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ABSTRACT

The Alberta Deep Bs&in is the westernmost part of the Western Canadian Basin where the

\ sedimentary section thickens towards the Cordillera. "Almost the entire Mesozoic section is gas-

sSturated and consists of Cretaceous corféldmerates, sandstones and shales, and Triassic and

Permian carbonates, evaporites, and clastic rocks. Three major stages ot diagenesis and

porewater evolutjon in Cretaceous clastic rocks of the Deep Basin correspond to three ditferent

flow regimes which were controlled by geological events and maturation of organic matter. During

burial in a ﬂo;n regime driven by cémpat:tion and diagenetié readions early dlago‘netic hematite,
siderite and chilorite were followed by Iatq‘ stages of chlorite kaollnite quartz and ilite —
precnpltatlon'dtssolutnon of K-feldspar and carbpnate cements, and albitization of faldspars In
most Cretaceous units, early porewaters (67180 values = -12to -7 °/oo SMOW) evolved to waters

»

with 180 values s +3 9/00. Infiltration of saline fluigs from pre-Cretaceous rocks may have

produced more saline and 180-rich porewaters in the Cadomin Formation.

[ -

During late stages of the Eocene Laramide Orogeny. burial depths in the Western

Canadian Bgsin and hydraulic potent ials waere at their maxlmum Gravity-driven meteoric water

penetrated to depths whe; : atures were >190°C, then moved updip to the east along
. permeable pathways. Emplacement of these hot fluids into cogler updip rocks created alocal
‘ thennalanomaly Flundmdwonandstablensotopeanalysesofquanzdmseprocipnatod by the

hot fluids, and.of diagenetic dickite, ankerite and calcite preciphated during upk, ndicate the
Mmammwmmmmwudumgmwmmm :
v e
Subsequently, mmmmmmmmmwwmmw
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‘\ The Alberta Deep Basin and its extension into B'ritish Columb‘la (Figure 1.1) is the part of
the Western Canadlan Sedlmemary Basin whbre the Mesozoic sectlon thickens toward the
Cordillera. The area is of economlc interest betause of large.gas reserves which encompass

almost the entire Mesozoic clastic section which reaches a maximum th@ckness of 4570 m. An

.

v Qnderstanding of diaganesis in the area is essentjal to the development of gas from the tightly

I3

cemented sandstones and locally permeable conglomerates.

A -

‘Many of our concepts of clastic diagenesis are based on the Gutf Coast Basin of the United
- States. For example, the following reactions occur in sediments and sedimehtary rocks of the Gulf

Coast Basin as the depth of burial increases: (1) the transfonnation of smectitic layers in

-

illite/smectite to illite (Perry and Hower 1970; Hower et al.,1976; Boles and Franks 1§79) (2) the

©

albitization of plagnoclase (Boles, 1982) and (3).the progressive enrichment of Mg and Fe in v
carbonate cements (Boles,1979). Smectite, K feldsfj,taounne and mica gradually detrease in

abundance wnh depth, whereas illite, quartz and chlonte increase with depth The Gulf, Coast
> .
Basin, however, represents only one type of sedimentary basin, i.e., a basin of low topographic-

glief, active burial and upward migration of connate and diagenetic fluids. .

) | gecause the hydrogeological setting of the Western Canadian Basin differs signiﬁcén'tly
from that of the Gt.llf Coast Basin, it cannot be ass;umed that diagenetic trends will duplicate those
of the Gulf Coast Basin, The objective of this thesis is to evaluate the effect of the flow regime on
metrendso;clasucdsagenesisanddevelopageochemncalmodeltonhestyleofduagenes.san&
porewater evolution in the Deep Basin (Figure 1.1). Tho; Western Canadian Basin is situated B
- imnfiatelj to the east of the Cordillera mountain range, which provides sufficient hydraulic.
potemalmatmeteodcwatercirculatesmroughpen‘neableunnstodepthsonmeom«ofatgeast o

" " »
3

3000m(1’6m1980) Thelargeuﬂkn(ofmeteodcwatermtotheWestemCanaduanBasin
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significantly afters the evolution of formation waters b°y mixing with, and replacing earliér fluids
(Clayton et al.,1966; Hitchoh and Friedman,1969). Such activity couid notably affect many of the
precipitation and dissolution reactions that occur in clastic rocks during diagenesis ’

. {Longstaffe,1983). The zongs of mixiné may also control the location pf diagenetically formed

petroleum traps.

lLongstaffe and Ayalon (in press) and Ayalon and ;..ongstaffe (in press) studied diagenesis
and p;)rewater evolution in the Upper Cretaceous Belly F'River‘ and the Lower ’Cretaceous Viking
"Formations in central to south-central Alberta. They conc;uded that meteoric wéter has been
involved in diagenesis of both units sim;e maximum burial and uplift (maximum relief) during or
shoftly after the Lf.aramide Orogeny. This thesis aims to determine the chemicgl and isoton}g
evolution of the porewaters in a quite cﬁfferent part of Eue Western Can‘adian Sedimentary Ba;sin,
the Alberta Deep Basin. The Deep Basin of Alberta is of sp‘ecial interest because: (1) it -
represents a once deeply buried part of the Westem Canadian Bagin where maximum‘ burial
‘depths‘for Cretaceous sandstones and cor&omerates (presemly;t deptﬁs of 2000 té 3000 m)
were probably 4000 to 5000 m; (2) an understanding of diagengsis in th}s areais essenti;al to the
exploitation of the I:’arge gas reserves in porox.;s congIOme‘rates and}ight sandstones; and (3 the
relationship between diagenesis and the large scale ?(oduction énd trapping of methane gas
" needs to be more fully determined.’ , __..
Diagenesig and porewafar evolution in the Lower Cretaceous Falher Member of the Spirit
River Formation, the Bluesky Formation and the Cadomin Formation (Figure 1.2) ‘have been
7 studied in most detail. Other units, inc;uding the Upper Cretaceous Cardium Formation, the
Lower Cretaceous Paddy and Cadotte Members of the Peaca River Formation, the Triassic
Haltway Formation and the Permian Beilg;y Formation (Figure 1.3), were studied in a moré cursory
fashion to evaluate both vertical variations in diagenesis and the extent of cross-formational flow.
Methods of study included thin sadtion petrography. scanning electron microscopy, and electron

14
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microprobe, x-ray diffraction, stable isotope and fluid inclusion analyses.’ Chemical and isotopic
compositions of existing formation waters were studied by combining information from detailed
chemical and isotopic analyses of twq formation waters collected for this study, with data available o

from the Energy Resources Conservation Board of Alberta.

~

The resuits of the thesis ara presented in five sections: .

Chapter 2 presents the results of fluid inclusion analyses and compares fluid iﬁclusion 4
» temperatures with those calculated from vitrinite reflectance data using the method of Lopatin.
(1 §71) modified by Waples (1,986). The comparison indicates that a thermal anbnialy was present
R :
in part of the Deep Basin during maximt;m burial. '

4+

Thapter 3 presents results of petrographic and stable isotope analyses of the Falher and
n

AN
Cadomin sandstones and conglomerates. Fluid inclusion temperatures from Chapter 2 are
combinied with the diagenetic sequence and stable isotope data to identify temperature-
dependent trends for the isotopoc evolution bf porewaters. '

Q_hamﬂ examines the diagenetic sequence and porewater evolution in Cretaceous.
sandstones ds well as Triassic and Permian sandstones with a view to understanding vertical

(N

variations in d'iagenetic processes in the Deep Basin. )
¢ preéents preliminary data on the chemistry and hydrogeology of modem
formation waters in DeepBasm Tneimemmmnscnaptenstoprovmmammpoam‘for
Murestudiesofmodemhydrogeologyinthestudyarea. . \’\
- Qm_ﬁsummanzesmerasumsmageochamcdnmddfadlagonesaMporewaa
evolution in the Alberta Deep Basin. Gontrols on diagenesis are examined by comparing
diageneticpmcessesmtheﬂbonaoeep&asinwnhmmmoeuncmaasinmd

\f"CretaceousformationsofoemralAlbefta. S ~ .
-
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INTRODUCTION

Locally high gecothermal gradi.‘ems are commonly prese'm ir; eil and gas fields (M'eyer and
McGee, 1985), as well esT_M'ishglesippi Valley-Type Pb-Zn deposits (MacQuaen and Powell,1983;
White,1968), and (are believed to be produced by upward movement of high temperature basinal
fluids into Iower temperature sedimentafy units (Meyer and McGee, 1985; Bethke,1 986,

Garven, 1885; Smith and Chapman, 1963; Teit), 1980; Roberts, 1980). In oil and gas fields, the
" anomalies are recognized by direct measurements of bottom-hole temperatures, although

aocurate temperature measurements are difficult to obtain (Ferti and chhmann 1976; LeBlenc ot

al.,1982), and even then, probably do not reflect the paléo-conditions which were responslble for

dlagenesnsandthetrappmgofolder mlandgas ﬁelds In thns study, localpaleoﬂuid tempetatures
and paleogeothermal gradients in the Alberta Deep Basin are examined by studylng fiuid
inciusion and vitrinite reflectance data.
’ ‘a : ' B}

- Orgamcmatunty mdncato:ssuchasv:trimtereﬂectance thermalaltefaﬂonindex androck
evaluatbntechmquesarecommnlywedtodetemhemmemdhbmqotmmuy
- basins. Morereoent?y stebleisotopestudiesofdlageneﬂcuﬂnerdshavebemmedtomthe
thermal higtory (Milliken et al., 1981 Longstaﬂe. 1983). Thepmmﬂnmumeapprgidmh
MMmlymaeanteknwbdgoofﬁnbuﬂdmmy,amewopbmpuﬂmdpM
poreﬂmdstomdkeaydetem\inepaleotempentwes lnwcmdmmm.awm
mwnumtamperaturewwdbymmkmeeorded mm mmmmh
diagenedcmheralsrecord m:«m«mnamwmwwm
mmpamfoc ot tmmuaqwmmmm

4 B ~
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¥ . Inthis study. data trom fluid inclusions in diagenetic quartz druse and caicite cements in
(h v

Lo‘r\_ﬁer'Cretaceous sandstones and conglomerates in the Alberta Deep Basin are used to
determine minimum paleotemperatures of fluids during maximum bunal and dunng later uplift. For
comparison, maximum burial temperatures are also calculated from vitrinite reflectance data
supplied by other workers (Wetss, 1985; Youn, 198\;3; Kalkreuth and McMechan, 1984) for the
same units using the Lopatin—Waples method (Lopatin, 1971, Waples, 1980). The comparison
shows that fluid inclusion 1;mperatures for quartz druse are about 40°C higher than the calculated
maximum burial temperature. The reliability of the Lopatm~WapAI:as and other methods of
translatin.g therr;wal maturity to temperature data is considered in detail and deemed to be
quegtionable. The analysis shows that fluids at higher temperatures than those suggested by

maturity indicators may be common in sedimentary basins and that care should be taken in

translating maturity data to paleotemperatures. ' \
\

4 .
Geolgical Background ‘7
&

A3

Samples were collected from Lower Cretaceous conglomerates and sandstones from the
Deep Basin of Alberta/British Columbia (Figure 2.1), the deepest portion of the Western Canadian

Sedimentary Basin. Figure 2.2 shows a southwest to northeast cross-section through the basin.

- Lo

The Mesazoic section, which is 300 metres thick on the shelf in eastern Alberta, thickens
westwards to over 4570 metres in the Deep Basin in front of the Foothills' overthrusts.(Masters,
1979). Almost the entire western portion of the Deep Basin is gas-saturated, whereas updip, to

the east, the rocks are water-saturated (Masters, 1979).

Ty *

¥

“The Alberta Deep Basin is the westernmost part of a foreland basin, which fored in front

& of eiuwatwy migrating thrust sheets of the Canadian Cordillera. The eastward thrusting began in

«
-

t!ieMiddieJurassic@qrespometosubductionandaocretionofislandarctenanesontothe

A .

9

o’
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Figure 21 Location of study area.
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continental margin (Columbian Orogeny)(Porter et al.,1982; Monger,1984). The emplacement of

- N

thrust sheets occurred ‘periodically throughout the Cretace;0us and resulted in the shedding ot
detritus eastward. Subsidence and sediment accumulation continued in the Deép Basin until the
last stage of the Laramide Orc;geny. which probably occurred during the Earty Eo!.ene. Maximum
relief of the mountains immedjately to the west of the basin and maximum buriai depths within the
basin occurred at this time. Uplift of the sedimentary basin and extensive erosion of the
accumulated Tertiary and Upper Cretaceous rocks followed and continues at present (Beaumont,

1981; Taylor et al., 1964). «

Sample Description

Samples'for this study were taken almost exclusively from the gas-saturated aréa. Flud
inclusions werenalyzed from diagenetic quartz druse in the Cadotte Member of the Peace River
Formation, the Falher Member of the Spirit River Formation, and the Bluesky and Cadomin

Formations (Figur. 2.3). Petrographic descriptions of these stratigraphic units in the study area . ’

are given in Chapters 3 and 4, and by Cant (1983), Cant and Ethier (1984), Gies (1984), Varley

L4

(1982), and Youn (1983).
: N

The quartz druse mcuma§pﬁsmmm crystals projecting into pore spacesofc;wen-pebble
conglomerates (Figure 2.4a). Only those crystals that are easily visible macroscopically contain
fluid inclusions that are sufficiently large for analysis. Thelargestandnmabund‘;l quartz druse
ocaxsmmeCadoneandFalhoroongmatesmtpewestwnpaﬂmom\eaudymaas
reflected in the geographic distribution of inclusion data (Figure 2.5). In the Cadomin Formation,
qu}nzdruseis wwmmmmwﬁmmmmmm
have provided for quartz crystals, was filed by sandstone marix. in the Cadotte Member, -
mgyammmmmm (ummmhmhm.é)w
mwmwwmswammmﬁ(a)mwmm
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Figure 2.4 |
(& Thin section photomicrograph of prismatic quartz crystals (quartz druse, Q) lining the pore
(P) and partially filiing a targe pore space in a Falher conglomerate. The largest quanz crystal in
the centre probably has fluid inclusions which are large enough for analysis. Falher Member
(93-P-1, b-28-L 2348.1 m). Field of view Is 3.3 mm.
(b) Thin section photomicrograph of calcite cement (CALC) filling the pore space after quartz
druse (QT2Z). Father Member (11-4-70-11 W6 1999.3 m). Field of view is 2.1 mm.
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s

. after grain fracturing. In the Falher, textural evidence shows th

" Ttstemperature of trapping, and Te=critical temperature. .

ot chert-pgbble conglomerates. Stable isotope data (Chapters 3 and 4) for sampies of quartz

druse from the Cédoité and Falher Members suggeét that all three types of druse precipitated

trom fluids 'similar both in isotopic composition and temperature. Isotopic data for quanz druse

from the Cadomin suggest that different fiuids were involved in various stages of druse formation.

-

~

and coarse-grained sandstones from the Falher Member and from sandstones in the underlying
Bluesky Formation (Figure 2.3). Calcite-cemented zones in these sandstones or cdnglor_nerates

are discontinuous and are commonly less than 1 m thick.

N\ A

17

Fluid inclusions also were ana!yzed from macrocrystalline calcite cements in conglomerates

. Diagenetic sequences for the Father Member and Cadomin Formation are given in Chapter

3. Only the rel:;tive timing of the quartz druse and calcite cement is pertinent to this s{udyi Quartz
druse precipitated relatively iate in the diagenetic sequence of the Cadotte, Falher and Cadomin,

&a calcite precip'itatid after quartz
druse (F igure‘2.46). In the Bluesky Formation, caicite also was the last diagenetic phase t.o

3 -

precipitate.

- *~
. )

Doubly polished sections for the fluid inclusion study were prepared from epoxy

impregnated samples using the method of B&ker and Reynolds (1984). The maximum

ANALYTICAL TECHNIQUES . .

temperature to which the samples were heated dunng preparatnon was 70°C. The data presented

here are for primary inclusiogs from authigenic quartz druse or calcite cement uniess otherwise
noted. Qnly isolated inclusions that showed no preferred orlentation or pianar distribution were
considered to be primary (Roedder, 1984). The following abbreviations referring to fluid inclusion
prope%es are used here: Th=temperature of homogemzatnon Tm=temperature of melting, |

y

>
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Heating and cooling experiments were performed using a modified us. Geo|o§ical -
Survey, gas ﬂow stage developed by Fluids Incorporated Mene et al.,1979; Woods et al.,1981).
Hortrogenizetion determirrations at temperatures above room temperature were mede first, using
the quick cycling of temperature method described by Roedder (1984). In some inclusions,
sudden nucleation of the gas bubble never clearly occurred, even after cooling from 30°C over
the apparént\homogenization temperature. The apparent homogeni}ation temperatures for such
inclusions are reeorQed. but represent minimum homogenization temperatures.

Once homogenization temperatures had been determined, freezing runs were conducted}
using the reversal of temperature cycling method described in Roedder (19?4). Samples were
cooled until the fluid in two phase inclusions was frozen (-45° to -3;':°C). Freezing of the liquid -

- phase was usually detected by shrinking or disappearance of the vapor phase, although the vapoarb
phase in some inclusions onh/ drsappeared or shrank in size after reheating to a few degrees

below the melting temperature ‘ ‘ -

After metting temperatures had beer obtained, the sample was cooled to -190°C and then
allowed to warm to 0°@ te determine critical or homogenization temperatures of methane, CO2 or
- hydrocarbon phases. Semples were then heated up to +30°C to detect the possible presence ot
clathrates ar methane hydrates. ’

‘ Measurement.: of homogemzatioq and metting temperatures were repeated at least twice
to test for reproducibility. 'Replicate measurements for Th of;l—zo in qustz"were within 20.5°C. Th
H20 in some caicite samples increased by 1°C for each run, suggesthgthatstretdﬁng was taking
place (Roedder,1984; p. 72). In these cases, theﬂrst‘mmasurodbrooordod Tho
repmdwbilayomeoszo measuremertswaswlhlnso.z"c Fak(aliedtunporme)ot
methane, reprodudbillywasﬂ‘C mmwmmmwnmmm
range -40 to -10°C was difficult to determine. Formotmmmmwd

. -
»



temperature over which the phase change occurred ig alt that could be determined. Based on
reproducibility and stage calibrations against standards, accuracy is estimated at +1.5°C for Th
between 150-200°C and +0.3°C for Tm of aqueous inclusions.

4

. Some of the larger inclusions near the surface of the plate were analyzed by Raman
spectroscopy. Methods for analyses of fluid inclusions using R;man spectroscopy are described
by Rosasco et al. (1975), Tourr;.ly et al. (1985), and F;asteris et al. (1986). In this study, Raman
spectra were recorded with a Ramanor HG-2S spectrophotoTeter (Jobin Yvon-Instruments SA) at
the Chemistry Division, Oak Ridge National Laboratory. This instrument employs a double
monochromator with curved holograp;hic gratings, cooled photoelectric detection and pulse
éounting electronics. A Nicolet 1170 signal averager was used to control the spectrometer and to
accumulate spectra from multiple scans. Spectra ;vefe excited with the 514.5 nm line of a Spectra-

cr

Physics model 164 argon-ion laser. Spike filfers were used to efiminate most of the plasma lines

. .

emitted by the laser. Using 40X and 80X objectives, methane was the only phase detectable.

H20, CO2, ethane and propane were not detected but the detection limits for these phases

_under the conditions of this study are not known. . !

- RESULTS
A
Four types of primary inclusions are presént in quartz druse and caicite cement of this
* study: . .

(1). Aqueous inclusions; two phases Qresam at room temperature; freezing and metlting

‘behaviour typical of aqueous inclusions. ‘ '

(2)- Methane-rich inclusions; one phase at room temperaturs; Th= -76° to 61°C
(3).- .Two phase inclusions with a methane-rich vapor phase; two phases present at room
temperatiye; no visible change on cooling to -190°C. |
(4). Hydrocarbon inclusions; one phase at room temperature; Th= -40° 10-30°C.

14

19
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Figure 2.6
(@) Agueous inclusion in quartz druse. This inclusion homogenizes to the liquid phase at
188°C. Its metting temperature is -1.8°C. Length of inclusionis 15 um. Sampie 237.

(b) and (¢) Two inclusians from the same crystal of quartz'druse, sample 385. (b) aqueous
inclusion with Th >170°C and Tm = -0.5°C. (c) }netpane-rich inclusion with a critical

temperature of -63.2°C. The dark patch in the upper left comer of the inclusion may be

e

trapped hydrocarbons.
(d) Two phase inclusion with a meghane bubble and unidentified liquid in quartz druse. The
vapor was identified as methane by Raman spectroscopy (See Figure 2.7). SamPle 394.

.
-

(e) Large hydrocarbon inclusion in calcite cement. This inclusion has an homogenization -
[ ]

~

temperature -of approximatéty -33°C. Sén.ple 400.
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Figure 2.6 shows examples of each type of inclusion. The range and average Th and Tm for each

sample are presented in Tables 2.1 and 2 2.

Aqueous Inclusions

Aqueous inclusions vary in size up to 15 um in diameter (Figure 2.6a and b).
Homogenization temperatures range from 85° to 211°C for inclusions in quartz and from 95° to

174°C for inclusions in calcite (Tables 2.1 and 2.2). The majority of inclusions in quartz

homogenize between 170° and 190°C and in caicite betwden 120° and 170°C.

The geographic distribution of Th is shown in Figure 2.5. The highest temperatures, 188°
to 195 °C, are in the westernmost part of the study area; temperatures decrease slightly to the
east. Generally, cak?ite temperatures are lower than quartz temperatures. For example, in the
westemmost well (Figure 2.5), fluid inclusions in quartz druse homogenize at 188°C (sample 237),

whereas fluid inclusions in calcite cement from the same well, only 0.3m below the quartz druze,

homogenize at 168°C (sample 236).

Melting temperature:. for aqueous inclusions range from -2.3° to +10°C for quartz and
4.9° 10 +0.1°C for calcite (Tables 2.1 and 2.2). The majority of Tm values for both quartz druse and
caicite cement from the Falher Member are in the range -2.3° to -0.6°C, indicating salinlties of 2 to
3NaCl eq.wt% (Roedder, 1962), i.e. slightly less than seawater (3.5 wt.%). The low \@ng
temperatures (-4.9° to -4.2 °C) are obsarved in inclusions from caicite cement in one sample of the
Bluesky Formation. These Tm values indicate a NaCl eq.wt% of 6.5 (Roedder, 1962). Fiuid
inclusions in two quartz samples have metting temperatures of about 0°C (0.2), typical of fresh
water compositions (Roedder, 1962). ‘Onesample(sampbm,:lhbbz.nbmmm
theCadomitFom\ation. SMWCMwanopmodhamwmd

LY



environment. the low salinity of the fluid inclusions suggests that fresh water was present during
. .

deposition and again during precipitation of late quartz druse.
\
The only likely interpretation Qf the positive Tm values tor inclustons in the Cadomin sampie
293 (Table 2.1) is mehing of a methane hy\drate (Mullis, 1979). This interpretation is supported by
the coexistence of a methane-rich inclusion in the sar;e quartz crystal. Th for aqueous inclusions
in this sample ot quartz druse (85°C) con'esupond to the temperature of present formation water in

\

probably precipitated under present conditions, in contrast to quartz druse in other samples which
7

the water-saturated area of the Cadomin where this well octurs. Quartz druse in this sample

precipitated at maxir*um burial temperatures.

