TDS gradient suggests a mixing zone occm where the BQ is calcite- 

cemented and the m k h g  rnodel predicts that calcite may precipitate if high salinity 

waters are mixed with low saiinity waters. This would cause resetting of the ô180 ratios, 

resulting in the observed similarities in Cl and C2 6180 ratios. Calcite is a cornmon late 

(post-maximum burial) diagenetic mineral in Lower Cretaceous strata (Cody, 1993; 

Longstaffe, 1986; Ayalon and Longstaffe, 1989). Post-uplift precipitation of C2 calcite 

cernent adjacent to the Jurassic subcrop edge explains the present distribution of calcite, 

but corroded calcite suggests it was partially dissolved during uplift. It is therefore most 

likely that a pervasive calcite cementing event (C2) occurred during burial, preserving 

porosity, and was subsequentiy dissolved. 

Waters characterized by high TDS and Cr concentrations, high Cl-/HC@* ratios 

and low HCO; concentrations occur where the BQ cuts into Mississippian strata 



Hydraulic head contours indicate the strata in these areas are not affected by the regional 

fluid flow regime (recharge). Water compositions suggest the BQ is in commUNcation 

with higher saiinïty water in underlying Mississippian strata. Other areas with waters 

characterized by high TDS and Cl- concentrations, high CI*/HCOi ratios, and low HCO; 

concentrations found to the east of the Delacour/Crossfield BQ field, dong the Jurassic 

subcrop edge, are probably in communication with underlying Mississippian strata as 

weU. The waters in the southwest corner of the study area are characterized by high TDS 

and Cl- concentrations, high CI-HCO; ratios and Low HCO j concentrations. This area is 

surrounded by a steep hydraulic head gradient, suggesting inward fluid flow and probably 

represents fluids that migrateci from the Mississippian in the north that are now isolateci 

from the rest of the aquifer by a permeability barrier. This interpretation is supported by 

the proposal of Dolson and Piombino (1994) that fIuids originating in Mississippian strata 

flowed south within Cretaceous strata after breaching the Jurassic subcrop edge. 

Recharge from the northwest and southwest is compatible with the concept of 

recharge in the Foothills of the Rocky Mountains to the West as proposed by Hitchon 

(1969). Recharge from the southeast is compatible with recharge in the Sweetgrass Arch, 

to the southeast of the study area proposed by Cody (1993). Connolly et ai. (1990) 

proposed that the Lower Cretaceous strata are a rnïxing zone between saline waters from 

Paleozoic fornations and fresh water recharge. This study supports their hypothesis and 

suggests that cross-formational flow at the Jurassic subcrop edge and regional recharge 

from the Foothills and Sweetgrass Arch control fluid flow and compositional variations. 

The distribution of water compositions occurring in the Lower Mannville aquifer 

therefore supports the possibility of fresh waters mixing with saline waters adjacent to the 

Jurassic subcrop edge. 

5.5: summary 

The dominant controlling factors on regional formation water composition 

variations in Lower M a ~ v i l l e  strata are: 1) recharge from the northwest and southwest 

Foothills and the southeast Sweet Grass Arch, and 2) cross-formational fiuid flow at the 

Jurassic subcrop edge, where waters from Mississippian strata mix with waters in 



Mesozoic strata, Waters adjacent to the Jurassic subcrop edge are generally characterized 

by higher TDS compared to areas M e r  away h m  the subcrop edge, suggesting the 

subcrop edge controls fluid composition to some degree. Resent-day waters in Mesozoic 

strata adjacent to the Jurassic subcrop edge represent a mixture of waters from 

Mississippian strata and waters from Mesozoic strata. Recharge has diluted a d o r  

displaced much of the more saline Mesozoic formation waters, d t i n g  in the present 

compositional variations. 

An isolated area of high TDS associateci with a steep hydrauiic head gradient in 

the southwest of the shidy area represents trapped fluids that originated in Mississippian 

strata and entered Lower Mannviiie strata at the Jurassic subcrop edge. The fluids flowed 

south within Lower Mannviile strata and became isolated from the regional recharge fiuid 

flow regime. The steep hydraulic head gradient represents a permeability barrier, rather 

than a high potential for fluid flow. 

Calcite has the potential to precipitate by d g  fresher waters with saline 

waters, according to the mkhg  model. Calcite precipitation in the BQ may have been 

caused by mixing of Paleozoic saline waters with frrsher waters from Mesozoic strata. A 

reasonable amount of water is required to precipitate 10 vol.% calcite in the BQ, 

indicating C2 calcite codd have been more extensive than presently observed. 



6: ST-Y AND CONCLUSIONS 

6.1: Introduction 

The objective of this thesis is to investigate the origin of various diagenetic events 

in the BQ in the study area, and to determine the effect they have on reservoir quality. In 

order to accomplish the objective of this study, it was necessary to understand how both 

initial mineralogy and variations in formation water composition affecteci diagenetic 

alteration in the BQ. Formulation of a depositional model is critical to understanding 

what resewoir facies exist and where they may occur. Understanding cementation 

patterns and their cause wili identify which potential reservoir facies remain after 

cementation. Deriving a model for the cause of cementation episodes and their 

distribution will help predict where potential resenroirs still remah. 

6.2: Depositional Mode1 

The BQ consists of two fining upwards valley-fi Facies Successions: BQA and 

BQB. Each of these Facies Successions comprise two Facies Associations: Facies 

Association 1 and 2. Facies Association 1 underlies Facies Association 2 in both Facies 

Successions. Facies Association 1 sediment is typically 2-8 mm sand-supported. massive 

pebble conglomerate and medium grained chert-rich trough cross bedded sandstone. 

Several 10-50 cm bed-sets commody erode into one another and defie the overall fining 

upwards grain size trend of Facies Association 1. Facies Association 1 represents braided 

fluvial deposits indicated by the sedimentary structures, coarse grain size with little mud 

content, the sheet-like geometry, and a lack of an exhurned meander belt. 

Facies Association 2 erosionally to conformably overiies Facies Association 1. 

Facies Association 2 sediment is typically fine grained, weil sorted quartzose sandstone 

with a variable amount of mud, rare syneresis cracks and a variety of sedirnentary 

structures such as climbing and curent ripple lamina, flaser lamina, wavy and lenticular 

bedding and inclined heterolithic stratification. A low diversity suite of vertical and 

horizontal marine ichnofossils exhibiting simple feeding structures that are comrnon to 

both the Skolithos and Cmiana Ichnofacies cornrnonly disrupt the sedimentary 



structures. These characteristics. combined with the relative position overlying channel 

deposits, indicate deposition in an estuarine meandering tidal channel. 

Each Facies Succession was deposited in response to a rise in relative sea-level 

during the transgression and subsequent regression. At the top of Facies Association 2, a 

soil horizon has developed in places. indicating a depositional hiatus and a relative sea- 

level lowstand. The base of both successions is a lowstand surface of erosion &SE) as 

weil as a transgressive surface of erosion due to the Iack of lowstand deposits. Each 

Facies Succession is bounded by an LSE. indicating they are both stratai sequences. The 

base of Facies Association 2 may be a marine flooding surface, but the sedirnents are 

retrogradational (fining upwards) in places and progradationai (coarsening upwards) in 

others, ailowing for uncertainty in the position of the marine flooding surface. Up to two 

additional sequences may occur but are poorly preserved. 

6.3: Diagenetie Alteration 

The earliest recorded diagenetic aiteration is framboidai pyrite and concretion 

precipitation. Early pyrite probably precipitated due to bacteriai sulphate reduction, 

where sulphide (reduced from sulphate) combines with iron to form pyrite. 