Methane-Rich Inclusions

Methane-rich inclusions of this study (Figure 2.6c) separate into liquid and vapor phases
when cooled below ‘60°5 . The presence of methane is confirmed by a strong methane peak on
Raman ;pectra (Figure 2.7a). In some of these inclusions a solid phase appears below -90°C.
Homogenization temperatures generally range froffi -78° to -61°C, although one inclusion
homogenizes at -43°C (Table 2.1). Most of these inclusions homogenize to the liquid phase, but .

one methane inciusion from a calcite cement (sample 236) and one from Cadomin quartz druse

(sample 292) homogenize to the gaseous phase.

Homogenization temperatures for inclusions containing pure methane shouid be

£-82.5°G, the critical temperature for methane. Mullis (1979) measured the homogenization

*f> ~ temperatures of methane as a function of ethane and propane content for temperatures higher

than -82.5°C. According to his data, an homogenization temperature of -61°C represents

approximately 8.5 mole% propane and ethane mixed with the methane. Altematively, the critical

~
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Figure 27 Raman spectra of methane in quartz druse inclusions. (a) One-phase inclusion; ‘
Cadotte Fm. sample 324 10-7-68-13W6. (b) Two-phase inclusion, spectra on vapor phase;
Falher sa‘ple 394b 7-23-69-13W6. (c) Two-phase inclusion, spectra on vapor phase; Falher

sample 394b 7-23-69-13W6. Spectra were recorded with 514.5 nm excitation under the

foamngcommms (a) 40X objective, 100 cm™1/min for 22 scans, SO0 mw, silt size 500 um; (b)

80X objective, 1OOcm‘1lmmfor323cans 400 mw, slit size 600.um; (c) 80X objective, 100
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temperature of the methane-rich inclusions could be raised by the presence of a small amount of

CO2 (Burruss, 1981). Our data does not permit distinction between ethane and propane or COp

\

Two-Phase inclusions with a Methane-Rich Vapor Phase

?

Two-phase inclusions with a methane-rich vapor phase occur in quartz druse from only one
well. They contain two phases at room temperature (Figure 2.6d) but are characterized by their

lack of visible change when cooled to -190°C (Table 2.1, samples 394 and 395). Homogenization

L4

temperatures are less than or/squal to those of aqueous indlusions (>170°C) in other samples.
v ’ \
On freezing, the bubbles in some inclusions expand slightly at temperatures below -60°C. In

others, there is no observable change at low temperatures but the bubble undergoes a series of
rapid movements when heated from 0° to 20°C. The movement of the vapor phase may have

been caused by the melting of a methane-hydrate. Methane was detected by Raman ”
A

spectroscopy in the vapor phase of two inclusions of this type (Figures 2.7b and 2.7c). The liquid

phase is probably water, but because the liquid phase would not stay under the laser beam during

1

Raman spectroscopy, its composition could not be determined.

Hydrocarbon Inclusions

\ ~
7 ‘

Hydrocarbon inclusions are relatively large (up to 40 um in diameter) and were oQserved

only in calcite cement (Figure 2.6e). On cooling, a fringe of liquid generally begins to form at
about -40° to -30°C gnd gradually expands until about -90°C. On heating, the fringe of liquid
gradually shrinks back to the sides until it finalty disapbears at temperatures betweeon -40°and -
30°C. Analyses of these inclusions by’ Raman spectroscopy was not possible due to the
'ﬂuore;conoe of the sampile from epoxy. The inclusions were examined undef ultraviolet

fluorescent light, but no fluorescence was observed. Atbw,theseinclusiodémayﬂuoresce

»
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weakly. They probably contain some methane with a mixture of higher hydrocarbons (R.C:
Burruss, pers. comm.)

N

Estimation of Formation Temperatures for Quartz Druse and Caicite

>

Cement from Fiuld Inclusions

In general, homogenization temperatures of fluid inclusions are lower than the tra;;ping ‘
temperature (for prima\ry inclpsions. the temperature of crystallization) . However, when a vapor
phase can be demonstrated by fluid inclusion data tQ coexist in equilibrium with a liquid phase, the
homogenization tenlnperature equals the trapping'temperature (Roedder, 1984; p.254). In this:
study, where methane-rich inclusions coexist v;/ith aqueous inclusions in quartz druse end calcite
.eement, the water was saturated with methene. and r;\ethane was present as a vapor bhase.
Under }helee conditions; the homogenization temperatures represent the formation témperature
of the quartz druse or calcite centent in which‘ the inclusions ocgur. - S - N

)

Although as discuseed above, ﬁomogehization temperatures are geqqraliy less than or
equal to the trapping temperatures, Hengr (i 960) suggestgd two situations invoMng methane *
that could produce homqgemzatuon temperatures that ar;&tgher than the trappmg temperatures
These are (1) trapping of a methane bubble with the aqueous phase in the mclusion and (V4]

decarboxylation of acetate dissoived in the entrapped water, to produce methane in situ.

-

-t N

”Inclmionsthatapparefulytrappedbothwaterandamethanebubbledooecurintheeuartz
msewémnamnenesampaeammm,umumwwmm'
those entrapping an homogeneous fluid. Such inclusions have a larger than ormal bubble at
momtemperatumwaonotnamgo!meatwnp«mesmzwc. One such inclusion was
heatedtoZSO‘Cbeforehonnguﬂzatbntookplaee The homogenization temperatures for such
lnchslonswerenonnaw';xdetmw 5
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It is difficult to determine whether decarboxylation of acetate and in Situ production of
methane within the inclusions has occurred. However, following the arguments presented by
Hanor (1980), the maximum possible error in the homogenization terﬁperature of inclusions
examined in this study, caused by the in situ production of methane, is +13°C. This estimate
as§ume;z that acetate concentrations of 5000 g/l were present in the inclusions at the-time of
trapbing. This is the maximum concentration of acetate found in presém-day sedimentary basins )
(Kharaka et al., 1983); concentrations of acetate in the inclusion; were probably lower, causing
correspondingly smaller errors in temperature. Furthermore, the kinetics of acetate |

decomposition aré slugglsh (S.E. Drummond, pers. comrﬁx) and complete breakdown of the

acetate is uniikely in the time available since its entrapment. .

-

Another concern involving the presence of methane in inc?usions is its effect on melting -
témperaturés gnd calculated salinities. Hanor (1980) states that the presence of methane in an '
inclusio;m will probably lower the freezing temperaturé of water by less than a degree.” Hedenquist
and Henley (1985) ealculated the effe’ct of dissolved CO2 on melting temperatures ana
calculatgd salinities. Analogous calculations for the effect of CH4 on calculated salinities can be
made. For our inclusions where Tm=-1.7°C, the uncorrected salinity is 2.8-4quiv. wt.% NaCl
(Réegaar. 1962). Based on the solubiity of CHg @ 200°C and 600 bars (0.6m CHa)( Drummond,
1981), the methane-corrected salinity is 1.7 equiv. ‘wt.% NaCl. Therefore, the salinities reported
here may be, at most, about 1 wt% too saline. '

4

in summary, we are unaware of any likely mechanism that would produce a majority of

inclusions with erroneously high homogenization temperatures. Thersfore, it is concluded that
the homogemzanon temperatures represent the temperatu;es of the fluuds when entrapped. The
temperature for quanz precipitation ranges from 195°C in the west tp 142°C in the east; for calcs\te.
,temperatures range from 168°C in the west to >108°C in the east. The waters were probably as

saline or slightly less saline than indicatid by Tm values (2-3 equiv. wt.% NaCl).



( REGIONAL BURIAL TEMPEWRES
A

)

)

Vitrinite refledjance data for Falher coals in the study area have been bfained by Kalkreuth
and McMechan (1984), Weiss (1985), Youn (1983) 'and Zhu (1981). The highest vitrinite .
reflectance value (1 9z 0.12%). was reported by Kalkreuth and McMechan (1984) for a Falher coal
in the soutﬁwestem par of the area (Figure 2.8). Vitrinite raﬂecti_vlties of Félher coa‘lﬂlnterbegs in
the main area of this stpdy. gradually decrease eastwards from 1.5 to <0.8% Ro (Weiss,1985). The
vitrinite reflectance data of You%‘(l‘gaa) and Zhu(1981) are consistent with those of.Weiss (1985).

. L

Many studies have attempted to define-a universal correlation of coal maturity with
maximum burial temperature. However, the relationship between temperature history and ’
maturation of hydrocarbons“remains a subject of considerable debat;. At least three different
models relating time, tempe'rature and organic maturity have been applied (Lopatin, 1971 and
Wa;;les, 1980; Tissot and Espitalié, 197&; and Hood et al., 1975) to estimate burial tpmperature
aﬁd organic maturify, each giving different resuits in some settings (Daly and Lilly, 1985),
particularly for higher temperatures (ie. >130°C) The most widely used model, that of Lopatin *
(1971) modiﬁed.by Waples (1980), has been used in this study to obtain an estimate of the

imum burial temperature. |

Kalkreuth and McMechan (1984) used the Lopatin (1971)- Waples (1880) method to
" deduce the burial mee history of the sedimentary section for an area including the
‘foothills southwgst of our study area and axtending eastwards to the synclineof theWestem
CanadlanBasm Their easternmost wi mmmmmmpandwawym
(Figure 2.8). In the "Lopatin-Waples 1 medepwﬂonalandtoctonlchbtocyofa ‘
mmsmmawmmwbﬂawwm
reflactsmegeothermalgradbntofﬁnarea. Kalkreuth and McMechan (1984) estimated the

K
. b
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Figure 2.8 Data points and contours for vitrinite reflectance (Ro%) of Falher coals (data from
? Waeiss,1985). The southwesternmost point (>1.9 Ro%) is from Kalkreuth and McMechan (1984).
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recorded in petroleum exploration well logs. Their data indicaté a present geothermal gradient of
27°C/km, which is consistent with results for this area from other workers (Majorolwicz et al.,1985a).
Kalkreuth and McMechan (1984) determined the paleogeothermal gradient using the method of
éluniebart (1979) in which paleogeothermal gradients are calculated on the basis of measured

\ ’ .
vitrinite reflectance and the integral of time and depth. Their data on Lower and Upper

Cretaceous coals from four wells indicate a paleogecthermal gradient of 27°C/km. Time- *
temperature indices (TT1) w’ep'e calculated from the t}rne—dépth(temperatufe) curves assuming a
doubling of the organic reaction rate for every 10°C increase in temperature (s;e Kalkreuth and
McMechan, 1984 and Waples, 1980 for a full description of the method). The final TTI was
translated to a Ro% value using the TTI-Ro% calibration presented >by Waples (1980).. The close
match between the calculated Ro% value and the measured Ro% value for each unit indicate that

the burial history curves are approximately correct. Kalkreuth and McMechan (1984) calculated a

maximum burial temperature of 175°C for the Falher in the southwestern part of this study area
' (Figure 2.9).

~ : - \

32

Similar calculations have been performed here to determine maximum burial temperatures k

across the study area.. Simplified burial history curves modified from Kalkreuth and McMechan
(1984), and their present ’and paleogeothermal gradients of 27°C/km, were used to estimate
burial temperatures. Four points on thé burial history (time versus depth) curves were
determined: . | ‘ N

i _ (1) Burial of the FalheﬂJeganatabouHO? Ma (Kalkreuthanndh:ed'lan 1984); - Point 1 -
Time=107 Ma, Depth=0 m. R

' () Bunalqthe Wapcti began at 75 Ma (Caldwell et al., 1978; Obradovich and Cobban,

1978). Snncethereispresently 1650mofsod!mentbetwoonthdhorandtMWapm tthalhor
wasatadepthoprroxnmatwwwmwhendepodtion oftheWapiﬁboganamMg. Poimz-

Time=75 Ma, Depth=1650 m.

~
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Figure 29 Geographic distribution of maximum burial temperatures for the Falher, calculated
using the Lopatin (1971)-Waples (1980) method (see text). Co;;tours, from Figure 2.8, provide
boundaries for the temperature zones.
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(3) Subsidence and burial were continuous from the early Cretaceo‘us until uplift occurred
during the late Paleocene-early Eocene. Maximum burial is assumed to have occurred
|mmed|ately before the onset of uplift. Kalkreuth and McMechan (1984) estimated the beginning
of uplift ;t 48 Ma based on K-Ar cooling dates in the Omlmca Crystalline be|t to the west
(Gabrielse, 1975). Valugs for depth or temperature of maximum burial were varied until the
calcul%ga Ro value matched the measured Ro value. Point 3 - Time=48 Ma, Bepth=va‘n‘able
dependgnt on the value of the measured Ro-to be duplicated by the calculation.

(4) The final point of the curve reflects the present depth and formation température

which decreases eastwards across the study area. Point 4 - Time=0 Ma, Depth=present burial

\
\

depth. ,

Temperatures range from 144°'-1,54°C where Ro=1.45:0.‘1%, 134°-144°C where
Ro=1 .25:0.1%. 119°-134°C where Ro=1.0520.1%, 111°-127°C where Ro=3.9510.1;)6 and 97°-
1112C where Ro=0.75:0.1% (Figure 2.9). Standard daviations on vitrinite reflectance data
reported by Weiss (1985) were generally +0.06 to +0.1 for at least 50 measurements. The error
range in Ro vdues results in a tempe,?tu;e range of <10°C. The calculated temperatures are
equivalent to maximum burial depths of 4800m, 4400m, 4000m, 3800m and 3000m.

i Y

By the Lopatin-Waples method, the time spent by the coal at the highest temperatures
\Imostaffectstheﬂnalmatuﬁtyoftheeoal;timespemwmcoalalowertgmperatureshasmtle
effect on the final coal maturity. Hence, the maximum burial temperature is essentially ]
independent of burial history. mgemnmmmgradmaewmmnnmaxknummmmnan'
Wm-mmmwmtmm;ummmmmmmm
temperature itsot. AssumingtheLopatin.-Wapleememodtobe'valld the calculated temperatures
mmmwabwemmemumumpaduemmwmmwmmm E
measured vitrinite reflectance valuss. chammmmmammmmmm}o

dafw‘cmuhmmawmwmmmnmed.
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COMPARISON/OF FLUID INCLUSION AND-CALCULATED BURIAL

? TEMPERATURES

In Figure 2.10, contours for maximum burial temperatures (Figure 2.9) have been

superimposed on a map showing the geographic distributiori of fluid inclusion temperatures *

-

(Figure 2.5). The squares and crosses on this diagram represent Iocations where the fluid
<+

inclusions analyzed were in formatlons other than tNe Falher The temperature assoctated with ~
\
each of these symbols is the temperature calculated fer the Falher assuming a geothermal

" gradient of 27°C/km. : 3 ’

A difficulty in using ﬂurd inclusion temperatures to caltbrate orgam;\ maturity data:s that the
timmg of fluid inclusion emrapment relative to maximum burial is generalty not\mown However, in
this case, quartz homogemzatron temperatures are sufﬁcrently high (\7{) -195°G) to suggest that
this quartz druse preclpttated near maximum burial condmons Petrograbhrc relatlopshrps indicate
that quartz druse is a relatively late diagenetic phase, formed after compactron and gralr{ fracturing

(Chapter 3). Petrographic data also show that calcrte is the latest diagenetic pnase inthe Falher
\

after quartz druse (Figure 2. 4b) Figure 2.11 shows that temperatures for calcite precrprtatlon are ’

generany lower than temperatures for quartz druse. These facts suggest that oeJcrte premprtated .

as fluids cooled during uplift . “Inthe Cadomin, about 400m below the Falher; ﬂurd mclusrons in
‘ A

some quartz druse homogenize at 151°C. Whether this temperature represents the maxﬁnum :

bMal temperature for the Cadomin at that location or whether the quartz drus¥’ precrprtated dunﬁg

4

‘cooling cannot be ascertained. In summary. only the hlghest temperature quartz deta were
e

assumed to represent condrttons at near méxrmum burial lower quartz and catcrte temperatures

may rdpresent precipitation from fluids which had cooled during uplrft - L

.
-
. -~

35

A temperature-distance plot comparing fluid inclusion temperatures with those calculated -

using the Lopatin-Wapies, maturity-temperature calibration is shown in Figure 2.11. The

e
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A-A'in Figure 2.10. Temperatures in Figure 2.10 are projected perpendicularly to this line to
locate th)if position on the horizontal axis of this figure. The range of calculated maximum burial
temperatures (from the Lopatin-Waples method) is showr: by the diagonally striped band. bfluid
inclusion temperatures for quartz druse generally lie weil above this band in the western part ot
the area, ih the east, they generally lie closer to the band of maximum burial temperatures. Fluid
inclusions temperatures trom calcite cements commonly lie within the maximum bunal

.

temperature range.
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horizontal axis is the line A-A' on Figure 2.10. Notably, quartz temperatures are significantly
higher than the calculated maturity temperatures in the western part of the area (170°-195°C
versus 144°-154°C). Calcite temperatures ger.wralty tall within the range of caiculated burial
temperatures. In at least one western location. quanz fluid inclusions (Th=190°C) occurred only
N\ 13m below a coal bed with Ro=1.4320.1 (T=144°-154°C) in a nearby well. The ditference

between the highest quartz temperaturss (190°-195°C) and the vitrinite reflectance temperatures

(144°-154°C) must be explained.

38

Two explanations are possible: (1) the temperatures calculated from vitrinite reflectance are

inaccurate, and should be higher; (2) fluids with temperatures higher than the ambient rock
temperature resided in Cadotte and Falher conglomerates, at least for a short time. In view of the
uncertainty in the relationship between temperature history and maturation of hydrocarbons,

neither explanation can be summarily discounted.

EVALUATION OF TEMPERATURE-ORGANIC MATURITY RELATIONSHIPS

The most fundamental disagreement in relating temperature history and maturation of
hydrocarbons is whether maturity is time- as well as temperature-dependent. The three models
listed earlier (Lopatin, 1971; Tissot and Espitalie’.1975; and Hood et al., 197.5) all assume some
time dependence. However, Price (1983) and Barker {1983) argued that the Ro% vélbe i
determined only by the maximum burial temperature if the time at that tempe?amre is at least 104

* 10 108 years. Price (1983) presente:;a relationship with no time-dependence between Ro% and
temperature. Lérche et al. (1984) later tested tfis retationship in a number of different basins and
after obtaining very poor fits with his data, he conciuded that the Price relationship is a poor
measure of observed Ro values. Edjedawe and Coker (1986), in tum, argued that abundant
experimental and field evidence has shown that maturation is a function of both temperature and

tifhe. Altebaumer et al. (1981) demonstrated that vitrinite reflectence is strofigly dependent on

.



the heating rate. This dependence explains why maturity values at a given temperature in
gecothermal s or laboratory experimentd, where heating rates are relatively rapid, are
significantly lower than in burial settings where temperatures have increased slowly. At present,

t
the most widely held view is that organic maturity is a function of time and temperature, but

temperature plays the most important role, particularly at temperg\tures >130°C (Gretener and

Curtis, 1982).

Assuming that time is important, the kinetics of organic reactions becogie important. First-
order kinetics are most commonly assumed (Lopatin, 1971; Tissot and Espitalie, 1975, and Hood
et)al._ 1975). However, Price (1983) pointed out that experimental evidence shows that more
rapid increase in reﬂecténce occurs during the initial heating periog (Pearson, 1981, p. 32), and
the reaction, therefore, is not first-order. Tissot (1984) concluded that first-order kinetics is valid
for reactibns with low activation energies, such as the transformation of organic mane;r during the
beginning stages of oil generation. However, at peak oil generation or during gas generation,
activation energies are much higher and 'correspond to reaction rates multiplied by 41010

N

(ﬁssotj%«t; instead of 2 used by Lopatin-Waples).
n

Several problems can be identified with the most commonly a‘pplied Lopatin-Waples
model. The TTI-Ro% calibration presented by Waples (1980) combines data from Types 1, I and
Ill organic matter and as a result, underestimates maturities for Type Il kerogen (Heasler and
Surdam, 1985) and overesti.mates the maturity of Type | kerogen (Sweeney et al., 1987). This
problem>is probably not important for Type ill kerqgens that comprise the coals of this study.

More importantly for this study, Issler (1984) showed that different regression equations
relate TT1 to Ro% in different basins. Waples' (1980) relationship is an avera{e TTI-Ro% equation
for many differeqt basins. At TT! values <10, the correlation between the different regression

edmis/gooddndtheavefagerelaionshipdeﬁvedbyWaplescanprobabtybe ied in

i



q
different bas{ns. However, at higher maturities, the regression equations for different basins stan
to diverge. Calculations for the Alberta Deep Basin (this study) using thq regression ec}uatlons
presented by Issler (1984) indicate that for a TT1 value of 267 (maximum burial temperature =
149°C), Ro values can range from 0.91% (érand Banks correiation; Issler,1 984) t0 2.40%

" (Lopatin, 1971). Obviously, if the burial history curves are to be adjust& 80 that calculated Ro%
values match the measured Ro% values, use of the correct regression eqt;ation relating TTito
Ro% is critical. The large variation in Ro% values corresponding to one TT1 index is the result of
underestimation of the calculated maturity (TT1) in some basins. Such underestimation results
from (1) the use of present-day temperatures to recdnst}uct the/thermal histdry in thermally
unstable basin§ (eg. Labrador Shelf; Issler,1984); and (2) und'eresti;nation of the amolint of
erosion that occurred (eg. Canning Basin and‘Lopatin‘s borrelation; Issler,1984). | Iss|Lr (1984)
believes that these errors are minimized.in thermally stable’basins where sediments are presepftly

_at their maximum buriz;ﬂdepth and temperature (eg. Scotian Shelf and the Grand Baﬁks Basing). In
such basins, local calibrationg of TT1 will yield results closely approximating a universal TTi-Ro%

- refationship (Is;slér,1984). This conclusion suggests that the high fluid inclusi;n temperatures
(170-195°C) inv the Alberta Deep Basin may reprgsent the true m;ximum burial temperature a;wd

that these temperatures might be used to recalibrate the 'i'Tl-Ro% relationship specifically for th}e

Alberta Deep.Basin. However, due to the existing un@mmm' in the calibration-equation, -

ambient rock te;nperatures could have been any temperétt\:re ranﬁng from <150°C Ato 190°C

where fluid temperatures were 190°C. ‘ : - .