Volumetrically insignifiant eady quartz cernentation (QI) was coeval with earIy pyrite 

cement;the silica was likely derived from dissolution of chert grains within the BQ. Early 

calcite precipitation (Cl) is the result of recxystailization of localized deposits of shell 

material by rneteoric water at -1500m burial depth, resulting in negative 6180 and 

slightiy positive 613c ratios. The second episode of quartz cementation (42) was 

pervasive in the quartz-nch sandstones, resulting in a marked penneabiiity contrast 

between quartz-rich and chert-nch rocks. Because of this permeabiüty contras& the next 

calcite cementation event (C2) was confineci to the chert-rich rocks. CS which 

precipitated at 2750m, 75°C was pervasive withui the chert-rich rocks in the BQ; caused 

by mixing of fresher waters in Mesozoic strata with more saline Paleozoic waters, 

resulting in precipitation of calcite with negative 6180 and 613c ratios. Rocks in the area 

of T20-21 record a mixture of Cl and C2 calcite cernents. A third quartz cementation 



event (43) resulted in thick overgrowths on quartz grains in chert-nch rocks not 

cemented by C2. Silica for both 42 and 43 was derived from pressure dissolution of 

quartz and chert grains withui the BQ. A third calcite cementation event (C3) with 

negative 6180 and slightly positive 6'" ratios precipitated at or near maximum burial of 

the BQ at 3500111, 100°C after 43. It was restricted to the northem portion of the study 

area and probably formed from concentrated sea-water derived from Paleozoic strata 

because of an increase in pCOz in the presence of silicate miner& that buffered pH. 

Negative 6180 ratios in C3 is due to precipitation at elevated temperature. Dolomite 

precipitated coeval with C3 and also sporadically throughout the BQ probably at about 

the same t h e  as C3. mite precipitated as grain-rimming and pore-bridging cernent just 

prior to, or after, maximum burial. During burial, chemicai compaction destroyed much 

of the initial porosity. 

Unloaduig of sedirnent occurred after the peak of the Laramide orogeny and 

maximum burial, resulting in flushing of the BQ by metmric waters. The flushing 

caused widespread dissolution of both calcite cernent and chert grains, creating secondary 

porosity. Microcrystalline quartz precipitated on chert grains after dissolution of calcite 

and chert g r a h  and was probably derived from dissolution of chert grains. Kaolinite 

fiUs oversized pore spaces where ghosts of grain outlines are observed in places; it 

precipitated by a reaction that conswned quartz and an Al-hydroxide such as diaspore, 

fomed by weathering of K-feldspar. IlIite precipitated as fibrous crystals by a reaction 

that also consumed quartz because it is often associateci with corroded quartz. Barite 

precipitated as pore-fiing cernent and laths but its relationship to other minerals is not 

known. The timing of late pyrite precipitation is also not known. Pyrobitumen 

frequently occludes pore space and was the last diagenetic event in the BQ. 

6.4: Formation Water Composition Variations 

Ayalon and Longstaffe (1988) and Longstaffe (1986; 1989) documenteci the 

evolution of formation waters of the Beliy River Formation (Upper Cretaceous) in 

southwest Alberta by examining diagenetic minera1 phases and their 6180 and 613c 



signatures. They proposeci that formation waters became increasingly enriched in '*O 

with progressive burial and depleted in 180 due to meteoric water invasion during upiift. 

Detailed analysis of each diagenetic mineral phase was not undertaken in the present 

study, but isotope ratios from calcite cernent provided valuable insight into formation 

water evolution in the BQ. BQ formation waters became progressively more saline and 

enriched in '*O with increasing burial due to interaction with saline waters from 

Paleozoic strata, based on the timing of calcite precipitation. 

The cment hydrodynamic regime in the Alberta Basin was initiated by the second 

orogenic pulse of the Laramide Orogeny (ComolIy et al., 1990). Associateci 

overtbrusting produced a large hydraulic head in the eastem Foothills. creating a 

mechanism for deep penetration of meteoric waters which generaily dischargeci eastward 

(Hitchon, 1969). The current formation water distribution in the study area indicates 

fresh water is abundant in the BQ, indicating that fresh water recharge has occurred. 

However, the Delacour/Crossfield BQ field is not affecteci by regional recharge; rather 

The fluid in this gas field is derived from cross formational flow of water in underlying 

Paleozoic strata adjacent to the Jurassic subcrop edge. 