% :
THERMAL ANOMALY

{
- The fluid inclusioh data show that the fluids attained temperatures much higher than
previously thought for this part of the Deep Basin (Majorowiez\at al., 19850). if the calculated
maximum burial temperature (150‘C)isoorred,ttwunbiortmcktenmwn1wcm

mmmmmmaegmwwc.uwammumw’amm

¢
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thickness was present. Convarsely, if the fluid inclusion temperatures represent the true burial
temperatﬁre (i.e. calculated burial temperatures are Inaccurate), a thermal anomaly on a much

larger vertical scale was preésent. For a maximum burial temperature of 190°C, geothermal ’

gradients must have been much higher than at present (~-38°C/km instead of 27°C/km), or

[}

significantly more erosion occurred than was previously recogniz‘e\d. Because several studies
N ; .

across Alberta suggest that eroded thicknesses were in the range of 1500 to 2000m v
< a
{Hacquebard,1977; Nurkowski,1984), higher geothermal gradients seem more probable than

significantly more erosion. A

. ¢ -
In the first case (ambient rock temperature = 150°C; fluids in the porous conglomerates =
P
1 .
190°C), the temperature difference suggests that hot fluids were injected into conglomerates of -

the Cadotte and Falher Membé$s without signific&ﬁy aftecting the surroundin‘é sedimentary

rocks of lower permeability . The lack of heat flow into less perme? e rocks suggests that heat

transfer was dominantly by convection in the permeablé zones but by conduction in thé-units with  _:.
low permeabilities. Using an intruding hqt magma as an analogy, the change sg temperature of the

wall rock is 20% of the initial temperature difference, for a distance outward from the intrusive

1] » .
~ midplane of 2.5 times the body half-width (Ngrton and Cathles,\1 979). In the Deep Basin, the
- { ! “a
conglomerate is 7 metres thick and the initial temperature difference was at least 40°C.

Surrounding shale for a distance up to 5.5m from the permeable conglomerate would be raised in
temperat'l,re by ‘ohly 8°C. The vitrinite reflectance in one particular well was measured from a coal

_t;e\d1 3 m above the conglomerate bed. This coal bed wouild not have seen any increase in
temperature. Even if hot fluids did flow through the coals, time of exposure to hot fluids may have

”

\

been tog short to significantly alter the maturation of the coal.

¢ Yt
- ‘ )
2 | d case, a high geothermal gradient is ftiicated in the western part of the study

' \
area. -In'the absence of tectonic or igneous activity in the immediate area, the most probable
" mechanism for raising geothermal gradients is fluid flow. Several authors have described or
a . ’ ,
-



*modelled the increase in geothermal gradients in discharge areas by the upward movement of
relatively hot fluids from deeper parts of the basin (Hitchon,1984; Smith and Chapman,1983;
Bethke,1985,1986: Garven,1985). The western part of the Deep Basin could be on the

dischatge pathway of deeper hot fluids.

Two possible pathways for the influx of hot water should be considered: (1) vertical flow
from undertying formations via fractures or cross-formational flow; or (2) intra-formational flow,
updip along permeable beds or bedding-plane fracturﬁ/Waters originatiAng in or flowing fhrough
the undertying Permian-Triassic, carbonat&evaporite section should have high salinities and high
5180 values (~ +7 10 +9 ©/00 SMOW; Suchecki and Land,1983). The Falher waters at 170-
195°C have low salinities (2-3 wt %) and low 5180 values (+3 ©/00 SMOW, Chapter J).

Therefore, it seems unlikely that hot u(ate\rsfyere derived from the underlying evaporite section.’
~ \

. 1 '
The more likely alternative is that hot fluids migrated updip within copglomeratic beds and
along beddi\ng-plane fractures within the Cadotte and Falher. The presem-day slope of the

conglomeratic units in the Falher is about 1.6%; calculations of paleodepths using vitrinite  *

reflectance data (Figure 2.8) suggest that the slope incneased‘ westward to about 6-7%. The coal

maturity data of Kalkreuth and McMechan (1984) indicate that maximum burial depths aed
temperatures were attaiped at the synclinal éxis of the basin, immediately east of the disturbed .
pelt. The perpendicular distance from the synclinal axis to the linear zone (maximum burial
b temperatures ~ 150°C, Figure 2.9) is about 25-30 km. Assuming a downward slope of 8.6%
westwards from the 150°C zone, the maximum burial depth at the sy axis‘eouldhavebeen"
" 6450m with burialtel}lperatyreso;ws‘C. If the gecthermal gradient increased towards the
synclinal axis,thentprialtamperamresv_vouid be @ven higher. Henco,ﬂ‘uldswlthtemperaturesas

higha3200°CoouldhavemigfatedupdlpwkhintMpermauocongbmerate.
r . .

-

42



43

r
o

The distribution of quartz druse provides support for the model of. eastwardly migrating, 7
~hot, silica-saturated fluids. Large quartz druse in the Falher and Cadotte is found only in the

west\em E)an of the study area (Figure 2.5). Th.e eastward decrease iq abundance and size of
quarﬁ druse suggests that the source of silica-supersaturated water was to the west. Pressure
solution of chert grains in conglomerates, which is common in the vge‘stem part of the study area,
.provides a possible mechanism for waters to bgcome supersaturated with respect to quartz. In
the Gulf Coast, present waters are commonly supersaturated with respect to quartz by‘as much as
50 ppm (Kharaka et al.,1977; Morton et al.,1981). Such concentrations suggest that under
reservoir conditions, a fluid can become oversaturated with respect to q:uartz to a limit of 50~ppm
before precipitation of quartz actually occurs (L;’ind.1 984). it each litre of water ;;assing through

+ 7 conglomerate with 8.7% porosity (Cant armd Ethier, 1984) precipitated 5Q mg of si:;ca, then 26 X
104 t0 53 X 104 itres or 3X 103 t0 6 X‘ 109 pore volumes of silica-supersaturated$iuid must have

) "

passed through the dne cubic metre of rock.

CONCLUSIO:NS AND IMPLICATIONS

! Burial temperatures calculated from coal vitrinite reflectance data using the Lopatin-Waples

" method have maximum values of 144-154°C in the weste"m part of the study area, whereas fluid
inclusions in quartz druse at the same location homogenize at 190°C. The discrepancy betw;en

-thé two type; of temperatures can be explained in two ways: (1)'ﬂuids in conglomerates were at

temperatures 40°C higher tan ambient rock temperatures; or (2) the correlation of coal maturg
with maximum burial temperatures in the Deep Basin is inaccurate. Both explanatbns are equally/ "
plausible. In the first case, where the calculated burial'temperatures repiesent the ambient rock
temperature, a thermal anbmaly on a in_\ited vertical scale was present. Hot fluids moved through

. these rocks at a rate fast enough such that their heat was not,dissipated along the pathway. A

relaﬂvetyshoﬂduration,ofﬂoworitsconﬁnemrttoporousrocksisimpliedbythelackqfeﬂectori

*
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coal matqrity. In the second case, ged.thermal gradients of ~38°C/km ‘(ver3us 27°C/km) are
indicated and a thermal anomaly oh an extensive vertical scale was present. A temperature for \’,/
recalibration of the TTI-Ro% index (Waples, 1980) specific to the Deep Basin is available (; 4Ro%
correlates to 190°C). Such recalibration may allow prediction gf maximum burial temperatures
throughout the Deep Basin that differ sigr;iﬁcantry from those presently assumed. RegarQless of
M;ether or not calculated burial temperatures are accurate, unexpectedly high temperatures
(190°C) were presenf in at Ieast.the Falher Member of the Spirit River Formation and the C_adotte
Member of the Peace Rive; Formation. ?ither just the fluids, or the entire unit, were at these
temperatures. A redistribution of heat by fluid ﬂbw is ;he most logical explanation for these high
temperétures in the Deep Basin. - \

An important implication of these results pertains to the interpretation of stable isotope
-data. Stable isotope analyses- of diagenetic minerals can be used to deduce the isotopic
evolution of porewaters if the temperature of the porewater is known. The temperature of the
porewater is commonly estimated from the maximum burial temperature which, in turn, is
commonly calculated from maturity data. ﬁfe:possible ditference between caiculated burial
temperatures and the actual fluid temperaturés in this study, emphasizes the importance of
knowing the actual temperature of the fids. In this case, use of the maximum burial temperature
;1 50°&>) instead of the ﬁuid t‘em;;eratu;e for precipitaﬂoh of quartz druse (190°C) would produce

. : N N '
calculated oxygen-isotopic compositions for the porewater of 0 /00 versus +3 /00 SMOW.

»
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YHE LOWER CRETACEOUS FALHER MEMBER AND CADQOMIN FORMATION,
. N
, ~ INTRODUCTION

! Stable isotope analyses of diagenetic minerals can be useful indieators af porewater -
evolution, in'sqdir?nentary basins (Longstatfe, 1983,1987; Land,1984) and are pote‘ntiat indicators
of regional paleofiow patterns. However, without data for the temperatures of the fluids which A
precnprtated the dlagenetnc minerals, interpretation of the stable isotope data is severetg limited. in
some studres th'; maximum bunal temperature is estimated from the maturation of organic material
’ and this temperature is used to constrain the data Using this constralnt Longstaffe and Ayaion
(in press) and Ayaton and Longstaffe (in press) demonstréted that an influx of meteoric water
during uplift of the Westem Canaoian Basin is required to explain the lsotoptc results for ,
diagenetic minerals in the Belly River and Viking Formations of central Alberta. However, they
were unable to tightly constrain the changes inthe 61 8 O value of porewater durtng burial, prior to

the meteonc recharge event An important complicating tactor is that the maxtmum tempereture
forattutd ataparucular depth may not be the same as the maxnmumbqrialtefnpemure catculated
from maturity data. AsshowninChapterz,thermalanomaliescausedbyrtstng.hotporeﬂutds '
occur and may be quite common in sedimentary basins. Insuchcasee.themaximumburtal

temperature is not a reliable constraint for interpretation of stable isotope data.

mepumosemmisbapaistomemeteﬁperamesmwbmﬂuwm&nmm
presented earlier (Chapter 2) tormerpretstableisotopedatatordtagemﬂcmtnerablnwer
CretaeeomsandstmesandoongtomeratestnmerenaDeepBastn(thwe31) mfottwing
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1. To what extent was meteoric water involved in diagenesis on a regional scale in the
Alberta Deep Basin?
2 How did the isotopic composition of porewaters vary in rasponse to major .geological
events?
,} 3. What was the relationship between diagenesis and the large scale production and -

/
" trapping of methane gas?

Sandstones from the entire clastic sedimentary section in the Alberta Deep Basin have
been examined; however this presentation is limited to two Lower Cretaceous units: the Falher
Member of the Spirit River Formation and the Cadomin Formation (Figure 1.2). The trends in
diagenesis and porewﬁ*r evolu-tion in the Faiher Member are representau've.of most Lower and

Upper Cretaceous sandstories. Late stage diagenesis and porewater évolution in the Cadomin

" formation are significantly different.
DEPOSITIONAL SETTING

Figure 3.2 is a southwest to northeast cross section t'hrough the study area showing th
major facies changes in each of the Lower Cr;taceous upits. The Falher Member of the Spirit |
" River Formation is composed of shoreline conglomerates, sandstones, shales and coal in the \
southern part of the study area, and marine coarsening-upward sequences of shale, siltstone and

4
sandstone in the Morthern part (Cant,1983; Smith et ai., 1984). The Falher Member is underiain

”,

by marine shales; smstonesandsandstonesoftheWilnchMembor,andisoyeﬂalnﬁym
Notikewin Member which is shalier than the Falher and represents the last puise of sedimentation -

before the transgression that resutted in the ovedlying Harmon shale (Cant, 1983).

Within the study area (Figure 3.1), the Cadomin Formation is a distal, gravel-dominated
braidplain deposit (Varley, 1962, 1964; Smith et al.,1964) ranging in thickness from 10 19 m. I

-
)
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LEGEND

[0 g Alluvial plain and braid plain - conglomerates and sandstones

Lower delta plain - mud, silt, thin sands, coais
\

Barrier bar sands - coarsening upward sands

B g Wave dominated sand delta - conglomerates and sands

gEaResal River dominated mudl delta - muds and silts
KKK

9
Salt marsh/ mud flats - mud, silt and coal -

Subtidal bay - mud and thin sandstones

Offshore silts, thin sands and marine shale

| Conglomerate or sand-filled channel

»

, Figure 3.2 cont. Legend for Figure 3.2.
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unconformably overlies Upper Jurassic to Lower Cretaceous sandsu mes of the Nikanassin

Formation and is overlain by continental coals and fine-grained sediments of the Gething

Formation.
ANALYTICAL TECHNIQUES

Samples of sandstones and conglomerates f?om the Falher Member of the Spirit River
Formation and the Cadomin Formation were examined using a variety of analytical techniques:
optical petrography, scanning’electron microscopy (SEM), energy dispersive spectrometry (EDS),
X-ray diffraction (XRD), electron microscopy and oxygen-, caroon- and hydrogen-isotope

geochemistry.

X-ray Diffraction

The mineralogy of diagenetic phases was confirmed using X-ray diffraction. For clay

minerals, the <2 pm size-fraction was separated using standard sedimentation techniques. About

o

50 mg of Ca- and K-saturated portions of the <2 um material were.dispersed in distilled water and/
depbsrted by suction upon ceramic discs, producing a preferred orientation of platy minerals. ﬁe
samples were analyzsa using aPnitiios X-ray diffractorneter with Co K-alpha radiation (50kV,
20mA). Diffraction pattemns were obtainad for Ca-saturated samples at 54% relative humidity and
following saturation with athylene glycol. To confirm the identification of the clay minerals,
additional diffractograms Were obtained fcr the K-saturated samples at 0% and 54% relative
humidity, and upon heating to 300°C znd 550°C. The relative humidity of the samples was

controlled prior.to, and during analysis. o ,

The <0.2 um size-fraction was obtained by centrifugation following Jackson (1979), and

examined by X-ray diffraction. Oriented mounts (glass slides) of the <0.2 um material were



I‘ ) (a4

studied at 0% and 54% relative humidities, following solvation with ethylene gtycol, and upon
heating to 550°C; these procedures were used to identify the mixed-layegclays concentrated in

this fraction.

Relative percantages of clay minerals were estirﬁated from the (001) diffractions of illite, '
kaolinite and the 13A diffraction for illte/smectite (ethylene-glycol solvated samples). The chiorite
(001) diffraction was measured on samples heated to 550°C; appropriate corrections were applied
for the overiap between the kaolinite (001) and chlorite (002) diffractions. Details of the
calculations, including form factors used -to account for variations in crystallinity among the clay
minerals, are given in Dean (1985). Reproducibility of duplicate analyses is about =15% of the
amount present. The percentage of expandable layers in illite (Taple 3.2) was determined

following the procedures of Sroddn (1984).

)

/
7

Relative percentages of carbonate minerals were estimated by ditect comparison of the
L}

relative peak intensities of the (104) peaks at d-spacings between 30and2.7 ;\

lsotopic Anilyou
Oxygen- and carbon-isotope data are presented in the usual d notation relative to
Standard Mean Ocean Water (SMOW) for oxygen and hydrogen (Craig, 1961) and the
Belemnitella americana from the Peedee Formation (PDB) for carbon (Craig, 1957). An oxygen-
isotope, CO2-H2O fractionation factor of 1.0412 at 25°C has been empioyed in these .

calculations.

Oxygenwasmraaedﬁunsilcaenmawmhgtmsﬁsmwwddcwmnmdmm
(1963), andquarﬁit&ivelyoawertedtoCOzovarred-hotgraphle Prior to this procedure, the
1smmmmma1w°cwmmammmmmmumw

56



57

hours prior to loading in the reaction véssels. The reaction vessels and their contents were
avacuated at 350°C for two hours prior to treatment with Brf 5. Duplicate analyses of clays
indicatet} that results are independent of the evacuation temperature, 350° or 160°C. Replicate
analysaes of unknowns were norally better than 0.2 0/;0. Duringithe course of these

experiments, NBS-28 gave an average value of +9.61 x0.12 %/00.

Carbonate minerals were prepared for isotopic analysis by reactirig powdered rock samples
or mineral separates in anhydrous H3POQ4 at 25°C, following procedures described by Walters et
al. (1972) and modified after McCr;a (1950) and Epstein et al. (1964). CO, was extracted 1 hour
after raactbn at 25°C for calcite, after 10 days for ankerite or dolomite and after 21-27 days for
siderite. 3180 results for replicate siderite samples treated at 50°C for 16 hours differed from the
results for runs at 25°C for 21-27 days by less than =0.4 9/o0; 813C resutts differed by 0.1 %/oco.
For th.e 10 and 21 day reactions, the gas evolved after fhe first 3 hours was pumped away to avoid
contamination by calcite. Where ankerite was present with minor amounts of dolomite but caicite
was absent, the gas evolved after 1 hour was measured as ankerite. Anélyses obtained for pure
ankerite after 1 hour compare favourably with those of the 10 day runs for pure ankerite. The
following total carbonate COg-H3P04 extracted CO2 fractionation factors (o) at 25°C were used:
1.01025 for calicite and 1.01110 for dolomite (modified after Sharma and Clayton,1965), and
1.01163 for siderite (Rosenbaum and Sheppard, 1986). The dolomite a was, used in all
calculations for aﬁkerite; using the a (25°C) for ankerite reported by Rosenbaum and Sheppard
(1986) would lower the values reported here by about 0.66 ©/oo. During these experiments,
NBS-20 gave average 5180gpow = +26.50 £0.02 9/00 and 13C =-1.17 +0.01 %o00.

Mineral Separation

-

Mineral of authigenig dickite, quartz crystals and calcite cements were obtained




suitable carbonate and silicate samples for oxygen- and carbon-isotope study required a variety of
physical and chemical mineral separations. The purity of all separations was verified by X-ray

diffraction as well as SEM techniques (if required), prior to isotopic analysis.

Carbonﬁv Minerals

Caicite .

Most isotopic analyses for caicite were made on samples where caicite was the only
~ carbonate mineral present in more than trace amounts. For samples that contained up to 40%
dolomite and 10% ankerite with the calcite, gas was extracted from the 5-45 um size fraction after
one hour of reaction .
Ankerite

Where ankerite occurred as a cement in a sample containing grain-size dolomite, the -
sample was crushed and sieved to obtain the 45-75 um size fraction. This size fraction was put

through a Franz magnetic separator to collect a pure ankerite separate which was checked by

XRD. Separation of pure ankerite was not achieved in samples where calcite cement was present.

Siderite V

58

in the Falher, only one sample had sud? ite present in sufﬁcuent quantmes for analysss The

sadente sample from this conglomerate contained 65% siderite, 25% calcite, <5% ankerite and
<5% dolomite. The gas produced after 3 hours of reaction was dlscard'ad. but there may still have
Beenson:eoomarninatiol;\. For comparison, 8380 values of siderite samples from the Cadotte
MémbeiofmepeacenwerFormauonareabomz'°/oomoreemichodmantmamorsanipie.
mCadatesbcamdnmetresstraigmpmcalyabwemeFahermamdMW
setting. 1t is possible that, in the Faiher sample, oontaminationisrespomiblotorltslomrb‘ao
value. TheoneanalysiafromtheCadomi\nrefpresoms'aroekpwderof a sandy conglomerate

where siderite was the only carbonate present. \



Sllicate "Minerals

Authigenic quartz

To séparate the quartz overgrowths in sandstones, samples Qere crushed using a mortar
and pestle, and disaggregated in distilled water using an ultrasonic probe at low power. The
samples were then dispersed in distilled water, and the suspended fraction removed. The
samples were dried and the size fractions including the majority of detrital quartz grains were
obtained by sieving. Non-quartz minerals were removed from this fraction following the chemical
treatments of Syers et al. (1968).and Jackson (1979). The quartz bvergromhs were then isolated
from the detrital quartz following the method of Lee and Savin (1985), and examined for
authigenic morphology and purity using the scanning electron microscopé. Only results for
quartz-rich sandstongs are reported. In sample\s where chert was abundant, the hydrofluoric
etching process appéared to break up the chert particles as well as the quartz overgrowths.
Authigenic lliite, Illite/smectite (1/S)

llite and I/S were concentrated in the <0.2um size fraction, which was obtained by
centrifugation. No chemical treatments were used dt.:ring the size separation. The <0.2um
samples were apalyzed by X-ray diffraction prior to isotope analysis. Any samples with greater than
trace amounts of quartz kao|init;a or chloa;ite were rejected befon;e isofope analysis. it carmﬁae
minerals wereﬂ present in the <0.2um sample, the sample was heated to 65°C in 10% HCl for 2-4
hours and then washed in distilled water.
Chiorite

The 3180 values for a mixture of clays in the <2 um size-fraction were obtained, following
which the chlorite was removed chemically. This procedure involved immersion in 10% HCl at
80°C for one hour, followed by boiling in a 3% Na2CO3 solution for ten minutes to remove silica
associated with the decomposition of the chiorite. No appreciable effect uponthe axygen-
isotope eomposmon of the remaining material (henceforth referred to as <2 um-HCl) results from
this treatment (Longstaffe, 1986). Examination by XRD of the <2 um-HC! material showed most

\ .
‘ samples to be comprised of kaolinite and illite=/S; a few samples comprised of only ilite=/S. The

-
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6180 values of these samples were measured directly. The 5180 of the chlorite was calculated

(to +1 ©/00) from the isotopic values obtained for the <2 um and <2 um-HCI samples, and chlzma

abundances estimated from XRAdata.

Calculated 8180 values for chiorite range from +1.8 to +7.1 %/oo. However, tHe
percentage of chlorite in each sample was determined by XRD which can underestimate the

&

abundance of chlorite. If the percentage of chlorite in the sample is assumed to be 10% greater
than measured, the 8180 values then range from 4.3 to 7.8 ®/oo, a much narrower range. It is

possible that the 6180 values for chiorite are low by as much as 2 or 3 %/00.