In the study area, fluid composition is controlled by recharge in the Foothills in 

the northwest and southwest, from the Sweet Grass Arch in the southeast and by cross- 

formationai flow with Paieozoic strata at the Jurassic subcrop edge. Recharge has diluted 

much of the formation water. At the Jurassic subcrop edge, however, cross formationah 

flow with Paleozoic strata occurs, resdting in elevated saiinity adjacent to the subcrop 

edge. The contrasting salinity created through recharge and cross formational flow 

results in mixing zones that may cause calcite to precipitate as predicted by the mWng 

model. Calcite adjacent to the Jurassic subcrop edge in the BQ (Cl and C2) may be a 

product of post maximum burial mwig rather than pre-maximum buriai mkhg. It is 

apparent, however, that calcite cementation was pervasive pnor to maximum burial. 

preserving porosity during burial. 



6.5: Resemoir Qu- controis 

Diagenetic aiteration of the BQ is controlied by initial mineralogy. Braided 

channel deposits @Al) consist of medium to coarse grained chert-rich sandstone, 

whereas estuarine deposits (FAl) are dominantly fme to mediuni grained quartz-rich 

sandstone. Chert-rich sandstones typicaily have better porosity and permeability than 

quartz-rich samistones. These chert-rich sandstones display better reservoir quality 

because of the secondary porosity created by dissoiution of chert grains and calcite 

cernent. Quartz-nch sandstones are typically cemented by quartz and often contain 

appreciable mud matrix, resuking in poor porosity andor pemeability; these are 

generally not considered potentiai reservoir rocks. 

Heald and Renton (1966) detennined that quartz-rich sand will become cemented 

by quartz more rapidly than lithic-nch sand because monocrystalline quartz grains 

provide a good nucleus for quartz precipitation whereas lithic grains such as chert provide 

poor nuclei. In the BQ it is probable that quartz-rich sand was cernented more quickly 

and pervasively by 42 than the underlying chert-rich sand. C2 calcite precipitating €lui& 

probably only inNtrated chert-rich rocks because of the permeability contrast causeà by 

quartz cementation of quartz-rich rocks. 

Reservoir quality in the Delacour/Crossfield BQ field (referred hereafter as 'the 

DC BQ field') is degraded by quartz cementation and other minor cements such as Iate 

kaolinite and illite. Reservoir quality rocks occur in chert-rich, braided channel deposits 

due to dissolution of chert grains and calcite cernent. These rocks exist as far south as 

T23, but from T20-22 calcite cernent significantly reduces the reservoir qualiiy. Littie 

well control exists south of TSO, but calcite cernent, observed as far south as Tl8 in 

cuttings as well as mechanicd compaction, reduce reservoir quaiity. Reservoir quality 

rocks become l e s  common north of the DC BQ field due to loss of potential reservoir 

facies as the chert-rich braided channel grades northward to mud-nch and chert-poor 

meandering channels. There is potentiai for reservoir quaiity rocks to the north of the DC 

BQ field. but the geometry of the deposits will likely be isolated pod-shaped point-bars 



typical of meandering rivers, resulting in smaller hydrocarbon accumulations rather than 

the sheet-like geometry of the braided river deposits in the DC BQ field. 

This sîudy illustrates the importance of understanding initial mineralogy 

variations when attempting to determine the extent and causes of diagenetic phases. 

Distnhtion of calcite cernent is controlled by preferentiaiiy exploiting and 

cementing higher permeability pathways in chert-rich rocks. The preservation of porosity 

is therefore directly Iinked to initiai minerdogy. The paragenetic sequence proposed for 

the BQ is similar to, and perhaps predictable in, other Lower Cretaceous strata in the 

Western Canada Sedirnentary Basin (Longstaffe, 1986; 1989; Ayaion and Longstaffe. 

1988). Understanding the controls that depositional muieralogy may exert on diagenesis 

is critical when exploring for hydrocarbons in settings where different rock types exist. 

An accurate depositional model. when used in conjunction with a diagenetic model, can 

be a valuable exploration tool. 

6.6: ConcIusions 

1) The BQ was deposited as two stacked successions of braided charnel and meandering 

tidal chamelhida1 flat valley fil1 in response to two transgressiodregression cycles. 

2) Reservoir quality is better in chert-rich rocks than quartz-nch rocks due to quartz 

cementation of quartz-rich rocks, and secondary porosity creation in chert-nch rocks. 

3) Calcite cementation adjacent to the Jurassic subcrop edge is the product of saline 

waters from Paleozoic strata mixing with fresher water from Mesozoic strata. 