PETROGRAPHIC AND ISOTOPIC RESULTS

! Detrital Minerals

The Falher is composed of both unimodal and bimodal conglomerates and very fine to L4

coarse-grained sandstones. Granules and pebble-sizé clasts consist mainly of chert (45%) and
silicified finegrained rock fragments, both sedimentary and voicanic (52%) (Canta?nd Ethier,
1984). The sand matrix consists of quartz (45%), chert (25%) and sedimentary and volcanic rock
fragments (30%) with minor feldspar, mica and heavy minerals (Cant and Ethier, 1984). The
majority of sandstones are composedof 50-70% quartz, 10-30% siliceous rockfragmems of chert
and altered grains, <2% feidspar and up to 20% d‘d dalomite and dolomlte-replaced grains.
Rare sandstones, mosuymmnonho;npanofmestuayarea. are feldspar-fich with 15-35%
feldspar, 10-40% siliceous rock fragments or chett, 10-20% duartz, 10-30% .n!em&olcm

| WM152§% altgﬁdgrains. ) Z’A o

”

TheCadominiscomposeddomham'poody-somddast and matrix-supported )
oonglomerates,withsomsandstotm(vmneu) Pohbhteu@ofmaﬂydnﬂwbm
,mmmmmwuammamwmwmm@sww .‘

N ’ Lt . . 3 N
- . R . -
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. . . .
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Dlag'enetlc> inerals

o .
. >
Dlagenetlc minerals in the Falher include hematite, sodeme chlonte dolomrte quartz

e
overgrowths, albite, |l||te quartz druse, dickite, ankeme caicite and mlnor amounts of pyrite (see
Table 3.1). The diagenetic mineral assemblage in thé Cadomin is more Iimitqd and includes
siderite, kaolinite, quartz overgrowth;, illite, quartz druse and dickite. Gréin fracturing and
pressure solution are common in clast-suﬁported conglomegrates, whereas grain dissolution,
compaction'and diagenetic mineral precipitation and dissolution are common to all the
sedimentary rocks examined. In sandstones, most pore spaces have been occluded by
dia(;enetic cements. [n conglomerates, primary pore space was farge enough that its reduction in

size by diagenetié cementation is insignificant in some places; in some samples, however, pores

are totally occluded by kaolinite or caicite.

~ Hematite
Hematite fills some pores in one Falher conglomeérate examined. Other pores in this
sample ha\{e remnant traces of hematite which indicate that hematite was present before the
preci,pitatio;i of quartz overgrowths and 6a|c'rte cement (Figure 3.3a). The traces of hemat}te

suggest ihat other po}e space-once occupied by hematite has been replaced by siderite and then
calcite. |

‘ : )
Siderite

Siderite is present in both the Falher and Cadomin, although in the Falher, siderite is

' ]

usually observed only in samples south of township 71 (Fugure 3.4). Siderite oocurs in Falher
sandstones as clusters of gram-coatmg rhombs which are commonly overlain by quartz -+
overgrowms (Flgure 3.30), Detrital dolomute of grains which were replaced by dolomite dunng
eady Qiageness generally bompme wtogﬂ% oftheframework grains in Falher sandstones
MM@spmsemandmwumeNesbewaedWMe SldantemPalher
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Figure 3.3 1

(a) Thin section photomicrograph showing remants of hematite (Fe, arrow). Hematite was
present before precipitationof quartz overgrowths occurred, which in turn, were precipitated
before calcite cement. Plane polarized light. Falher (6-28-69-12 W6, 2139.4 m) #Field of vielz

is 0.83 mm.

(b) Thin section photomicrograph showing rims of siderite (arrow) coating detrital quartz
grains. Siderite rims are overlain by quartz overgrowths. Plane polarized light. Falher (11 -4-

70-11 W6, 1988.3 m). Field of view is 0.42 mm. ‘;y
| 2

{c) Thin section photomicrograph of pore-filling siderite (sid) which has been partially replaced
by calcite in a conglQmerate. Plane polarized light. Falher (6-28-69-12 W6, 2139.4 m). Field

of view is 2.1 mm. '1

3

1

(d) SEM photomicrograph of chiorite (CHL) coating grains and filling pore space. Falher
(71572 12 W6, 18175 m). '

(e) Thin section photomicrogréphof pore-rimming chlorite which is overlain by authigenic
quartz (q, qtz). The rgmaining pore space is filled by calcite cement (caic). Plane polarized
light. Falher (10-28-71-11 W6, 1858.3m). Field of view is 0.42 mm.

1
. Lo

() SEM photomicrograph of chiorite (CHL) panially embedded in authigenic quartz. Pyrite
(PY) formed after some quartz preclputatlon but also inhibited its growth. Falher (10-28-71-11
W6, 1851. 7 m).

(g). Thin sectign _photomicrqgraph of chiorite pore rims (chl, arrow) coated by Hiite (). The
remaining pore space ié filled by calcite. Plane polarized light. Falher (1 0-28-71-11 W6:
1858.3 m): Fieldcof view is 0.42 mm.

(h) Thin section photomii:rograph showing chiorite rims (arrow), Hiiite (i) and calgite (caic)
under crossed nicols. Falher (10-28-71-11 W6, 1858.3 m). Fieid of view is 0.42 mm.
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conglomerates occurs in small clusters coated by authigenic quartz crystals and as a partiaity
dissolved pore-filler, largely replaced by calcite (Figure 3.3¢). In the Cadomin, siderite occurs as
A

an early pore-filler in the sandy matrix of bimodal conglomerates. \

-? ‘

Only siderite cemerit from one Falher conglomerate could be separated in sufficient
quantities for isotopic analysis; it has 6180 = +16.5 9/00 and 8'3Cppg = -0.1 %/00 (Table 3.2).
Data for siderite concretions in the Cadotte Member of the Reace River Formation suggest that

5180 tor earty siderite is as high as +19.6 °/0oo. One sample of siderite from the Cadomin has a

comparable 6180 value (+20.1 %/00, Table 3.3).

Chlorite -

Chlorite was observed most often in Falﬁer samples north of township 71 (Figure 3.4). It
occurs as pore rims (Figures 3.3d,e and g) and clusters filling pores (Figure 3.3d). hlorite is
most common in feldspar-rich sandstones anhougr; it also occurs in quarfz-rich samples. Trace
amounts of volcanic rock fragments are preserved in most samples containing chlorite gnd in at '
least some sampies chiorite has partially repl;ced these rock fragments. Chlorite crystallization
preceded the formation of both authigenic quartz (Figures 3.3e and f) and illite (Figures 3.3g and
h) which both formed before caicite cemént. Pyrite formed before authigenic quartz (Figure 3.31)

at approximately the same time as chlorite.

Calculated 8180 values for chiorite range from +4.3 to +7.8 ©/oo (Table 3.2, see analytical

<

methods). Chiorites in samples N3888 and N4046 are the most 18 O.enriched. Chiorite in these
samples occurs as grain replacements and pore-filling clay, respectively, instead of the more

common pore fims.
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TABLE 3.2 1SOTOPE DATA FOR THE FALHER MEMBER

SAMPLE LOCATION
CHLORITE

N40Q76 7-29-71-10W6
N3687 10-28-71-11W6
N3688 10-28-71-11W6
N4039 11-5-72-12W6
N3942 10-19-72-13W6
N3888 7-13-73-13W6
N4046 6-32-73-13W6
QUARTZ

196 7-30-69-11W6
290 11-31-71-13WE6
237 93-P-1.,b-28-L
291 93-P-1,c-40-F
177 11-4-70-11W6
178 11-4-70-11W6
n3685 10-28-71-11W6
249 93-P-1,8-57-C
224 93-P-1,¢c-Y2-L
DICKITE ,

348 11-5-69-7W6
419 11-4-69/10W6
196 7-30-69-11W6
200 7-30-60-11W6
188 10-1-70-11W6
206. 7-12-70-11W6
182 11-4-70-11W6
220 93-p-7,a:57-C
n3535 7-9-70-10W6
n3s39 7:9-70-10W6
nag91 6{5-71-10wWse
ILLITE

249 93-P-1,c-12-L
251 93-P-1,c-12-L
242 93-P-1,b-28-L
224 93.P-7,a-57-C
n3638 93-P-1,a-85-G
n4520 93-P-1,c-16-1
n4250 93-P-16,b-28-I

nd047 11-12-71-13W6
n4030 N1-5-72-12W86

n4040 -
n4041
n5095

1-5-72-12W8
11-5-72-12W6
10-19-72-13W8

DEPTH

(m)

1768

1855.
1858.
1885
1955.
1723,
1763.

2101.
1996.
2348.
2414
1975.
1988.
1851.
2301.
2338.

1864.
2035.
2101.
2117.
1981.
1951.
2006,
2321.
1908.
1940.
1785.

-y
2301.
2306.

NONWH OO0 W

5
2
3
1

4
6
0
3
7

7

0

0
0

2353 .4

2338.
2286.
2151,

2502

2026.
1879.
1890.
1894,
1941.

6
0
3
5
6
1
8
9
9

ROCK
TYPE*

t.g.sst.
v.t g sst
m.-c.g.sst.
v.f.g.sst.
v.t.g.sst
v.f.g.sst.
v.f.g.sst

congl.
congl.
congl
congl
v.f.g. sst
v.t.g sst
v.f.g. sst.
vfg sst
vt.g. sst

congl.
" congl.
- congl.
congl.
congl.
congl.
congl.
congl.
v.f.g. sst
m.g. sst.

f.g. sst. .

' f.g.sst.
v.f.g.sst.
v.tf.g.sst.
v.f.g.sst.

f.g.sst.

f.g.sst.
v.f.g.est.
m.-c.g.sst.
f.g.s8t.

DESCRIPTION®*

55chl 27K,181 OML
47chl 26K, 24! 3ML
S8chl 26K, 141, 3ML
31¢cht 38K 321
59chl, 26K, 151 OML
61chi,0K,271,12ML
75chl, 0K, 231, 1ML

hand picked
hand picked
hand picked
hand picked
chem & sieve
chem & sieve
chem & sieve
chem & sieve
chéem & sieve

dickite
dickite
dickite
dickite
dickite
dickite
dickite !
dickite
55K,341,4C, 7ML
79K,131,4C,3ML
74K,151,5C,5ML

1+1S11<15%S
1+1S11<15%S
141S>15%S
1+1S 25%S
931,3K,1C,3ML
591,20K,7C,14ML
531,24K,9C,14ML
771,3)6a8C,12ML
591W3K,18C
601,10K,10C,20ML
701,10K,4C,18ML
781,2K,6C,12ML

68

5180 oD
(SMOW) (SMOW)

38
18
34
49
44
71
65

16.
15.
15.
15.
16.
18.
15.
14.
14.

N EOHDO & O0Ww

10.3
11.0
10.6
10.3

-131.0

-104.0
-113.0
11.0
12.3
10.7
11.4
10.6
11.4

-108.0

11.0
11.3
10.6
10.5
8.8
10.5
10.6
10.7
11.4
9.7
10.1
7.8

-115.0

¥



TABLE 3.2 cont.

DEPTH
SAMPLE LOCATION (m)
SIDERITE
351 6-28-69-12W6 2139.4

Siderites from the Cadotte Formation

298 14-18-74-12W6 1460.2
301 14-18-74-12W6 1460.2
327 10-7-68-13W6 2487 0
CALCITE
218 93-P-6.b-24-B 2282.0
252 93-P-7.a-48-J 1997.9
236 93-P-1,b-28-L 2348.4
369 6-28-68-13W6 25527
414 11-30-69-10W6 19956
N4751 10-16-69-11W6 2088.0
351 6-28-69-12W6 2139 4
353 6-28-69-12W6 2141.5
423  6-7-70-11W6 1981.8
424 6-7-70-11W6 1980.9
403 6-21-70-12W6 1979.4
N4480 11-30-70-12W6 20215
377 6-18-72-11W6 1782.0
359 11-13-66-8W6 2556.0
366 6-8-67-9W6 2389.9
N4038 11-5-72-12W6 1870.0
N4518 93-P-1,c-16-1 2148.6
224 93-P-7,a-57-C 2338.6
N3640 93-P-1,a-85-G° 2295.0
DC100 6-2-68-4W6 1707.0
ANKERITE '
202 7-30-69-11W6 2122.7
178 11-4-70-11W6 1988.3
- 6-2-68-4WB 1720.0
11-13-66-8W6 2566.0
aqLom'rE .
10-20-67-5W6 1910.5
7-20-67-6W6 2003.6
10-29-67-10W8 2397.0
10-13-69-9W6 1867.0
breviations:

ISOTOPE DATA FOR THE FALHER MEMBER

"ROCK

TYPE* DESCRIPTION*
congl. 67S5,27C,4A 2D
v.f.g.sst | siderite grain rims
v.f.g.sst. concretion
v.fg.sst 92S.8D concretion

silt early micro-cryst.Fe-calcite
congl. macro-cryst.Fe-calcite
congl. macro-cryst.
congl. macro-cryst.
congl. macroAgfyst.
congl. cement

congl. macro-cryst.
congl. cement

congi: ' .macro-cryst.
congl. meso-cryst. after sid.
congl.

congl. macro-cryst.
congl. macro-cryst.
congl. late micro.cryst.
congt.
f.g. sst. micro-meso
m.g. sst. macro-cryst.Fe-calcite
vig. sst. meso-cryst.54G,39D,7A
m.g. sst micro-meso
m.g. sst. 72C,19D,9A
v.f.g.sst. ankerite
v.f.g.sst. 73A,26D,1C
congl.sst. 79A,14S,7C
f.g.sst. 51A,46D,3S

-

v.f.g.sst. . 97D,3S
v.f.g.sst. 68D,20A,12C
f.g.sst. 79D,11A,108
v.f.g.sst. 70D,15A,158

grained, c.g.=coarse-grained, congl.=conglomerate

chem&sieve = quartz separate prepared using the method of Syers et al.(1968);

Jackson (1979) and Lee and Savin (1985) -,
K=kaolinite, I=illite, C=chlorite, S=siderite, ML=mixed layer I/S

5180 413¢C

69

(SMOW) (PDB)

17.9

20.1
21.0
19.8

11
11
10
10.
1.
11
11
11
12
12,
11
11,
12,
23.
23.
11,
11
14
14,
14,

14
15.
14.
-15.

N~NOoON

22.4
22.0
22.0
171

ON =~ VOO ENDOINWNNON®®N N

[PN
%

“ =~ RnANONNILHLJoNO

DD = PCP o Ny o e -

e v
NN

oM
'(‘)_a

-0.9 -

-1.0
-0.5

sst.zsandstone, v.f.g.=very fine grained, f.g.=fine-grained, m.g.=medium-

v
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TABLE 3.3 ISOTOPE DATA FOR THE CADOMIN FORMATION
DEPTH ROCK 2180 s'3¢C
LOCATION Co(m) TYPE* Th* (SNOW) (PDB)
Siderite .
339 10-8-70-9W6 2204 .0 sandy congl. 201 . -3.6
Quartz ) . !
293 6-16-68-11W6 2631.0 congl. 85°C 18.2
292 5-.32-65-9W6 . 3188.0 congl.  151°C 18.9 ¢
372 7-27-72-13W6 2298.0 6ongl. 18.5
: oD -
Kaolinite . (SMOW)
266 16-31-64-12W6 3316.5 congl. 14.0 -104
1292 5-32-65-9W6 3188.0 congl. 12.2 -102
267 9-11-65-13W6 3248.0 congt. 14.2 -96
293 6-16-68-11W6 2631.0 congl. . 133
337 10-8-70-9W6 2197.9 congl. ., 13.7 -93
373 7-27-72-13W6 2298.3 congl. " ~ -93
255 93-P-1,¢-12-L 2727.9 congl. ' 13.6 b s
ilite -
338 10-8-70-9W6 2201.6 sandstone 16.4
318. 10-7-68-13W6 23988.6 sandstone 16.0
*Abbreviations: congl.=conglomerate, Th=homogenization temperature of fluid
inclusions. :
> ' | >

7
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Dolomite
* Dolomite is commoh only in very fine grained sandstones of the Falher where it occurs as
single crystal or polycrystalline grains. Remnants of silica within some ftains suggest that at least

some dolomite is a diagenetic grain replacement.

J
Most dolomite in the Falher has 5180 =+22 %/o0 (Table 3.2). Similar values have been
reported for dolomite inlthe Bluesky Formakion (Chapter 4) and for Lower Cretaceous diagenetic
dolomite from the Viking Formation, southern Alberta (Longstaffe and Ayalon, in press). In
contrast, unaltered detrital dolomite from Cretaceous sandstones in southern Alberta have higher
3180 values of +26 to +28 %/00 (Longstaffe 1983, 1984, unpublished data).
e 1
Pyrite

Pyrite is present only in minor amouhts and its relative timing is drfficuit to determine. Iits
1

textural relationship ;vuth respect to chlorite and quartz in the Falher (Figure 3.3f) suggests that at )
least some pyrite formed before the cessation of quartz overgrowth formation.
XY o . |

Feidspar DMegenesis

" The minor amouqt of feldspar (<2%) in the Falher occurs as skeletal K-feidspar in various
stages of dissoluﬁorf anzi as albite. Feldspar dlage_nesis i§ important oniy in the rare feldspar-rich
sahds(ones In these, aibite overgrowths e formed on partially dissolved K—feldspar (Figure
3.5a); most feldspars showmg polysymhetnc twlnmng are now albrte A few grains of plagioclase
(Angg}, with only minor alteration to albite, are present in one sample. Secondary pore space
defined by the presarvation of albite rims and cleavage planes is sometimes filled by kaolinite
(Figure 3.5b) followed by calcite cement. llite commonly occurs assocsated with albite (Figure

3.5¢). e



Figure 3.5

(a) Back-scatter electron photomicrograph of an albite overgrowth (alb,dark grey areas) on
partially dissolved K-feldspar (kfeld, medium-grey areas). The lightest grey area surrounding
the feldspar grain is calcite. Falher (11-5-72-12 W6, 1890.8 m).

(b) Back-scatter electron photomicrograph of the skLletal structure of an albitized teldspar
a . .
grain filled by authigenic kaolinite (kaof, k). Thin dark areas are alblte (arrow). The white zones

within and’purrounding the feldspar grain are calcite. Falher (11-5-72-12 W6, 1890.8 m).

(c) SEM photomicrograph of albite (ALB) surrounded by ilite (ILL). Falher (6-5-71 -10 W,
1795 m).

(d) SEM photomicrograph of illite (ILL) coating authigenic quartz (Q) and undifferentiated
feldspar (FELD). Falher (11-4-70-11 W6, 1975.4 m).

(e) SEM photomicrograph of illite (ILL) occurring in sandstone laminae. The platy andshairlike
texture of the illite appears authigenic rather than detrital. Father (93-P-1, c-12-L, 2306 m).

() SEM photomitrograph of illite coaing‘ authigenic kaolinite in a C_adomin sandstone. .
Cadomin (10-7-68-13 W6,-1988.6 ). :

L
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ilite
Ilite occurs as an intermediate-stage diagenetic cement in minor amounts in almost all
Falher samples. 1tis also present as an abundant bore—ﬁlling phase in some feldspar-rich

sandstones. Illite occurs after chiorite but before calcite (Figures 3.3g and 3.3h) in feldspar-rich

sandstones and after some authigenig,quartz in quartzose sandstone (Figure 3.5d). s ?,O values

for Faiher illite (all sarqples from the westernmost part of the study area; see Figure 3.4) range from

+10.5 t0 +11.3 %/00 (Table 3.2). This illite occurs as delicate hair-like to platy masses in laminae

between grain$ (Figure 3.5e). The data base for illite can be extended by including eightimor,e

ilite-rich clay mixtures. 81 80 values for these samples range from +7.6 to +11.4 ©/oo (Table 3.2).

Since kaolinite has a composition of +10 to, +11 %00 (Table 3.2), its inclusion’in these samples"

does not significantly affect the illite;isotope value. Some of these samples are from‘ feldsbar-riéh

A . ,
sandstones, where illite (3)80=4+9.7 to +10.7 %/o0 )bccurs as a pore-filling clay before calcite

(Figure 3.3e & 3.3f). These values are in tHe same range as the illite occurring in laminae.

«
. “

In the Cadomin, illite commanly overlies diagenetic kaolinite in sandstones (Figura‘“"a.St),
butlite is not commonly associated with late-stage dickite in Cadomi cong;lome;ré:es. This
dlstributnon of llllte suggests that kaohmte in sandstones is an eany phase averlain byan ,
 intermediate stage of llte pracnpnat»on Dickite in cong;bmerates prec»pitatklaftar |lm€ The
8180 value for Cadomin illite in sandstones is about +16 ©/o0 (Tabie 3.3), a value significantly

more 18 O-enriched than that of the Falher ikite. ' 5 o

Quartz .

Thefmmatmofquarﬂwergoﬁtnoewmdhvktualtyaﬂmphaw?awnd—dze
detritalquartzgramwerepresem munsmmmﬂrﬂmmbyavuym

~diageneticmttxmatephase. mmmfmmm,mmwwmuw
" the pore space became totally cemented. The 3180 value for chamically-separsted quariz -
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overgrowths from one Falher sandstone is +18.4 %/¢o (Table 3.2). Ankerite cément postdates

B
-

the quartz overgrowths in this sarhple.

Iy -

in both Falher and Cadomin samples, where chert and pore space were abundant,
prismatic authigerfic juartz crystals (quartz druse) (Figure 3.6a) are common. These crystals can
range in size from a few micromegers up to a fewsmillimeters in length in the coarser

" the largest and most abundant quartz druse is found in grain

conglomerates. In the Fath

[ B N
fractures and large opén"pores in conglomerates in the westernmost part of the study area.

Towards the east, quartz druse is still present in some conglome‘rates but crystals are significantly
\ .
. .o . N \
Textural relationships in both the Falher and Cadomin suggest that quartz druse

precipitated relatively late during burial, after fracturing. The presence.of dickite that is both

embedded in the diagenstic quartz and resting on its surface (Figures 3.6b and c) suggests that '

. I3

dickite precipitated both befbrp and after quartz druse.

8180 values for hand picked quartz druse from Falhigr and Cadomin conglomerates are

-~

Significaritly different: +15.0 t6 +16.3 %/00 (Table 3.2) for the Falher; and +18.2t0+18.9 %0 for =~ 4
de Cadgmin (Table 3.3).  The d‘egree' of confidence for these values is high sipce{he quartz '

crystals were hand picked to ensyi:e that no detrital quartz was included.
R : Bitumen - R i
. ' ‘ .
. . . . . ® .
+  Pyrobitumen fills the pore space after quaitz druse in one sample (Figure 3.6b). n another -

i . sample pores are lined by pyrobitumen and the remaihlng 'pore spae is filled by calcte (Figure ~ = -

4 [

~

3.6¢). - . .

RS
oy
.
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) Figure 3.6

L

- We, 19883m). Fleldofwewgoaamm. \

viewis3.3mm. =

..
, »
(a) Th™®&ction photomicrograph of prismatic quartz crystals (quartz druse, Q) lining the pore
(P) and partially filling a'large pore space in a Falher ¢onglomerate. Plane polarized light. -
Father (93-A-1, b-28-, 2348.1 m). Field of view is 3.3 mm. | '
. ' . 4 -
(b) Thin section photomicrograph of quartz druse (Q) lining a pore space. The black material
(BIT) filling the pore space after quarltz: druse is pyrobitumen. Plane polarized light. Falher (6-1-

28-10 we, 1861 m). Field of view is 0.83 mm.

N o . ' .
(c)” Thin section photomicrdgfaph of pores lined by pyrobitumen '(BIT,'arrow). The pore space
is filled by calcite (CALC). Plane polarized light. Falher (6-21-70-12 W6, 1977.5.m). Field of

P |

-

{d) SEM photomlcrograph of dickite (K) partially embedded in authlgenlc quartz (QTZ) and
also resting on its surface. Falher (11- 4 70-11 W6, .2000. 7 m). \

(e) Thin section pﬁotomicrograph of dickite embedded ipr authigenic qua;tz:(QTZ). Dickite
(KAOL) aiso fills the surrounding pore space Plane pdlarized light. -Falher (7-30-'69-1 1 W6,
2113.2 m). Fneldofvnewnsosamm * . : ‘ -

[ 4

-

(f) Thm sec_tlon photomucrograph of late-stage ankente cement (A) whuch fills the pare space
after siderite rims (arrow) and quartz overgrowths Plane pdanzed hght Falher (11- 4070-11 .

-
._ & | ) |

(g)' Thin sectlon photomlcrograph of texturally early ankema cement (C) Quartz overgrowths
are notably absem Plane polarized iight. Falher (7-30-69-11 W8, 21227 m) Field of view is
0.83 mm. | - - . . :

(h) Thin'section photomicrograph of calcite cement filling the pore space after quartz druse -,
(qtz). Plane polarized light: Falher (11-4-70-11 W6, 1999:3 m). Field of view is 2.1 mm. )

[ ."‘_ "' . |

s






~ Kaolinite
Dickite is abundant as a latg diagenetic pore-filling clay in the coarser-grained sandstones
% and conglomerates in both the Falher and Cadorin. -It occurs together with authigepic quartz
b‘ A ) T h
~» dryse (Figures 3.6d and 3.68) but more commonly fills large pores where quartz druse is absent. N
- 5180 values for dickite, handl picked from pores in Falher conglomerates, range from Q

+10.3 to +12.3 /oo (Table 3.2). 5180 values for the three Falher sandstones in Table 3.2

represent clay mixtures which have a high proportion of kaolinite. “These vaiues fall within the m
same range as the dickite dlscussed above. b‘@ values for dickite, hand prckéd from pores in

s 7 ' “
Cadomin conglomerates, range from +%2 to +14.0 °/oo (Table 3. 3) OD values for Falher ° _ T

s N
dickited range from -131 to -104 o/oo SMOW (Table 3.2); 6D values for Cadomm dickrtes range

-
-

frofh -104 to :93 %00 SMOW (Table aa) " :

*

In Cadomin sandstones kaolinite i zs commonly coated by illite (Figure 3.5f). The, presence

of illite coating kaolinite in sandstones but its absence on dickltes in conglomerates 3

. ¢

) there are two generations of kaolinite group mmerals eafly kaonmte In sandstones'

in porous oonglomerates o‘ 8 0 values for kaolumte in C&domm sandStones were .ot' obtahed

due to separatron difficuties. e - ooy

. — .. - Nt 1 . /./’
] . : : S ' S . I v
: \ ~ s Ankerite . ” SN '
Ankente is relatively rare in the Falher Member it momr;ommonly ooqurs as overgrowtm |

ondolomrtegramsinveryﬂnegrainedsandstonesbutalsoisfoundinsandstonesasarellﬂvely

latestage cement alter quaﬂ:overgrw)ths (Figue 3.6f)and as atexturally earlyoement (Figure

'3.69). -- P s -

- eomposmonorankmen(c%osugo“Feozgmomg)(ooﬁzhmmm

N .- X ~ . P BRSO . A o . . am

6180valuesforFaMankeﬂtevaryfrorn+147to+157°foo('lhbloa.zt e .~ X




b 4

(Cay ogMgg 72Feq 19)(CO3)o in sample 202. The ankerite in sample 178 precipitated in a

3

sands;ene after both siderite and quartz overgrowths (Figure 3.6f), wheread the ankerite in
sample 202 (Figure 3.6g) is texturally very early before any other autmgemc phases. Both

ankerites have essentially the same o' 80 value but their 813C values are significantly difterent

-

(+4.5 versus -1.0 %/oo PDB, Table 32).

Caicite
Calcite and Fe-rich calcite occur in the Falher most commot\wy as texturally late poikilotopic

cements after grain fracturing, quartz druse (Figure 3.6h) and dickite. Calcite also rarely occurs as

a texturally early microcrystalline cement (sample 218, Table 3.2). 5180 values for Faiher caicite
» .

{ -
cements range from +10.8 to +23.7 %/oo (Table 3.2) but cluster into 3 distinct groups: (a) +10.8 to

+12.3 9/00; (b) +14.1 to +14.6 ©/o0; and (c) +23.4 to +23.7 %/0o0.

The majority of Falher calcite cements fall into Group A with an average value ot +10.7 %/o0
for the 15 samples. Texturally, the calcite varies from macrocryftalline to microcrystaliine. a13c
values vary from -9to +9 °\/90 (PDB) in Group A calcites. Textur‘tdlry early caicite cement has the
same 8180 value as the text’ll;alty iate cement but its 313C value is low (-9 %/00 PDB). The
similarty in 5180 values suggests that texturally early calcite is actuall recrystallized calcite
cement or a replacement of early siderite cement with t’he 61 3C value inherited from the percursor
cement. Group B is represented by three, very fine grained and mediurh-grained sandstones with
micro- to meso-crystalline calcit coment. 313C values range from -2.6 to +2.1 ®/c0 PDB (Tabie
3.2). Although calcite in feldspar-rich sandstones may be related to plagloclaso dissolution, their
3180 values fall into both Groups A and B. Thetwocaicneoomemsoompmmgaroupc are
miqoaystauimmdocuxmmopomspacoofoonglumratesaﬁuquanzdm 313C vaiues are

+1.4 10 +1.9 %00 PDB (Table 3.2).

.~ -
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Calcite was found in only one Cadomin sample in insufficient quantity for isotopic analysis.

Calcite occurs in fractures within chert pebbles; the sand matrix is camented by early siderite.

Paragenetic Seqence - Summary
Falher Member ’

The general paragenetic sequence for the Falher, as determined from a compilation of all
petrographic evidence for the study area, is presented in Figure 3.7a. Hematite was probably the
earliest diagenetic phase formed under oxidizing conditions soon after depositi.on. As the
sediments passed into reducing conditions, either siderite or chlorite formed depending on the

L]

local chemical environment. Siderite generally formed in the southern part of the study area and

-

chlorite in the north. This geographic distribution of early phases corresponds to the west-east
trending shoreline with the sea to the no}th (Rahmani, 1984; Smith et al..1984)’ and implies that
siderite precipitation required tresher water than chlorite precipitation. Rare, texturally-earty,
caicite and ankerite cements may have precipitated eary but may also represent recrystallized
siderite. Grain replacement by dolomite, and byrite formation also appear to have occurred during
early diagenesis. Tﬁe precipitation of quartz overgrowths on sand grains was probably the next
diagenetic stage and cortinued slowly until pore space was filled. Feldspar dissolution, illite
precipitation and albitization apparently took pla‘c'e during an intermediate stage of diagenesis and
was completed at least before calcite cementation. As burial and compaction continued, chert
grains fractured and pressure solution occurred in the unimodal conglomerates. The formation of
authigenic quartz crystals was accompanied bu the precipitation of pore-filling dickite. A rim of
bitumen was deposited on quartz crystals at this stage. Petroleum which filled pore spaces at this
time must have been drained, an only a rim of bitumen, and the reopened pore space was
later filled by caicite. Dickite continued to fill pore space after precipitation of quartz druse. Finally,

pure caicite and Fe-rich caicite were precipitated in local remaining pore spaces.
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Figure 3.7 (a) General diagenetic sequence for the Falher Member.
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Cadomin Formation
1;he diagenetic sequence for the Cadomin is similar tc that of the Falher in that early siderite
was followed by quartz overgrowdlys, quartz druse and dickite (Figure 3.7b). The presence of
relatively earty kaolinite, rare albite, and the lack of chiorite in the Cadomin probably refiects its
simpler detrital mineralogy. The major differences between the Cadomin and the Falher are: (1) in
the Cadomin, kaolinite was precipitated as a relatively early diagenetic phase before illite, as well as
in the form of dickite as the last diageneﬁc ph'ase; (2) intermediate to late diagenetic phases in
the Cadomin (i.e. illite, quartz druse, dickite,) are significantly enriched in 18 O relative to the
~

Falher; and (3) the last &abenetic priase in the Falher is calcite or ankerite, whereas dickite is the

last diagenetic phase in the Cadomin.

)

\‘/

.

CONSTRAINTS ON DIAGENESI§ AND POREWATER EVOLUTION
Constraints on Late Porewater Evolution in Failher Conglomerates

Porewater evolution during late-stage diagenesis in Falher conglomerates can be well-
cc"mstrained by the dataand is discussed ﬁvﬁt. in order to demonstrate the approach used to
interpret the isotopic analyses of diagenetic minerals. Figure 3.8 is a plot of 8180porewater
versus temperature for quartz druse with 3180=15.4 %/o0 (sample'237, Table 3.2) and for calcite
cement with 3180210.8 O/00 SMOW (sample 236, Table 3.2). These d18 O values are

' considered here because of the avai;ability of independent temperatures for precipitation
fiuid inclusion data (Chapter 2). The two curves in Figure 3.8 represent all the possible
combinations of 8180-water compositions arkd tgmporaturegwnicn could produce diagenetic
quartz or caicite with the measured 3180 values. Fluid inclusion analyses provide tempdrature

data which can be used with the curves in Figure 3.8 to determine the 3180 value of the

porewater which precipitated that mineral. Two points in the isotopic evolution of the porewater in’

the Falher can be determined (Figure 3.8): b

»
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Figure 3.8 318 O of porewater versus temperature for diagenetic quarz and cailcite from Falher - /
conglomerates. Mineral curves are shown for 818 O yalues of quartz and calcite from one well in the

western part of the study area and the following equations (T="K): L

0} 103Ina quartz-H20 ~3.38(1 )T'2 - 2.90; (Friedman and O'Neil,1977; after Clayton et al.,1972)

(2) 103Ina calcite-HgO = 2.78(109T-2 - 2.89; (Friedman and O'Nef,1977; after O'Neil et al.,1969).

The white and black circles on the mineral curves are points in the isotopic evolution of porawaters .
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(1) Fiuid inelusions from quartz druse with 5180=4+15.4 9/00 SMOW (Table 3.2, sample
237) ho'mogenize at 190°C (Chapter 2; Table 2.1). Th??efore. quartz druse precipitated from
porewater with 5180=+3 O/00 SMOW. | |
(2} Fluid inclusions in calcite cement with 8? 80-+10}B 0/oo SMOW (Table 3.2, sampl<
236) from the same locallty as the quartz druse above, homogemze at 170°C (Chapter 2; Table

2.2). TherT)re this calctfe precipitated from porewaters with 3180=-0.2 °/6D SMOW.

Because the diagenetic sequence (Figure 3.7a) indicates that quartz druse precipitated
before calclte cement, the porewaters must have become depleted in 18 O from 8180=4+3 /00
when quartz was formed, to -0.2%/00 when calcite precipitated. Figure 3.9 shows an idealized

. * -
curve for porewater evolution dur?ng late diagenesis.

Present-day conditions provide additional constraints for late diagenesis (Figures 3.8 and
3.9). In most studies, the best known point in the evolution of porewater is its present-day
compaosition, which can be‘ analyzed directly. However, in this stuc* mos‘{ wells available?or
sampling are gas-sat;{ratéd with no moveable water. Most wells that tested positive for water
during drilt stem testing have beeh\é;hut-in. Asa cogsequence. the availability of water samples .
for isotopic analyses is very Iimite&(IThis study must rely on the results of one iSatopic analysis of a
water sample, eollected from the separator at the head of a well penetrating the Paddy Member of
the Peace River Formatlon (Figure 3.2). This weil produced 21 m3-water/m3 gas. The dalinity of
the water from this well, corrected for temperature and dilution by condensed water (Kharaka et
al., 1985), is 26,989 mg/ (see Chapter 5); 518 O water =-5.7 %/oa and 8D =-97 O/oo. Salinities
of waters from drill stem test analyses for the Falher and the Paddy are similar as are bottom hole
temperatures, 60-70°C. Sinte the water)saljnlﬁes, mineralogy and diagenetic history of both the
Falher and the Paddy ar;gmpamble. the isotopic composition of the analyzed Paddy water is
probably representative of the Faiher in water-saturated zones. The conclusion of Hitchon and
Friedman (1969) that the isotopic composition of formation water in Alberta i_sstrongly‘ralat.edito its



»
.

salinity supports this assumption that the 318 O value.measured in the Paddy is similarto 318 O

values of Falher waters with comparable-salinities.

-

By the arguments ébove, the third point (318 O;-5.7 0/00 SMOW at 65°C) in Figures 3.8
and 3.9 represents present-day formation water conditions in the Falher where porewater
continued to be moveable. In these areas, the depletion trend continued down to the present
318 O of -5.7 %/o0 SMOW (Figu;e 3.9). In gas-saturated areas, it is probable that calcte

precipitation was the last diagenetic event before water was driven out.

Dickite ié another late diagenetic phase in the conglomerates. 518 O values for dickite
range from +10.3 to +12.3 ©/oo. The high temperature portions of the dickite curves for these
818 O values are shown in Figure 3.10. The positions of the dickite curves support petrographic
data which indicate that dickite formed both before and after quartz druse but before caicite
cement. The 10.3 /oo dickite precipitated at ~180°C from water lower in 818 O by at least 2 %/00

 felative to water from which quantz druse precibitated. ) LT

The range in calcitéd 8 O values in Figure 3.10 is represented by the shaded band
extendmg from 113°C to ;kﬂ‘e thickness of the band is determined by the position of the
¢ two 518 O-temperature curves defining the range of 518 O values for the majortty of calcite
cement. (The 23 /0 calcite group Is not shown here). The range of temperatures (113" to
168°C; ChapterZ) reﬂectshomogonizaﬁontemperaturesofﬂuid inciusions in calcltoeomom
anmhwmmmmmmmmmwmm
dmmm&bb(cmqg.mzzwmlscm.maz_); Calclteproelpldo@from

* waters varying in 18 O from +1to0 -4 %/00. *

A )
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Figure ,3.10‘ Idealized porewate(evolution -path (518 O of water versus temperature) for late-stage
dlagenesis‘ih Falher conglomerates. Higher temperature parts of curves-are shown for maximum and
minimum 818 O values of dickite and the majority of calcites using the following équations (T="K):
(1) 103Ina kaolinite-HoO = 2.5(106)T-2 - 2.87; (Land and Dutton,1978; Eslinger,1971) ‘
2 103ina cdm&Hzo = 2.78(106)T-2.- 2.89; (Friedman and O'Neil,1977; after O'Nei et al.,1969).
The shaded band extending from 113° to 170°C represents the rahge in conditions under which
calc;te precipitated. Dots within this band represent individual samples where both stable isotope
and fluid inclusiondata are available. ST
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of Alberta and in easten Britisﬁ Columbia. Sample 196 (Table 2.1, Figure 2.5 in Chapter 2)
ln&icates that fluid temper-a..’t:nr'e; in the eastern area (approx. 140°C) were lower than those in tfe
west (approx. 170-195°C). lndividua_l crystals of qu;nz druse in sample 196 '(located to the east of
other qﬁartz samples) are significantly ﬁner—grainedt‘t‘han quanz dn:se' in the ott_ter three samples
analyzed for 818 O and this is apparently reflected in its sligitly higher 518 O value (+‘ 16 /00 in
contrast to +15 %/00). The higher value and finer grain size suggest that it formed at slightly lower

temperatures from less silica-enriched solutions.

Early Diagenesis *

¥

Textural relationships in Falher sandstones and conglomerates suggest that siderite,
" chiorite, some calcite and some ankerite are early diagenetic phases. However, before attemJ)tlng
to determine the isotdpic composrtion of early porewater from the isotopic data for diagenetic
minerals, it is essential to evaluate th§ possibility of recrystallization or nsotopic re-equillbration 01‘
the minerals with the evolvihg porew (O Ne’cl. 1987; Longstaffe, 1987). if either late

‘ L %8
recrystallization or isotopic re-equilibration of a mineral occurred, the measured isotopic signature

—

of that mineral is not representative of early porewaters; rather it is indicative of the later porew'ater

involved in its alteration.
N | :

Siderite is & common, texturally earty cement, Within the Falher, siderite In a conglomerate
.mmmmwueMe(Figmasc) Dissoiwon&sado}ndfromwfy
conadionsmﬂnCadoﬁeuededsecondaypwosﬂyMwaszwdwmdm
mw&wmtmummmmmymm
siderite does not occur.  Instead, Mumwammmdpmmn
place. ms&mmhmmmmmmw An
memmmmmmmammumm
the isotopic composition of sidep. Flgma.umunmo“o“f;mnw |
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Figure 3.11 - 818 0 of porewater versus temperature for dnagenetlc siderite and chiorite from
' _Falher and Cadotte Members. Mineral cn&rves are shown for the maximum and minimum 3180
values of each phase using the followmg equations (T="K): ‘

(1) f03lna siderite-H20 = 2.9(106)1*2 - 2.80; (Becker and Clayton,1976);

(@ a8 0 chiorite-H20 = 1.56(108)T-2 - 4.7; (Wenner and Taylor,1971).

The 165 /oo value for sideri‘te is probably low due to contamination from calcite.
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for siderite, 818 O siderite =+16.5 /00 and +19.6 %700, representing the range of values for ,
' )

siderite in the Falher and Cadotte. The +16.5 ©/0o value is for siderite in a Falher congiomerate
where siderite is partially replaced by caicite. The measured 518 O value is probably low due to
contamination from caicite. The +19.6 %/0o value for siderite is considered more reliable. Siderite"
commonly forms in the methanic zone during early diagenesis (Gauthier,1983), probably in the
temperature range 20-40°C. At these temperatures, the porewater mmﬁosition responsibie for
the measured 618 O value for siderit& -(+1;C)..6 0/00) must have been in the range of -12 /oo to -70

9/00. Such low 818 O values may represent meteoric to brackish water during the Lower

“ Cretaceous. ‘ .

Texturally early ankerite and calcite cements have the same &' 8 0 value as the texturally
late cements (518 O=+14.7 %00 for ankerite, sample 202; and 018 O=+11.2 %/00 for caicite,
sampie 218, Thble 3.2). These texturally early cements are microcrystalline in contrast to the late |
cements which are most commonly macrocrystalllne Two origins for the 818 O values of the
texturally early calcite and ankerite cements are possible: (1) calcite and ankerite cements were
pre;:ipitate& very early at 20-40°C from porewaters with 8!8 O=-19 to -14 9/00 and have retained
their original isotopic signatures; or (2) calcite or ankerlte present now is the product of
mmlmmmmmmewmmm;ammmm&wm«
at the time of recrystallization. _'wammmqummﬁhtmw )
_early calcite and ankerite cements, the usa of their 518 O vaiues as an indication of ealy porewater
composition is not refiable. Theporewatorcomposmonbwmmmdwwmm
 (-19t0-14 %00 lnoontrastto-12to-7°100) Mcwiwmmquamym

produetofeaﬂysiderite mwaooomtingtorthoFo-rlcthmm
mmwwmmmmumdm

mormmnigmmvooewnd. s«mmhmmmmw -
mm)mwummmmamm mo"o
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valie of this ilite is the same as the 518 O values of ilite pigcipitated & an intermediate (high
- temperature) stage during diagenesis. This~s.imilarity in 618 O values and the petrographic
relationships-suggast that detritafllite was recrystallized at high temperatures, possibly as a result
of a smectite to illite transition.

]

To sumingrize, calcite ahd ankerita, which texturally appearto be early cements, are most
likety the product of recrystallizatidn of earfjer carbonate cements. Some of t’he ilite has also been
recrystallized. In contrast, siderite has retained its original isotbpic comp;anion and precipitated
from porewatérs with518 0 =-12t0 -72/00. ‘ | |

9 . . Vs

~

The curves representing the rc'mge of 518 O values for chlorite in the Falher are also shown
in Figure 3.11. Texturally early chlorit)e‘and siderite in the Falher are geographicaily mutually
exclusive: siderite in the south, chiorite in the northern more marine setting (Flgufe 3.4) (Rahmani,
1984; Smith et al., 1984). This geographic relationship suggests that siderite formed from

 rheteoric-dominated water, whereas chlorite formed from marine-dominated water. The early,
grain-coating chlorite has low 3180 \}alues (approx. +4 °/oo)-. whereas the grain-replacingAand
pore-ﬁlling'clay. which may have precipitated during an intermediate stage of idiagenesis. has
higher 3180 values (up to +7.5 ©/00). I tﬁe data were accepted as shown in Figure 3.11, then '
the chiorite with the lowest 8180 values might have formed at 20-40°C from water wnh 5180=-91t0
-89/00; the later, more 8180-rich chiorite might have formed at 100-150°C from water with

518020t +3 %/os, In this case, the porewater from which early-chorite formed is not significantly

more enriched in 18 O than the porewater which precipitated siderite.

Figure 3.12 summarizes an idealized curve for porewater evolution in Falher

conglomeratesfromthetlmeofbuialtothepresem ﬂnanemattvepathwaysshwndependon .
mm«mnewasﬂneartydiageneticphasepredplmed Thlscurveisoonsistent

mmwmmmmmammmmmm '

—
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Constraints on Porewater Evolution in Falher Sandstones

Companéon of fluid inclusion temperatures with temperatures calculated from vitrinte
reflectance data using the Lopatin (1971) - Waples\(1980) method suggests that hot fluids
(190°C) moved updip along permeable Falher units (Chapter 2).  In areas where the hot (190°C)
fluids flowed through the more permeable sandstones, the por}wa\er evolution pathway Iin the
sandstones would have been similar to that in the conglomerates (Figure 3.12). In zones which
were not penetrated by these hot fluids, the temperat\l'xre of porewaters in‘sandstones could have
been similar to the maximum burial temperatuye calculated from the vitnnite reflectance data
(Chapter 2) for that location The o' BQwater versus temperature curves for diagenetic phases in
Falher sandstones (Figure 3.13) have been interpreted accordingly, that is. assuming that

maximum burial temperatures and fluid temperatures varied from 120°C in the eastm'e in the
¢

west adjacent to the Alberta/B C. border (Chapter 2, Figure 2.9).