4) Cross formational flow with Paieozoic strata at the Jurassic subcrop edge and recharge 

frorn the FoothiiIs and Sweetgrass Arch control Lower Mannville Group and 

Glauconitic Formation water composition variations. 

5) Hydrocarbon exploration efforts in this and other geologically sirnilar situations 

shouid avoid the area adjacent to the Jurassic subcrop edge due to potential calcite 

cementation, shouid concentrate on chert-nch facies as opposed to quartz-rich facies, 

and should avoid strata deeper than about 2500 meters. 



6.7: Future Work 

A secondary objective of this study was to interpret the relationship between the 

Euerslie and the BQ. Whether or not the BQ is a separate formation or if it is a laterai 

facies variation of Ellerslie marine deposits remains unknown. By mapping the BQ 

channel to the north until it becomes a marine shoreface (or equivalent) would solve this 

problem. Detailed mapping of the BQ and Ellerslie in a large geographic area is 

necessary to achieve this goal. 

Calcite isotope data and formation water chernistry allowed determination of the 

evolution of fluids in the Lower Mannville Group and Glauconitic Formation. A more 

detailed stable isotope analysis of each diagenetic mineral phase from several Lower 

Cretaceous deposits in southern Alberta would provide a more complete picture of the 

evolution of fluids in the Western Canada Sedimentary Basin. muid inclusion data from 

quartz overgrowths and calcite cernents would improve the estimates of proposed depths 

and temperatures of formation of these minerais, M e r  refrning the fluid evolution 

interpretation. 

Chernicai and isotope andysis of BQ formation waters would help determine 

what processes are currently operating and provide further insight into how BQ formation 

waters originated. Chemical and isotopic analysis of formation waters from Lower 

Cretaceous strata adjacent to the Jurassic subcrop edge and waters from nearby Paleozoic 

strata would help confirm if waters from Paleozoic strata are mixîng with waters from 

Mesozoic strata and influencing the present hydrochemicai regime. Isotope analyses of 

oxygen in BQ formation waters wodd help determine if calcite precipitation is due to 

present-day water mixing, or pre-maximum buriai e g .  
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Calcareous . , , , , - Coal Fragments 
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Bulk minerai XRD data 

Bulk minerai XRû daCi in weiQM%, and cornpondhg porodty (%;@) and 
pc#mssbiüty (md; K) vaiusi f o m  cors analysis, Qtz; quartz, Cc; calcite 
Dd; dolomite, qr; pydte, Sd; siderite, Ba; barite, II; Mite, Ka; kaolinite 



Bulk mineral XRD data 



point count table 

Point counted volume % of minerals and porosity. Abbreviations: Qtz; quartz, Cht; chert Cc; calcite, Py; pyrite, Ba; barite, 
III; illite, Ka; kaolinite, qog; quartz overgrowai, uqtz; microcrystalline quartz bit; bltumen, igl; intergranutar, mold; moldic, 
Cam; percentage of initial porosity lost due to cernent, Cornp; percentage of initial porosity lost due to cornpaction - 

Cerne 

- 
Cc 

- 
3 t 

- 
Dol 

O 
O 
O - 
O 
O 

3.5 - 
3.5 

3 - 
5.5 - 
3.5 
2.5 

O 
0.5 

O 
O 
O 
O 
O 
O - 
O - 
O 
O - 

Ka qog uqtz bit total 
-ô+ïp& 

Porosity 

igl mold Tot 
1 0.5 1.5 
O 0 0  
O 0 0  

% initial pot. 



point count table 



O point count table - 
Cerne - 

Cc Ka qog uqtz bit totat igl mold Tot Cern 
O 1 1  0.5 O 11  14- O 1 4 2 7 . 5  

al  pot. 

3 

comp 
38.8. 
40.OI 
21.3, 
66.3 
41.3 
61 .3 
93.8 
15.0 
32.5 
76.3 
85.0 
75.0. 
75.0 
42.5 





~ 2 u m  clay separate XRD data showing similar ratios of kao1inite:illite as in bulk samples 

I Weli ID Deoth ~aoiinite iiiiie 1 
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