Figure 3.14 shows some possibie idealized pathways for porewater evolution which
comply _wim the c;onstralms of Figure 3.13 and the diagenetu\; sequence (Figure 3.7a). Siderite or
chlorite precipitated early from porewaters with a 3180 value of -12to -7 ©/00. Locally, chiorite

3
may have continued to precipitate until = 120°C. Data are consistent with precipitation of ilite at -
100°C from porewaters with 8180=-1 9/00 or at the maximum burial temperature (150°C) from

__porewaters with 3180=+2 ©/00. Quartz and 14 ©/oo calcite probably precipitated at maximum
burial temperatures (120°-150°C) from porewater with 5180= -1 or +2 %/00. In order to precip;itata
late-stage calicite and ankerite (Figure 3.7a) the porewater had to become qgpleted in 180 relative
to its composition at maximum burial (Fiaure 3.14). Hence, the trend in porewater evolution is the

same in sandﬁ{ones as in conglomerates, i.e. porewaters became enriched in 180 during burial

and depleted in 180 during uplift.
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Figure 313 o' 8 0 of porewater versus temperature for diagenetic minerals from Falher

sandstones. Equations used that are not listed in previous figure captions are the following:

(1) 103Ina ankerite-H20 = 2.78(108)T"2 + 0.32; (Dutton and Land,1985);

(2) 103Ina illite-H2O = 2.43(106)T-2 - 4.82; (Yeh and Savin,1977).
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Figure 3.14 Idealized porewater evolution pathe (88 O of water versus temperature) for Falher

sandsfones. Each path complies with the constraints of Figure 13.°
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Consatraingts on Porewater Evolution In the Cadomin Formation

! BOwatef versus temperature curves for diagenetic phases in conglomerates and
sandstones trom the Cadomin Formation are presented in Figure 3.15. The data are constrained
by:

(1) Fluid inclusions in quartz druse (sample 292, Table 3.3) homogenize at 150°C where
5180 tor quartz = +18.9 /00.

(2) Fluid inclusions in quartz druse (sample 293, Table 3.3) homogenize at 85°C where
3180 tor quartz = +18.2 9/00; relatively pure methane inclusions are also present.

(3) Present formation temperatures are 80-90°C.

(4) The diagenetic sequence is: siderite, kaolinite, illite, quartz druse, dickite (Figure
3.7b). <

Figure 3.16 shows idealized pathways for porewater evolution in the Cadomin. Siderite
tormed during early diagenesis, probably in the temperature range 20-40°C. At these |

temperatures, the siderite 5180 curve for the Cadomin (Figure 3.15) shows that early diagenetic
pora;‘;iter had an 8180 value of -1110-6 ©/00. The continental depositional environment for the
Cadomin and the overtying Gething suggest that these were meteoric waters. No isotépic‘ data is
available for early kaolinite which probably also formed frorﬁ meteoric water as it reacted with the

rocks.

Hllite which postdates kaolinite in sandst‘ones. has an"'&’1 80 value of +16.4 /o0 (Figure
3.15). ilite can start to form from smectite at 70°C (Bruce,1984) but the smectite/illite reaction
more commonly proceeds at 100°C (Land,1984). Altematively, illite could be the product of K-
feldspar dissolution at témperatures as high as 150°C. Using these temperatures for iliite
precipitation, 8180 values of porewater could vaiy from +2 °/oo‘to as highas ~ +7 9/00. Since

temperatures of 100°-150°C for precipitation of iliite fit the data in the Falher, it is reasonable to use

similar temperatures for the Cadamin. Alhough no diagenetic minerais in the Falher precipitated
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Figure 3.15 518 0 of porewater versus temperature for diagenetic minerals from the Cadomin

0 . . .
Formation. Open circles represent porewater compositions constrained by fluid inclusion

temperatures and stable isotope data for quartz druse.

CADOMIN
PORE WATER EVOLUTION PATHWAY
‘ +8§ —
" E +4 -:_____ _______ D\O““
S o0
7] n |
Q, I S !
T _ 7 . |
P 0 | |
©-12 1 : | \
I L 'II T T 11 '| T T T
50°C - 100°C 1650°C 200°C
TEMPERATURE

Figure 3.18 ideaized porewater evolution paths (518 O of water versus temperature) for the
CadomhFormaion mm;ckmnprmpawummmmmu
monmlnmtempomm mmmmwmmmm



*e

96

from porewater movre enriched iﬁ 18 O than +3 ©/00, it should not be assUmed that porewater
evolution in the Cadomin duplicated that of the Falher. The Cadomin lies unconformably above
Triassic carbonates and evaporites. It is possible that during compaction 180.rich porewaters
migrated upwards from these units into the Cadomin, but did not migrate as far as the Falher.
Hencae, illite may have fonpned from porewater with 3180 values of +4 to +7 9/00.
Stable isotope data and homogenization temperatures for fluid inclusions indic?te that

qu-anz druse in at least one Cadomin sample precipitated at 150°C from porewaters with 20180
value of +3 O/00 (Figure 3.15). 1_’he temperature for precipitation of quartz druse (150°C)
corresponds with the maximum burial temperature calculated using vitrinite reflectance data
(Chapter 2). These data suggest that if illite formed from porewater with 5180 values of +410 +7
O/00, porewaters had to become depleted slightly in 18010 precipitate quartz druse. Such a
rend towards depletion of porewater in 18 O must continue in order to predpitate dickite and a
late-stage quartz druse which precipitated at 86°C (Figure 3.16). Altematively, if itite formed at
lower temperatures (70°-90°C) from porewaters with 8180=+1 to +3 /00, quartz druse at 150°C
could have formed from porewater which had never been more enriched in 15 O than +3 9/o0.
Very low salinities (approximately fresh, Chapter 2) of fluid inclusigns in quartz druse support the .
former alternative (i.e. depletion of porewater in 18 O before precipitation of quartz druse at

150°C).

At township 68 rangp 11W6, quartz druse formed at 85°C, the present formation
temperature. This location is situated updip from the present water-gas transition zone, on the
water-saturated side. The presence of m\ethane and aqueou§ inclusions in the same quartz druse
at this location (Chapter 2) indicates that quartz druse formed after a significant influx of methane
gas Into coarse-grained sandstones and conglomerates. At 85°C during burial, the amount of free
Mmgaswmldhavebeonmiﬁlmal. Therefore, quartz druse at this location probably
precipitated under present conditions from porewater with 5180 ~ -6 %/o0 (Figure 3.16).
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Constraints on Evolution ot Hydrogen Isotopes In Porewaters

[y

*

Deuterium analyses of diagensetic dickite in the Falher and Cadortin and of preeent-day
water in the one Paddy sample provide some info\nnation on the r‘ogen-isotope‘é'vokﬂon of
the porewaters (Figure 3.17).  Kaolinite-water fragtionation factors for hydrogen, determined
empirically by Lamber\and Epstein (1980) tor temperatures Iese thar: 230°C and modified by
Kyser (1987), were used to calculate the isotopic composition e;‘waters which precipitated dickite.
The compositions of these waters are shown as diagonal bars whose lengths rep the‘range
in isotopic compositions of water assuming maximum and minimum possible temperatures for
dickite precipitation. The maximum temperature for dickite precipitation in theFalher is 180°C
(10°C below the maximum fluid tempetature; Chapter 2) except in the easterh part of the study
area which is outside the influence of the hot fluids. Here, the maximum caiculated burial
temperature is used (120°C). Since dickite precipitated before caicite in the Falher, minimum
temperatures for dickite precipitation are slightly above the temp%ratufes for calcite precipitation
(ie. 100-130°C). Inthe Cadomin, calculated maximum burial temperatures were used to estimate
the maximum temperature for dickite precipitation. Minimum temperatures were e&imated as
100°C (a temperature slightly above present temperatures) The range of temperatures for dlcklte
precipitation in one Cadomin sample (292) was more tightly, constrained by fluid. inclugion and
8180 data (120-150°C; Figure 3.16). The corect temperatures, and 680 and 3D value for

watefs which precipitated dickite, probably lie along the bars shown in Figure 3.17.

(SMOW), a line repressnting the isotopic composition of Alberta formation waters, and the

- compaaiton of present water n the Parkly Member. of e Peace RiverFormation inthe Deep
Bash(probeblyshﬂatopresertFaherwder)mdmhFlgwea.t? The low 80 vakues ofthe
memwmwanéwwmwmwm The cause of enrichment in

deuterium relative to meteoric water is poorly understood. Virious mechanisms for D-enrichment
)

The position of the meteoric water line, the composition of Standard Mean Ocean Water
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Figure 3.17 D versus &' 8 O for Falher and Cadomin late-stage dickite. Small squares

represent the measured isotopic compositions of diagenetic dickite from the Falher Member and
Cadomin Formation. Thick diagonal bars represent the possibie range in isotopic composition of

water which precipitatéd theudickite with the corresponding number in the diagram. The length

and slope of the diagonal bars are a function of the maximum and minimum temperature possjble
for precipitation of the dickite. The position of the meteoric water line, the composition of SMOW,

a line reprasenting the isotopic composition‘f‘"of Alberta formation water, and the composition of

present water in the Paddy Member in the Deep Basin are also shown.
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of\Qmﬁﬁfn waters are: (1) isotopic exchange between meteoric water and hydrogen-bearing

phases like clay mlnerals hydrocarbons and H2S (Clayton et al.,1966); (2) clay dewatering during

_ compaction and smectite/ullite reactions (Yeh,1980; Syghecki and Land,1983); (3) isotopic

fractionation due to diffusion of water through micropore systems (membrane filtration)(Grat et
al., 1965; Coplen and Hanshaw,1973); (4) mixing of meteoric water with ancient seawater that
underwent evaporation (Knauth and Beeunas,1986); or (5) mixing of meteoric water with connate
water (Mitcchon and‘Friedman.1969). Because the Western Canadian Basin has been undergoing
erosion an? uplift for the last 50 m.y. or so, it is unlikely that compaction waters or even |/S reaction
waters havé\been important in altering the isotopic composition of recent formation waters.
Knauth and Beeunas (1986) propose that formation waters depleted in 18 O and D may have

formed by mixing of evaporated seawster and meteoric water. Under conditians of extreme

evaporation, as in the formation of halite, the residual liquids become depleted in the heavy

isotopes of oxygen and hydrogen (Sofer and Gat,1975; Holser,1979; Pierre et al.,1984).
However, mixtures of evaporated seawater and meteoric water would not produce the isotopic

compositions of the waters in this study.

Mixing of meteoric water with connate water is the preferred mechanism for D and 189

enfichment of formation waters in this study. Siderite data suggest that early depositional waters

had 8780 =120 -7 %00 and were probably brackish to marine waters. Suchwatérspmbably

hvaovaluesof -80 to -60 %/00 (seemetaoﬁcwaterline. Figure $:17). Thobovaluaofwger

which precipitated dickite are only slightly lower {:80 t0 120 9/00) and can be derived by mixing

»withnnteoﬁcwaterwmchhasbéenandchodlnw Oknnotdwtedum

{ -
" Timing of Saturstion of Pores by Methane Gas
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(Masters,1979). The largest quartities of gas are produced at vitrinite reflectivities between 0.9%
and 1.3% (Juentgen and Klein, 1975). Weiss (1985) calculated that gas generation began in the
Falher Fourth Coal at.52 Ma (Ro=0.9%) and was at its maximum bétween 49 and 38 Ma

(Ro=1 .3%). His calculation was based on estimat-ion of the maturation level and burial history ot
the Falher coal using the Lopatir( (1971) method as modified by Waples (1980). The resuits of
Waeiss (1985) suggest that since the maximum generation of gas occurred between 49 and 38

Ma, this is the most likely time when gas became a continuous phase capable of driving-out -

movable water. This period also marks the end of diagenesis in the down-dip, gas-saturated

zone.

STAGES IN THE DIAGENESIS AND POREWATER EVOLUTION OF THE

FALHER AND CADOMIN: SUMMARY

e isotopic evolution of porewaters through time is illustrated for the Falher in Figure
— The isotopic evolution of Cadomin porewaters follows a very similar pattem, except that
porewater 0180 values during late stages of burial may have been as high as +4 to +7 %/00.

o ’
Stage 1. Deposition and Burial

In the Falher, conglomerates, sandstones, shales and coals were deposited in a west-east-
trending shoreline environmeht with the sea to the north. Hematite began to precipitate very early
in the oxidizing zone. in the Southern part ¢;_fthe study area, after burial moved the sediment into
the reducing, methamc zone, siderite began to prje'cipitate from meteoric or brackish porewaters
(0180=-1210 -7 ©/00). In the northem part of the study area, where deposition took place under

-~

marine conditions, chiorite precipitated from porewaters with 8180 =-9 to -8 %/00.

’
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Dissoiution of unstable detrital grains including feldspars began early duriﬂg burial and
continued as temperatures and burial depths increased. Chlorite continued to prec%itate locally
and quartz overgrowths probably began to form on quartz sand grains at amintermediate stage of
buriat and continued until maximum burial. Albitization and precipitation of illite and local calcite

/ :
cement occurred as the porewaters became enriched in 189 by limited reaction with the

enclosing rocks and mixing with waters derived from shale compaction . Compaction, fracturing of

detrital grains and pressure solution of chert grains became important as burial depths increased.

In the Cadomin, a mixture of unimodal, sandy conglomerates and few sandstones were
depositeé‘in a continental, alluvial floodplain. Siderite precipitated from porewaters with 8180-= -
11 to -7 9/00, probably at temperatures between 20-40°C. A Since the Cadomin is surrounded by
continental sediments, there is no n'earby source of rarine porewater. The water which *
precipitated siderite had to have a low 61\8 O value (-11 to -7 ©/00), that is, meteoric water.
Kaolinite precipitated from the relatively fresh porewater befbre' significant water-rockinteraction

. had occurred. [sotopic enﬂchmem of early porewater foliowed a path similar to that in the Falher,
and porewater continugd to react with the detrital minerals m the surrounding rock. An influx of 18
O-rich porewaters from t;me underlying Tﬁassic carbonate and evaporite section may have mixed
with the porewaters to produce porewaters with 318 O values of +4 to +7 9/eo. In the presence of

. these 18 O-ricr; porewaters, quartz overgrowths formed on the rare quartz grains and illite began -

to precipitate in preference to kaolinite.
- Stage ll. . Maximum Burial and Relief.

Stage I marks the end of the burial stage (1) and occurred during the early Eocene (about
50 Ma) when the last pilse of the Laramide Orogeny resulted in maximum burial of the Westem -
Canadian Basin and-maximum relief in the Cordilera. Maximum burial depths for the Falher in the
studymmngodmaooomnmeeaato«&fmmmaweaneartheAlbem/BC border and
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up to as much as 6300 m at the synclinal axis (Chapter 2). The Cadomin is about 400 m below the
Falher. Maximum burial temperatures calculated from organic maturity data in the Falﬁer ranged %
from 120°C in the east to 150°C at the Alberta/B.C border and up to 200°C at the synclinal axis;.
Maximum burial temperatures for Cadomin locations discussed in this study varied from 135°C to

150°C.

Updip flow of hot saline (2-3 wt%) fluid along the permeablé congicmefate beds and
horizontal fractures occurred in the Falher and Cadotte at this stage (Chapter 2). Horizontal
fractures may have formed as a result of horizontal forces caused by the orogenic actlvl& to the
west. These hot fluids (>190°C) precipitated quartz druse in conglomerates and horizontal
fractures as they cooled. The 818 O value of the hot fluid was +3 ©/00 at 190°C. Methane-rich
fluid inclusions trapped in quarti druse (Chapter 2) suggest that these fluids carried small bubbles

of methane along their i h.

The hot fluids were not recognized in the Cadomin where low salinity fluids at ambient
temperatures (150°C) precipitated quartz druse and dickite. The 818 O value of these porewaters
was +3 /00 SMOW at 150°C. The 818 O value of illite in the Cadomin suggests that dilution of

180.rich porewaters (+4 to +7 ©/o0) may have occurred before precipitation of this quartz druse.

Stage Il Uplift, Erosion and Recharge by Meteoric Water

r

amwmmw«mwmwmmmsmmammm\m
cmmmummw;fm‘mmmw‘wmmmpr&umww
topographic high i the Cordiflera. inthe Falher, an Inux of evolved-metecric walar is recorded
bymmowo-eomposmmm mkmmcum The influx of evoled-meteoric
mmmcmamnmhmomd.haly wmmuwm“o
relative to quartz druse. ' o
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0 .
By the latter part of this stage, many of the pore spdces'in the coarser units were probably

A
7t least partially filled by methane gas. The presence of large bubbles of methane gas may have

inhibited the precibifation of late-stage diagenetic minerals, thereby producing_ the observed
texture of some pores ﬁl;ed by dickite or caicite and adjacent pores 'apparentty empty.
|
Stage IV Maximum Generation of Methdne from Coals
The final stage in the diagenetic history of Lower Cretaceous sediments in the Deep 'Basin

occurred when the interbedded coals achieved, sufficient maturity to produce signiﬁé:ant anbun'ts

of methane. Weiss (1985) calculated that this odcurred between 49 and 38 Ma. The formation

and upward migration of a continuous gas ph drove out ‘the moveable formation water and

caused the end of diagenesis. Recharge by meteoric water(up-dip from the gas—wat_er gransitlon ,

zone may have continued such that present water in the Falher has 518 0=-5t0 -6 °/oo‘ SMOW.
gFluld inclusions in quartz druse from the Cadomin suggest that present porewater, in the updip,

water-saturated areas of the Cadomin also has 618 O=-6 %/00 SMOW.
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INTRODUCTION .

-

/\/—ﬂ__f Cr;a;;t\er 3 discussed diagenesis and porewater evolution in the LCower Cretaceous Falher
and Cadomin units in the Alberta Deep Basin. Results showed that porewater evolved to a
maximum 180 value of +3 /00 during burial and became depleted in 180 during uplift 23 a
result of an influx of meteoric water. Chapter 2 showed that hot waters were involved in the
diagenesis of the coarser Falher sandstones and conglomerates in the westermn part of the Deep
Basin, whereas in the Cadomin, diagenetic minerals were precipitated from porewaters at the
expected burial temperatures. This chapter examines diagenesis and porewater evolution in
sandstones from several additional units in the Deep Basin (Figure 4.1) including the Upper
Cretaceous Cardium, the Lower Cretaceous Paddy, Cadotte and Biuesky, the Triassic Halfway
and the Permian Belloy sandstones (Figure 4.2). The objective in studying these units is to
examine vertical variations in diagenetic processes. Whereas study of the Falher Member and
Cadomin Formation concentrated on porewaters dominantly in conglomerates, the units
axamined here are predominantly very fine, fine and medium-grained sandstones. Since -
permeabilities in sandstones are significantly lower than those in conglomerates (0.1-1 md versus
1-1000 md; Cant and Ethier,1984 ), the volumes of porefiuids flowing through these sandstone

unitsmayhavebeensigniﬁcantlysmallerthanintheFalherorCadomlnoonglomoratesandtho

diagenetic processes may have differed.

Figure 4.3 shows the location of welis sampled in each unk. The Blussky was studied in
some detail, whareasﬂnCardun Paddy Cadotto Hallwayandseloymwnpbdona
reconnaissance basis. mmmmhmm d-u-dwﬁmmfor
this well are presented in Chapter 5.

-
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Figure 4.1 Location of study area.
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DEPOSITIONAL SETTINGS

\

The Cardium Formation comprises a complex suite of shelf to shoreline sediments
deposited in six major coarsening-upward sequences, separated by pebble beds overlying
regional erosion-surfaces (Plint and V{alker. 1987). The Kawka and Dismal Rat Members were
sampled for this study. The Kawka Member is a very fine to medium-grained shoreline sandstone,
6-18 m thick, capped by floodplain and lagoonal deposits. The Dismal F!?; Memberisa ~10m
thick shallowing-upward shelf sequence of bloturbated silty and sandy mudstones containing thin
stringers of pebbles. Its upper boundary is defined by a regior!al_erosional surface (Plint et al.,

1986; Plint and Walker, 1987). .

The Paddy Member of the Peace River Formation,.in the well sampled (Figure 4.3), is a 16
m thick sandstone which was deposited as a nonhwest-somgeést trending tidal channel (Smith et
al.,1984). The tidal channel is surrounded by subtidal bay sediments consisting of interbedded

thin sandstones and shales.

The Bluesky Formation is comprised of a barrier bar/offshore bar, regressive sandstone
system represented by coarsening upward sandstone. Lagoonal and bay sediments, consisting
of siltstone, shale and coal, cap most of the barrier system. Low energy bay sediments
predominate in'the southeastern part of the study area, where the Biuesky is represented by thin,
highly burrowed sandstone, siltstone and shale with occaslonal thin moliuscan shell banks (Smit
ot al,, 1984). mmmmmmmmrmwmmmm
WIkichShage. - .

B mﬁmnmwmpmmmm“ummddwm.m.
dolomite and anhydrite. mummmumprmbycmumaamu
Wmmmwmmmmm:-mw
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supratidal sabkha deposits of the lower Charlie Lake Formation. No detailed sedimentological

studies have been reported for the Belloy sandstone.

PETROGRAPHIC AND ISOTOPIC RESULTS
Detrital Minerals
»

Car(hxm sandstones examined are composed mostly of quartz with lesser amounts of chert
and siliceous rock fragments. Chert-rich conglomerates are also present. The Paddy sandstone
in the well examined is quartz-rich with minor amounts of rock fragments and trace amounts of mica
and feldspar. Rock fragments consist of chert, shale, siltstone and possibly volcanic fraéments.
The Bluesky sandstones studied are composed of quartz, rock fragments (mostly chert and
sedimentary rock fragments) and dolomite grains. Micas owuuwghase and fefdspars are
rare. The proportion of chert varies with grain size; medium or fine grained sandstones are
dominantly chert. Glauconite is a major component in the uppermost sandstones of the Bluesky,
but also occurs in minor amounts throughout. Both the Triassic Halfway and the Permian Belloy
sandstones are quartz-rich. »

J ¢

Diagenetic Minerals

Y.
Diagenetic minerals in Cretaceous units include siderite, chlorite, dolomite, quartz
overgrowths, kaolinite, pyrite, illite, albite, calcite and ankerite. in the Triassic and Permian

sandstones, the major diagenetic minerals are unrtz overgrowths, calcite and anhydrite.
~

The general diageneﬁc sequence for each of the sandstone units is very si_milar, although a
fow dlagenetic minerals aré notably absent from some units, A summary of the diageneti
sequence in each formation is presented in Figure 4.4. Although the relative sequence of
mmmaamm@mmmaysbeaaammémeu.medwmasescan
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STAGES OF DIAGENESIS

LATE

EARLY INTERMEDIATE
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Figure 4.4

Generalized diagenetic sequences for each unit examined.
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13

be classified generally into earty-stage, intermediate-stage, late-stage and fracture-filling cements.
In this study, diagenetic minerals have been spilit into stages according to the following criteria: (1)
Early-stage cements are the diagenetic phases which always occur immediately adjacent to detrital
grains (i.e. grain coats) or they are cements which fill the pore space before any other diagenetic
processes have occurred; (2) Intermediate-stage céments coat the early-stage cements and
partially or completely fill the remaining pore space. They mz;y also be phases precipitating in
response to dissolution of unstable detrital grains, (3) Late-stage ce\ments are the last phases to
precipitate and fill the remaining pockets of primary pore space, as well as secondary pore space
resulting from dissolution reactions, Late-stage cements precipitate after significant compaction
and grain-fracturing has occurred; (4) Fracture-fill cements occur in sub-vertical or sub-horizontal
fractures which cut across previously lithified sedimentary rock. A description of the diagenetic
minerals, their textural relationships, and their isotopic compositions is presented below in order

of early to late diagenetic stage.

Early Diagenetic Minerals

Textural relationships indicate that siderite and chlorite are the earliest diagenetic phases in
the Cardium. Siderite is the most prevalent diagenetic mineral in this sandstone, whereas chlorite ’ o
occurs locally in some samples where siderite is absent. Siderite can occur as: (1) isolated v
s;;hencal crystals with central cores of opaque material (possibiy organic matter) (Figure 4.5&); @
pore-filling gement (Figure 4.5b); or (3) pore-lining cement coated by later pore-filling siderite
(Figure 4.5¢) or by later quartz overgm or calcite cement (Figure 4.5d). Some samples
containing s»derita spheres have ‘an open po[e'strﬁcture (Figure ;1.5a); other sampies have no
pore space, rather siderite spheres are squeezed between tightly compacted detrital grains

(Figure 4.5e).

Two isotopic analyses for sidgrite give significantly different 5180 values, +22.2 %/oo for

sampl_eSiommtheoismalRatM;mberand+16.7°/o6forsampl6304trommeKakwaMember



Figure 4.5

(a) Thin section photomicrograph of isolated spherical crystals of siderite (arrows) coating
detritat quartz grains. Note the open pore space (P). Planae polarized light. 'Cardium Formation
(4-6-64-6 W6, 1755.4 m). Field of view is 0.83 mm.

(b) Thin section photomicrograph of pore-filling siderite cement (SID). Crossed-nicols.
Cardium (16-9-62-4 W6, 1835.1 m). Field of view is 0.83 mm.

(c) Thin section photomicrograph of pore-ﬁhing (arrow) and pore-filling (SID) siderite. Plane
polarized light. Cardium (11-8-63-5 W6, 1824.1 rﬁ). Field of view is 1.34 mm.

(d) Thin section photomicrograph of pore-filling siderite (SID) partially replaced by caicite
(CALC). Crossed-nicals. Cardium (15.16-68-13 W6, 1150.5 m). Field.of view is 0.33 mm.

(e) Thin section photomicrograph of grain-coating siderite sphe;es (arrows) in a tightly . -:,&
confpacted sandstone. Plane polarized light. Cardium (6-26-62-5 W6, 1860.8 m). Field of '

view is 0.83 mm. '

() SEM photomicrograph of an authigenic quartz crystal (QTZ) overlying grain-coating chlorite
(CHL). Cardium (11-8-63-5 W6, 18282 m).

(g) SEM photomicrograph of chiorite (CHL) embedded in authigenic ﬁuartz (QT2). thorite
precipitated before the quartz. Cardium (11-8-63-5 W6. 1828.2 m). '

(h) SEM photomicrograph of kaolinite éKAOL) overlying grain-coating chiorite (CHL). Cardium
(11-8-63-5 W6, 1828.2 m).

S~ .
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(Table 4.1). The +22.2 0/00 siderite in sample 310 includes both pore-lining and pore-filling

siderite; in sample 304, siderite is a pore-lining phase. 813C values are -7.7 ahd -8.7 %/o0 PDB,

respectively. Calcite occurs after siderite in both these samples. R

Chilorite is present in a Cardium sample situated 4 m below the siderite-rich sample 310.
Chilorite occurs as an early grain-coating phase and is coated in turn by quartz overgrowths

(Figures 4.5f and 4.5¢g) or kaolinite (Figure 4.5h).

Neither siderite nor chlorite were observed.in the Paddy or Blt;esky sandstones. Rather, a
texturally ean;ly calcite or ankerite cement is present in these sandstqnes. in the Paddy sample
233 (Table 4.2), rouﬁded quartz grains float in calcite and ankerite cement (Figure 4.68). Quartz
overgrowths and kaolinite are absent in this sample. In the Biuesky, dgtrital grains float in
microcrystalline Fe-calcite cement (samples 60 and 69, Table 4.2, Figure 4.6b). The 3180
composition of these apparently early calcite cements is similar to that of late-stage calcite
cements in the same units, i.e. +11.7 ¢/oo for early éaddy calcite compared with +11.0 ®/oo for
late Paddy calcite, and +15 /0o for early Bluesky calcites compared with +14 %/0o for late Bluesky
caicte. 813G values, however, from early cements in both units are significantly higher than for
late stage-cements (early Paddy cakite 813C = -3.1 9/00 whereas late Paddy calcite 813C = -10.9
%/oo0; earl? Biuesky calcite bi3C =+1.1t0 +2.2 °/oo‘whareas late Bluesky calcite 313C =-4.010-

9 . '

0.8 %oo PDB). -

&7

[ 3
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TABLE 41 ISOTOPE RESULTS FOR

LOCATION
CARDIUM
310 11.8 63 .5WS6
304 1516 68 13W6

CADOTTE

301 14 18 74-12W6
298 14-18-74 12W6
327 10-7-68 13 W6

~. %
FAHLER
351 6 28 69 12W6

CADOMIN
339 10-8.-70 9WS§6

DEPTH
(m)

1824 10
1150 50

1460 20
1451 75
2487 00

2139 40

2204 00

SIDERITE

ROCK
TYPE®*

N

vig sst

vfig sst

cong!

sandy congtl

O=dolomite. A-ankerite

DESCRIPTION® (SMOW)(PDOB)
siderite rims & pore tll. 52%C. 48%S 22 2 77
early rims before caicite 16 7 -8 7
" stderite concretion 196 44
early siderite cement 18 7 22
siderite concretion, 92%S. 8%D 8 4 31

siderite cement 67%S 27%C 4%A 2%D 16.5 01

early siderite cement 20 1 36

-+ abbreviations vfg sst very fine graned sandstone, cong! -conglomerate. S-siderie C -calcite



TABLE 42 ISOTOPE RESULTS FOR CALCITE \
DEPTH  ROCK , 2180 a'3c
LOCATION (m) TYPE* DESCRIPTION® (SMOW) (PDB)
CARDIUM
303 15-16-68 13W6 1149 8 74%C.26%D. late calcite cement 155 -4 7
310 11-8-63-5W6 1824 1 50%C 50%S. calc after partial sidernte dissol 129 -15 8
315 153461 4W6 19290 fracture-till calcite 136 -153
PADDY
231 7-11.72-12W6 1686 2 fg sst late calcite cement 110 -10 9
233 7-11-72-12W6 1693 7 mg sst 74C 26A early calcite cement 117 -3 1
CADOTTE
323 10-7-68-13W6 2481 3 mg sst fracture-fill calcite 16 0 22
FAHLER
218 93-P-6.b-24-B 2282 0 siltstone early Fe-calcite cement 112 91
217 93-P.6.b-24-B 2284 0 slitstone fracture-fifl calicite cement 171 05
252 93-P-7.a-48-J 1997 9 cong! Fe-calcite cement 112 22
236 93-P-1 b-28-L 2348 4 congl calcite cemant 10 8 31
369 6-28-68-13W6 2552 7 congl calcite cement 108 78
414 11-30-69-10W6 19956 congl macro -cryst calcite cement 112 t 8
4751 10-1§-69-11W6 2088 0 congl caicite ceament 116 5 2
351 6-28-69-12W8 21394 ‘congl calcite cement 112 1.4
353 6-28-69-12W6 2141 5 congl calcite cement 112 28
423 6-7-70-11W6 1981 8 congl. macro -cryst calicite cement 12.3 73
424 6-7-70-11W6 19809 congi meso -cryst. calcite cement after stderite 122 9.7
403 6-21-70-12W6 1979.4 congl calcite cement 118 2.1
4480 11-30-70-12W6 2021 5 congl macro-cryst calcite 118 48
377 6-18-72-11W6 1782 0 congl. macro-cryst calcite 125 29
359 11-13-66-8W6 2556 0 congl. late micro cryst. calcite 23 4 1.4
366 6-8-67-9W6 2389 9 congl caicite cement 23 86 19
4028 11-5-72-12W6 1870.0 fg sst. micro-meso-cryst caicite. replaces feldspars 11 6 71
4518 93-P-1.c-16-1 21486 m.g. sst. macro-cryst Fe-calcite. replaces feldspars 115 4 6
224 93-P-7.a-57-C 23386 vig sst 54C. 39D 7A 141 286
3640 3-P-1.a-85-G 22950 mg sst micro-meso-cryst. calcite. replaces feldspars 14 2 2.1
\/6-2-68-4W6 1707.0 mg. sst. 72C.19D.9A . 146 -03
BLUESKY
60 10-16-65-2W6 2204.7 siitstone 72C,22D 6A, early caicite cement 154 11
69 10-4-65-2W6 2265 1 vig sst. 55C, 16D,29A; early caicite cement 151 2.2
161 6-24-65-3W6 22555 mg sst. 55C,31D,13A; late caicite cement 156 -2.7
118 11-24-67-6W6 21250 mg sst. 73C,13D,14A; late caicite cement 141 -2.8
126 7-18-87-5W6 2148.2 mg. sst late calcite cement . 144 -40
71 10-4-65-2W6 2269 2 fg. sst. late Fe-ceicite cement 143 -3.2
156 6-24-65-3W6 2273.3 siltstone 62C,11D,28A; caicite sheils 145 -23
429 10-34-70-13W6 2372.2 congl. meso. to macro-cryst. caicite cement 120 -3.8
431 10-36-74:13W6 1829.0 congl. macro.-cryst. caicite cement 1386 -0.8
HALFWAY
274 10-3-70-10W6 2662.7 70%C.30%0D; late caicite cement 19.8 -25.7
275 10-3-70-7Y0W6 2666.4 vug-titl calcite 18.8 -27.8
276 10-3-70-10W8 2867.0 fracture-fill caicite 19.7 -18.3
BELLOY
\% 258 11-31-69-9W8 2829.3 tg sst. macro-cryst. caic. cement after authigenic qtz 2185 -24.4

* abbreviations: sst.=sandstone, v.I.g.xvery fine grained, f.g.=fine-grained, m.g.=medium grained,
congl.=congiomerate, C=caicite, D=dolomite, Asankerite, qtz=quartz, calc.scalcite
cryst.:crystal'to. dissol.=dissolution



Figure 4.6

(a) Thin section photomicrograph ot rounded quartz grains surrounded by calcite and ankerite
cement (C). Quartz overgrowths are notably absent. Plane polarized light. Paddy (7-11-72-12

W6, 1693.7 m). Freld of view 1s 3.3 mm.

(b) Thin section photomictograph of detrital grains floating in Fe-calcite cement. Both
microcrystalline (CALC, central region) and mesocrystalline (outer regions) calcite ements are

present. Plane polarized light. Bluesky (10-4-65-2 W6, 2265.1 m). Field of view is 1.34 mm.

(c) Thin section photomicrograph of pore space entirely filled by quartz overgrowths. Plane

polarized light. Paddy (7-11-72-12 W6, 1684 4 m). Field of view is 1.34 mm.

{d) Thmin section photomicrograph of pore space (P) only partially filled by quartz overgrowths.
Plane polarized light. Paddy (7-11-72-12 W6, 1697 4 m). Field of view-is 3.3 mm.

(e) SEM photomicrograph of kaolinite (KAOL) resting on authigenic quartz (QTZ). Kaolinite
has also partially inhibited the development of the quartz overgrowth. Cardium (14-18-74-12

W6, 384.9 m).

*
(N SEM photomicrograph of kaolinite (KAQOL) embedded m calcite cement (CALC). Bluesky
(7-18-67-5 W6, 2148.2 m).

(g) SEM photomicrograph of kaolinite (KAOL) embeddéd ih ankerite cement. Bluesky (11-
24-67-6 W6, 21252 m).

(h) SEM photomicrograph of kaolinite (KAOL) embedded in authigenic quartz (QTZ). Bluesky
(11-24-67-6 W6, 2125.2 m).

—~
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macrocrystalline and approximately grain size. However, dolomite overgrowths and remnants of

chert mostly replaced by dolomite are present. Many of the micro- or meso-crystalline dolomite

grains actually may be grain replacements. 8180 values for dolomite in the Bluesky vary from

+17.5 to +23 9/00. 613C values range trom -2.5 to -0.3 /oo (Table 4.3).

Quartz overgrowths occur in quartzose sandstones in all the Cretaceous units examined as
well as in the Halfway and Belloy sandstones. In the Cardium, quartz overgrowths coat chloritet
(Figure 4.5f and 4.5g) or siderite, and calcite may fill the remaining pore space. The 6180 value

for quartz overgrowths in one siderite-rich Cardium sandstone is +22.5 O/oo (Table 4.4). Table

4.4 also lists 8180 values for quartz overgrowths in sandstones'throughout the vertical section
and far quartz druse in Cadotte, Falher and Cadomin conglomerates. 8180 values vary from +14
to +24 %/oo. The Cardium, Paddy, Bluesky, Nikarassin, Halfway and Belloy sandstones all have
authigenic quartz 1 80 values in the range of +20 to +22.5 %/o0. A quartz overgrowth in one
Falher sandstone has a 3180 value of +18.4 9/00; one sample of quartz overgrowths from the

Paddy has 5180 = +14 %/00. 5180 values for quartz druse in the Fajher are +15 to +16 %/oo0.

Quartz overgrowths from the Paddy have two distinctly difterent 5180 values, +21 to +24
/00 and +14 9/oo (Table 4.4). The former range is similal; to that of most other sandstone units.
The latter value is similar to quartz druse in Falher and Cadotte conglomerates. In sample 230
(0180=+21.4 ©/00, Table 4.4), all pores that are surrounded by detrital quartz grains are
completely filled by authigenic quartz (Figure 4.6c). In sample 234 (01 80=+14 9/00, Table 4.4),
pore spaces that are completely surrounded by detrital quartz are only partially filled by authigenic

quartz (Figure 4.6d).

Kaolinite was precipitated after chlorite in the Cardium sandstone (Figure 4.5h). It occurs
partially embedded in quartz overgr and also sits on the surface of qualtz overgrowths

(Figure 4.6e). In the Paddy, kaolinite in minor amounts in all samples except the calcite-
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TABLE 4.3 ISOTOPE RESULTS FOR DOLOMITE

DEPTH ROCK a'80 s'3C
LOCATION (m) TYPE® DESCRIPTION* (SMOW)  (PDB)
FALHER
10-20-67-5W6  1910.5 v.t.g.sst. 97D,38 = 22.4 1.7
7-20-67-6W6  2003.6 vigsst.  68D.20A12C 220 -0.9
10-29-67-10W6  2397.0 1.g.sst. 79D0.11A,108  22.0 1.0
10-13-69-9W6  1867.0 vtg.sst.  70D.15A 15S 171 -0.5
BLUESKY
133 7-10-63-1W6  2476.1 v.f.g.sst. dolomite 21.7 -1.0
4 4-7-63-3W6  2520.0 vtgsst. -  dolomite - 23.0 -0.3
5 4-7-63-3W6  2523.0 vtg.sst.  dolomite 22.4 -0.8
19 10-10-64-6W6 27824 siltstone  51D,24A.25C 17.5 -2.5
137  16-28-64-6W6  2664.8 vtg.sst.  67D.21A,12C 18.0 2.2
60 10-16-65-2W6  2204.7 stitstone 270D.73C 20.4 -0.7
122 11-24-67-6W6  2128.7 m.g.sst. 73D.27A 21.9 -0.9
3 5-7-74-11W6  1840.9 vigsst. 64D 11A,25C  23.0 -0.8

* abbreviations: sst.=sandstone, v.f.g.=very fine grained, f.g.=fine-grained, m.g.=medium grained,
congl.=conglomerate, C=caicite, D=dolomite, A=ankerite, S=siderite
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TABLE 4.4 ISOTOPE RESULTS FOR AUTHIGENIC QUARTZ
DEPTH ROCK s'80
LOCATION (m) TYPE* DESCRIPTION* (SMOW)
CARDIUM
304 15-16-68-13W6 1150.5 vig. sst chem & sieve, siderite-rich 225
quartz before caicite cement
PADDY )
230 7-11-72-12W6 1684 4 1.g. sst chem & sieve 21.4
232 7-11-72-12W6 1689.6 m.g. ssf. chem & sieve 240
234 7-11-72-12W6 1697 .4 m.g. sst. chem & sleve 14.0
CADOTTE
324 10-7-68-13W6 2481.0 vfg. sst fracture-lining druse 16.4
324 10-7-68-13W6 24810 vfg sst vug-lining druse 16.0
FAHLER
196 7-30-69-11W6 2101.3 congl. hand picked 16.3
290 11-31-71-13W6 1996.0 congl. hand picked 18.5
237 93-P-1,b-28-L 2348.1 congl. hand picked 154
291 93-P-1,c-40-F 24145 congl. hand picked 15.0
178 11-4-70-11W6 1988.3 v.t.g. sst chem & sieve 18.4
BLUESKY
71 10-4-65-2W6 2269.2 wv.!g. sst. :hem & sieve,qtz before Fe-calcite cemer 20.0
CADOMIN
293 6-16-68-11W6 2631.0 congl. hand picked 18.2
292 5-32-65-9W6 3188.0 congl. hand picked 18.9
372 7-27-72-13W6 2298.0 congl. hand picked 18.5
NIKANASSIN
345 4-23-72-10W6 2127.3 m.g. sst. chem & sieve 19.6
HALFWAY -
274 ¢ 10-3-70-10W6 2662.7 v.f.g.sst chem & sieve 21.0
BELLOY

258 11-31-69-9W6 2829.3 f.g.sst. chem & sieve, qtz before calcite cement  22.7
268 9-11-65-13W6 4282.0 f.g.sst. :hem & sieve, gtz before anhydrite cemer 21.2

* abbreviajions: sst.=sandstone, v.f.g.=very fine grained, f.g.=fine-grained, m.g.=medium grained,
congl.=conglomerate, qtz=quartz, chem&sieve = quartz separate prepared using the meth
of Syers et al.,(1968); Jackson (1979) and Lee and Savin (1985).
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cemented sample 233 (Figure 4.6a). This distribution suggests that most of the kaolinite is
diagenetic and that early caicite cemenfation took place betore crystallization of kaolinite.
Kaolinite also occurs embedded in or resting on quartz overgrowths, and in small, secendary pare
spaces created by partial dissolution of rock fragments. In the Bluesky, kaolinite is embedded in
calcite (Figure 4.6f) and ankerite (Figure 4.6g) cement and in quartz overgrowths (Figure 4.6h). It

also rests upon quartz overgrowth surfaces (Figure 4.7a).

1 .

Kaolinite from Falher sandstones has a 8! 80 value of +11 o/-oo (Table 4.5), similar to dickite
from Falher and Cadotte conglomerates. One sample of dickite from a Bluesky conglomerate in
the northwestem part of the study area also has 580=+11.4 9/oo (Table 4.5). However, three
other samples of kaolinite from Bluesky sandstones in the southeastem part of the study area
have 6180 results ranging from +10.9 to +21.6 ©/0o. This range supports the petrographic

avidence for multiple generations of kaolinite.

lilite in the Cardium occurs as a pore-filling cement (Figure 4.7b) and as a coating on kaoun-ife
(Figure 4.7¢). In the Paddy, illite lines pore walls in some kaolinite-filled pores (Figure 4.7d); in
other pores, illite forms a paniel coating on kaolinite (Figure 4.7e), authigenic quartz crystais and
quartz overgrowths. lliite also forms bridges between authigenic pyrite and quartz overgrowths
(Figure 4.7). In the Bluesky, ilite coats pore walls and kaolinite (Figure 4.7g). Samples 52 and
147 (Table 4.6) are rich in glauconite, an Fe-rich US clay. This glauconite occurs as grain-size

pellets of illtic clay with a fibrous texture (Figure 4.7h).

8180 values for lite are +7.6t0 +11.4 %/00 in the Falher, +12.7 %/0o in the Cardium and
+11.9 9700 in the Paddy (Table 4.6). 5180 values for ilite in the Bluesky, inchuding both

glauconite-rich and glauconite-poor samples, range from +13.3 to +15.1 %/00. There is no
cormelation between the abundance of glauconite and the 3180 value. In the Cadomin, ilite has

i higher 8180 values (+16.0 to +18.4 %00).

r
\



Figure 4.7

(a) SEM photomicrograph of kaolinite (KAOL) filling the pore space after quartz overgrowths.
Bluesky (11-24-67-6 W6, 2125.2 m). ’

(b) SEM photomicrograph of pore-filling illite. Cardium (15-16-68-13 W6, 1159.4 m).

o

(c) SEM photomicrograph of illite (ILL) coating kaolinite (K). Cardium (15-34-61-4 W6, 1929.6

m).

(d) SEM photomicrograph of pore-lining illite. Kaolinite (KAOL) formed after illite. Paddy (7-

/

(¢) SEM photomicrograph of illite partially coating kaolinite (KAOL). Paddy (7-11-72-12 W6,

11-72-12 W6, 1684.4 m).

1684.4 m).

(N SEM phofomicrograph of illite forming a bridge between authigenic quartz and pyrite.
Paddy (7-11-72-12 W6, 1684.4 m). !

(g) SEM photomicrdﬁraph otillite (ILL) lining the pore wall and partially coating kaolinite
(KAOL). Bluesky (7-18-67-5 W6, 2151.2 m).

(h) SEM photomicrograph showing the fibrous texture on the side of a glauconite pellet.
Bluesky (10-16-65-2 W6, 2195.5 m). ’






TABLE 4.5 ISOTOPE RESULTS FOR KAOLINITE

LOCATION

CADOTTE

294

14-18-74-12W8

FAHLER

348
419

11-5-69-7W8
11-4-69-10WE6

198 7-30-69-11W6
200 7-30-69-11W§6
206 7-12-70-11W6
182 11-4-70-11WE6
220 93-P-7.a-57-C
3535 7-9-70-10W6
3539 7-9-70-10W6
4991 6-5-71-10W8
BLUESKY

128 7-18-67-5W6
119 11-24-67-6W6
135 7-10-63-1W6
410 7-24-74-13W6
CADOMIN

266 16-31-64-12W6
292 5.32-65-9W6
267 9-11-65-13W§6
293 6-16-68-11W8
337 10-8-70-9WS6
255 93-P-1,c-12-L
373 7-27-72-13W6

* abbreviations: sst.=sandstone, v.f.g.=very fine grained, !.g.=fine-grained, m.g.=mediuth grained,

DEPTH _

(m)

1437

1864.5
2035.2
2101.3
2117.1
6
0
3
7

1951

2006.
2321,
1908.
1940.

7

?

fine congl.

ROCK
TYPE*

congl.
congi.
congl.
congl.
congl.
congl.
congl.

©vtg. sst

mg. sst.

1798p<ai7tg st

1"

3316.
3188.
3248.
2631.
2197.
2727.
2298.

2
6
0

WOowooom

.

21482 ¢ mg. sst.
21252
2481,
1848.

mg’ sst.
tg. sst.
congl.

congl.
congt.
congl.
congl.
congl.
congl.
congl.

calc.kaol.;

DEjCRIPTION'
¢
dickite \

<
dickite
dickite
dickite
dickite
dickite
dickite
dlci\(ite
S$5K,341,4C, 7ML
79K,131,4C,3ML; feldspas-rich
74K,151,5C ,5ML

calc. kaol.. 46.5% kaol
calc. kaol.; 41.5% kaol.
dickite

dickite
dickite
dickite 2
dickite
dickite
dickite
dickite

congl.=conglomerate, K=kaolinite, I=zillite, C=chlorite, ML=mixed layer /S
caic.kaol = isotopic composition of kaolinite calculated from a clay mixture

19% kaol. before caicite

8180

130

50D

(SMOW) (SMOW)

11

10.
11.

10

10.
11.
12.
10.

1M
10
LR

21,
16.
10.
11.

14.

12

14.

13

13.

13

POBLBNWOW®O W

3

b O NO

-131

-104
-115
-108

-104

-102
-96
-93

-93



TABLE 4.6 ISOTOPE RESULTS FOR ILLITE

. LOCATION

CARDIUM

308 15-16-68-13W6
PADDY _

230 7-11-72-12W6
FAHLER

249 93-P-1,¢c-12-L

251 93-P-1,¢c-12-L .

242"~ 93-P-1,b-28-L
224 93-P-7,a-57-C
3638 93-P-1,8-85-G
4520 93-P-1,¢c-16-1
4250 93-P-16.b-28-1|
4047 11-12-71-13W6
4030 11-5-72-12W6
4040 11-5-72-12W8
4041 11-56-72-12W6

5095 10-198-72-13W6
BLUESKY
52 10-16-65-2W6
133 7-10-63-1Wé
87 .10-4-85-2W6
147 11-20-64-28WS.
130 7-18-67-5W6

426 10-34-70-13W8

418 6-28-68-13W6
CADOMIN
338 10-8-70-8Ws8

318  10-7-68-13W8

DEPTH
(m)

11569.5

1684 .4

2301.
2306.
2353
2338.
22886.
2151.
2502.
2026.
1879.
1890.
1894,
1941

2195,
2476.
2261.
2214,
2161,
2358.
2744 .5

ON W=

2201.6

DW®D®—-OLMWWwWoOoM ~OO

ROCK
TYPE*

v.f.g.ést.
f.g.sst.

f.g.sst.
wf.g.sst.
v.i.g.sst.
v.t.g.sst.

f1.g.sst.

f.g.sst.
v.f.g.sst.

m.-c.g.

f.g.sst.

Lo

R4
m.g.sst.

v.f.g.sst.
v.1.g.sst.
m.g.sst.
v.t.g.sst.
sandstone
sandstone

sandstone

2988.6 & sandstone

DESCRIPTION"

1+1S >15%S

1+1SH<15%S
14.I1S11<15% S
141S>156%S
1+1S 25%S
931,3K,1C,3ML
5§91,20K,7C.14ML; faldspar-rich
531,24K,9C,14ML
.771,3K,8C,12ML; feldspar-rich
§91,23K,18C
601,10K,10C,20ML; feldspar-rich
701,10K,4C,168ML; feldspar-rich
/781,2K,6C, T2ML

\

/S 11%S; glauconite-rich
14181l <15%S
141/S >15%S

/S 15%S; glauconite-rich
| with 11%S

s'80
(SMOW)

12.7

11.0
11.3
10.6
10.85
8.8
10.5
fN0.8
10.7
11.4
9.7
10.1
7.8

14.7
15.1
14.6
13.8
14.3
13.3
13.6

18.4
18.0

* abbreviations: sst.=sandstone, v.f.g.=very fine grained, f.g.=fine-grained, m.q.smoalum grained,
congl.=conglomerate, K=kaolinite, I=illite, C=chlorite, ML=mixed layer /S, s-gmoctno

131
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K-fetdspar dissolution and albitization of plagioclase is evident in all units where at least
minor amounts of feldspar are present. At least some illite is the result of dissolution of K-feldspar.
Albite crystals are sparsely scaﬁered throughout Cretaceous sandstones and are found in

fracture-fills in the Cadomin.

Late Stage Diagenetic Aﬁnonlc
Calcite and ankerite are the latest diagenetic phases that precipitated in Cretaceous units;
in Triassic and Permian sandstones, late stage anhydme% also present Late stage ankerite
occurs in the Paddy, Falher and Bluesky sandstones but is ébsent in thé Cardium, Cadomin,
Haltway and Belloy samples examined. Late stage calcite is obsewed in all these units except the

‘.
KRN

Cadomin. In the Cadomin, the last preserved diagenetic phases arq«dlcklte and quartz druse.
A}

\

Tabile 4.2 lists isotopic results for caicite cements. Within a pam(\:ular unit, th;\(ﬂ 80 value for
calcite is the same whether the cement is texturally early or late. 5180 valubs,jor calcite in the
Cardium vary from +131t0 +15.5 %/00; in the Paddy and most of the Falher, cabite 8180 411
%/oo; in the Bluesky 880 caicite = +14 to +15 %/00; and ih the Haltway and Belloy calcite a‘ fio
values are still higher, +19 °/90 and +21.5 9/00, respectively. 813C values are hiéi*lly variable,

ranging from -25 ©/00 in the Halfway and Belloy, to -15 ©/00 in the Cafdium, and from -10 to -4\
9/00 up to +9 /00 in the Paddy and Falher.
X o 4
Ankerite and calcite in the Paddy replace texturally early carbonate cement in amediqm-\
grained sandstone (Figures 4.6a and 4.8a). The ankerite and calcite have similar 13C values. In
the Bluesky, ankerite is ubiquitous as a coating on dolomite grains. In some samples, a°nk7ite- 3
rimmed dolomite is surrounded by later calcte cement (Figure 4.8b). In other samples, ankerite-
: Mmhﬂmﬂﬁsmd&om\mmmmoﬂkdbqumm '
kaolnkts. 8180 values for Bluesky ankerke vary from +15.9t0 +17.1 %/o. 8180 values for Father
ankerkte are slightly lower, about +14.7 to +15.7 9/00; those for Paddy ankerite are still lower,



Figure 4.8

(@) Thin section photomicrograph of ankerite (arrows) antl caicite cement. The cement
adjacent to the ankerite crystals indicated by arrows is calcte. Plane polarized light. Paddy (7-
11-72-12 W6, 1693.7m). Field of view is 1.34 mm.

(b) Thin section photomicrograph of ankerite-rimmed dolomite (D) surrounded by calcite

cement (CALC). The darker rim around the dolomite grain is ankerite which was stained blue.

Plane polarized light. Bluesky (11-20-64-26 W5, 2206.6m). Field of view is 1.34 mm.

(c) Thin section photomicrograph of late-stage, poikliotopic caicite cement (c). Caicite fillsin a

partially dissolved chert grain (centre). Crossed-polars. Bluesky (7-18-67-5 W6, 2148.2 m).
“Field of view is-1.34 mm.

(d) Thin section photomicrograph of a sandstone similar to that in (c), but the pore space (P)
is empty. This large pore space was probably once filled by caicite cement. Plane polarized
light. - Bluesky (11-24-67-6 W6, 2125.0 m). Field of view is 1.34 mm.
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+13.2 9/oo0 (Table 4.7). 513C values tor ankerite in all three units are -3 to -1 /00 with the

exception of one Falher sample with 813C = +4.5 %/00.

Fractute-Filling Diagenetic Minerals
A tew mineral-lined fractures were found in core during sampling. Fractures are generally
stip-vertical, and are lined by calcite or Fe-dolomite (Table 4.8). One vertical fractyre inthe
Gething contains kaolinite, barite and calcite, precipitated in that order. In one Cadotte well, a
vertical fracture contains caicite, whereas an horizontal fracture is lined by authigenic quartz

crystals.

i

Table 4.8 gives the fracture-filling cements and their isotopic compositions. For
comparison, the isotopic composition of late-stage caicite cement and quartz druse are also listed.
in the Car'ﬂium, calcite cement in the sandstongs and fracture-filling calcite in the southeastern
part of the study area have comparable 3180 and 313C values. In the Cadotte, quartz which fils a
hotizontal fracture has the same 8180 value as quartz whi‘ch lines a large vug created by partial
dissolution of siderite. This value is also comparabie to the 8180 value of quartz druse in the
Falher. The similarity of the isotopic values of fracture-fill cements to the isotopic values of
surrounding sandstone cements suggests that fractures were fitled by minerals precipitated from
the same waters as those depositihg the late-stage caicite in the Cardium, and qum.z druse in the
Cadotte and Falher.

Isotopic values for other fracture-fill cements do not agree as closaly withtisotopic values of
surrounding cements. In the Cadotte, vertical ﬁmeomﬁlod by caicite with 3180=+16 %/00
and Fe-dolomite with 318024138 0/00;, vertical fractures in the Falher are filed by caicite with
8180=+17 9/00. In contrast, late-stage caicite cements in the Faiher have 8180411 %f00. -In the

Nikanassin, Fe-dolomite which fils a fracture has 5180=420.5 9/00 compared to 81804+17 9/00



TABLE 4.7

LOCATION
PADDY
233 7-11-72-12W6

FAHLER
202 7-30-69-11W6
178 11-4-70-11WE6
6-2-68-4W6
11-13-66-8WE6

BLUESKY

108 6-32-45-4W6
137 16-28-64-6W6
19 10-10-64-6W6
81 11-27-63-2W6
99 7-34-65-3W6
67 10-4-65-2W6
132 7-10-63-1W6

* abbreviations

DEPTH

(m)

1693

2122
1988
1720
2566

2295
2664
2782
2443
2245
2261
2474

7

cC o wxy

b OO N B NW

ISOTOPE RESULTS FOR ANKERITE

ROCK
TYPE®

m.g sst

vfgsst

vig.sst

congl sst
f g sst

t g sst
vigsst
siltstone
t g sst
vigsst
vfgsst
vtgsst

DESCRIPTION"

74C 26A -
5

ankerite
73A.26D.1C
79A 14S.7C
51A.460D.3S

630D.37A, ankerite separated
12C.670.21A; ankerite separated
25C .510D.24A. ankerite separated
440D 56A, ankerite separated
240D 66A, ankernte separated
400D 60A
2C.320.67A

congl =conglomerate, C=caicite, D=dotomite, A-ankerite, S=siderite

-/

»'80
(SMOW) (PDB)

14

15
15

17
17
16
15
17
17
16

~ & O~

® O O Y = = =

ss! -sandstone, v1i.g =very fine gramned, tg =tine-grained. m g =medium grained,

»'3C

NWOoOo oo ~



TABLE 4.8 COMPARISON OF ISOTOPE VALUES FOR FRACTURE-FILL AND

SANDSTONE CEMENTS

DEPTH
LOCATION (m) TYPE
CARDIUM
303 15-16-68-13W6 - 1149 8 cement
310 11-8-63-5W6 1824 1 cement

315 15-34-61-4W6 1929 .0 fracture-fill

CADOTTE

323 10-7-68-13Wé6 24813 fracture-till
324 10-7-68-13W6 2481 0 fracture-till
391 6-25-66-13W6 2504 1 fracture-fill

FALHER
218 93-P-6.b-24-8B 2282 .0 cement
217 93-P-6.b-24-8 2284 0 tfracture-till

BLUESKY

126 7-18-67-5W6 21482 cement
GETHING

288 6-9-66-5W6 2467.0 tracture-fill
NIKANASSIN

343 4-23-72-10W6 2124 .8 fracture-till

HALFWAY R
274 10-3-70-10W6 2662.7 cement
275 10-3-70-10W6
276 10-3-70-10W8
~
" BELLOY
isa 11-31-69-9W6

DESCRIPTION* (SMOW) (PDB)
74%C 26%0D 155 -4 7
50%C.50%S 129 -15 8
calcite . . 1386 -15%3
caicite 16 0 2.2
quartz 16 4

Fe-dolomite 13.8 -1.2
caicite 11.2 -9 1
-0.5

calcite 171
\/
calcite 14 4 -4 0

kaol..barite caicite -

Fe-dolomite 205 -4.5
70%C.30%0D 196 -25.7
caicite 18.8 -27.6
caicite 19.7 -15.3
calcite 215 -24 .4

* abbreviations: C=calicite, ite, S;siderite, kaol.=kaolinite

137
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for late ankerite cement in the Bluesky. In the Halfway, calctte in fractures has a similar 8180 value

to the calcite cement, but the ' 3¢ value is - 15 9/00 instead of -25 ©/00.
s

) CONSTRAINTS ON POREWATER EVOLUTION

The evolution of porewa.ter in the Falher and Cadomin can be weil-constrained by a
oombmat;on of stable isotope, petrographic, fluid inclusion and water chemistry data (Chapter 2).
Data fqrbwe‘Cardium, Paddy, Bluesky, Halfway and Belloy Formations are much more limited.
However, combined with the information for the Falher and‘ Cadomin, some insight into porewater

. evolution and fluid flow throughout the entire section can bé obtained. As discussed in Chapter 2

for the Father and Cadomin, porewater 5180 values increased during burial from -12to -7 ©/o0

during early diagenesis to +3 %/00 as burial temperature rose. Even though pore fluids attained
temperatures as high as 190°C in the Falher and at least 150°C in the Cadomin locality studied,
porewaters with 8180 values higher than ~ +3 9/00 are indicated‘by existing diagenetic minarals
only in the caao}nin. During uplift, an influx of meteoric water lowered the 380 ratio of the

™ porewater and was accompanied by precipitation of dickite in both units, and calcite and__ankerité

in the Falhet. ‘ \

Porewater evolution curves like those constructed for the Falher Member and Cadomin
Formation can be sketched out for the Cardium, Paddy and Bluesky Formations. Figures 4.9a,
4.10a, and 4.11a show 3180 porewater versus temperature curves for the diagenetic minerals;
Figures 4.9b,4.10b, and 4.11b illustrate possible pathways for porewater evolution, as discussed

below.

Maximum burial temperatures for each unit can be derived usingtheFalhertemperatures.
which were caiculated from vitrinite reflectance data (Chapter 2; Figure 2.9) and a geothermal
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CARDIUM N UPERATURE
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Figure 4.9a 518 O of porewater versus temperature for diagenetic mirterals from the Cardium
Formation. Mjneral curves are shown for 318 O values of each phase using the following equations
(T="K): A

(1) 103Ina siderite-H20 = 2.9(105)T-2 - 2.80; (Becker and Clayton,1976);

(@ 103ina quartz-H20 = 3.38(108)T-2 - 2.90; (Friedman and O'Neil,1977; after Clayton et al.,1972);
(3) 103Ina caicite-H20 = 2:78(108)T-2 - 2.89; (Friedman and O'Neil,1977; after O'Neil et al.,1969);
(4) 103Ina ifite-H20 = 2.43(108)T-2 - 4.82; (Yeh and Savin,1977).

Soiid curves are for diagenetic minerals from the Kakwa Member; dasﬁed curves are for diagenetic
minerals from the Dismal Rat Member.

- POREWATER EVOLUTION PATHWAYS

MAXIMUM BURIAL

*8.7] o120
— +4 — <t .
2 - o
s 0]
e _
q 4]
I -— —
? ° -
© =12

) T 1T 17 1]
50°C 100°C 150°C 200°C
% TEMPERATURE

Figure 4.9b  Idealized porewater evolution paths (818 O of water versus temperature) for Cardium
sandstones. Two paths are shown (1) caicke precipitated at maxdmum burial temperature (lower
m):mm‘mmammmwmmm(mmy
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MAXIMUM BURIAL MAXIMUM FLUID

+g ] PADDY nunlulwne * TEMPERATURE
~ +4
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Figure 4.10a 018 0 of porewater versus temperature for diagenetic minerals from the Paddy
Member of the Peace River Formation. Mineral curves are shown for 518 O values of each phase
using the equations listed in the figure caption for Figure 4.9a and the following equation (T="K):
103ina ankerite-H20 = 2.78(106)T-2 + 0.32; (Dutton and Land, 1985).

PADDY
POREWATER EVOLUTION PATHWAY

MAXIMUM BURIAL MAXIMUM FLUID
TEMPERATURE TEMPERATURE

+
(- -}

- +q4 —
2 - 0
(@] )
g —

-4 —
Q 7]
I _
o ° ‘
® -2 —

lll

50°C 100°C 150°C - 200°C
TEMPERATURE

Figure 4.10b  Idealized porewater evolution paths (88 O of water versus temperature) for Paddy
sandstones. - The path indicated by discontinuous arrows assumes that the hot fluids from the Falher
did not enter the Paddy sandstones. The solid path assumes hot fluids did enter the Paddy
sandstones.
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B  MAXIMUM BURI
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Figure 4.11a 318 O of porewater versus temperature-for diagenetic minerals from the Bluesky
Formation. Mineral curves are shown for 818 O values of each phase using the equations listed in
the figure captions for Figures 4.9a and 4.10a. Fluid inclusions in calcite cement with 518 0=
+14.4 900 homogeﬁized at ~115°C. These data give one controi point for porewata\r evolution.

BLUESKY
POREWATER EVOLUTION PATHWAYS
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2 %
S L2
2}
Q,
o
e
@D
N S B S R N B B N P L U A
50°C 100°C 150°C 200°C
TEMPERATURE

nguru.nb lmwpawauwmm(a“omwummp«mna
Bumkym Different paths are possible depending on whether ilite, quartz dr caicite
formed at maximum burial temperatures. Ommmmmmbym
mmwmnmopom
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gradient of 27°C/km. The calculated Faiher burial temperatures are used here to estimate
temperatures for other units, since the samples examined are located to the east of the
anomalous zone defined in Chapter 2. Maximum burial temperatures versus present W
temperatures (in parentheses) for analyzed samples are: (i) Cardium, 110°-120°C (35°-50°C); (i)

Paddy, 125°C (65°C), (iii) Bluesky, 115°C (75°-85°C); (iv) Halfway, 145°C (75-90°C); and (v) Belloy,

150°C (80°C).

In some cases, the maximum burial temperature can be used to estimate the maximum
3180 value of the porewater from which diagenetic minerals have precipitated. For example, in
the Cardium (Figure 4.9), quartz must have precipitated from porewater with 6180 < +3 /00 and
illite from porewater with 5! 80 < +29/00. However, this interpretation is complicated by the
possibilities that: (1) pore fluid may have been hotter than the ambient rock temperature (Chapter
2) and (2) the diagenetic minerals may have precipitated at temperatures lower than the maximum
burial temperature. Fluid-inclusion temperatures that could provide the additional data necessary
to resolve these uncertainties are not available.

N

In Figure 4.9a (Cardium Fon;uation), solid lines represent diagenetic minerals from the
Kakwa Member of the Cardium Formation; dashed lines represent diagenetic minerals from the
Dismal Rat Member of the Cardium Formation (Plint et al.,1986). The two different siderite values
suggest that early porewaters in the Dismal Rat Member had higher 8180 values than those in the
Kakwa Member. Thé presence of earty chlorite in some Cardium samples from the Dismal Rat
Mapbaalsosuggestsamorebrackisheaﬂyporewater. Sin.cetheDismalRatMamberisargaﬁne
Mdoposﬂéappedbyaregigndaosbndwdace.medepoéhbthaﬁm.
However, these marine waters may have been partially replaced by meteoric water during the
‘aerial exposure represented bytheemslonalsurface Inoontrast.theKakngembérisa
shorélﬂw\sar\dsionecappedbylagoa\aldeposits. Depositional waters were probably fresh to
brackish..
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As porewaters evolved, kaolinite and quartz overgrowths, then illite and finally caicite were
precipitated (Figure 4.4). Given the maximum burial temperature (110°-120°C), porewater 5180
values as high as 0 to +2 ©/0o are possible for quartz and illite. Lower values 0180 = -1 10 0 %/00)
are indicated for calcite.. There is no evidence to distinguish between precipitation of caicite at
maximum burial temperaturés or precipitation during uplift as a resuft of cooling and a meteoric
water influx. Both pathways are shown in Figure 4.9b. Falher data indicate that calcite precipitated
during both situations. However, the 12.9 9/00 calcite in the Dismal Rat Member is a
petrographically late cement. ?ts 5180 and 313C values are similar to calcite cement which fills

fractures in the Cardium Formation. its lower 3180 value, relative to caicite cement in the Kakwa

Member, suggests that it was precipitated as a result of the influx of meteoric water.

In t.he Paddy, if illite precipitated or recrystallized at maximum burial temperatures, porewater
may have attained a maximum 3180 value of +1 9/oo at 125°C (Figure 4.10). It is aiso possible
that the hot fluids (~170°C) from the Falher and Cadotte penetrated the Paddy. If so, maximum
3180 values for the porewater could have reached +3 %/oo (Chapter 3). In either case, the low
8180 values for late-stage calcite (+11 ©/00), quartz (+14 ©/oc) and ankerite (+13.2 O/00) (Figures
4.10b, 4.4) suggest that the porewater became depleted in 180 before precipitation ofthese
minerals. An influx of meteoric water during uplift and cooling is compatabie with the Paddy data.
The high 3180 quartz overgrowths (+24 %/00, +21.5 %/00) must have been precipitated during a
relatively early stage of diagenesis in the temperature range of 50-80°C (Figure 4.10b). The low
3180, late-stage quartz overgrowths (+14 9/00) were precipitated during upiift from porewater
depieted in 180.

In the Biuesky, mmmmmmmmmmomimm
predpltatedatﬂS'Cfrom mmmo“om °/oo(Flg|.n411a) mpmmyown
nmmmmwaomammmmwmmm
mmmmmmwwmmmmwmmu
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of diagenesis. However, because it was not possible to separate detrital dolomite from diagenetic

dolomite, the 3180 value for dolomite (+17 to +22 ©/o0) is probably a composite of both detrital

’

and diagenetic forms. Dolomite isotopic data are not considered further. Giauconite and iilite

have the same 3180 value. Glauconite is usually precipitated under marine conditions very soon
after deposition. To precipitate glauconite at 20-30°C requires porewater with 3180=-9to -7 %/00
(i.e. meteoric or brackish water) (Figure 4.11a). To form glauconite from seawater (6180~ 0 9/00),
requires temperatures of ~ 80°C. Therefore, the measured 3180 values for glauconite are not
consistent with its precipitation during early diagenesis from marine porewaters. The fact that
intermediate-stage, diagenetic illite (Figure 4.4) has a similar 5180 value suggests that the

) glauconite was recrystallized at higher temperatures. The fibrous or platy texture of the sides of
glauconite pellets (Figure 4.7h) also suggests recrystallization. [f illite precipitation and glauconite
recrystallization took place at maximum burial temperatures, then the maximum enrichment of the
porewaters was +3 %/00 and the porewater became depleted in 518073 a resut o a meteoric
water influx before late-stage caicite and ankerite were precipitated. Alternatively, illite might have ‘
precipitated at a lower temperature (e.g. 70°C) from porewater with 3180=-1 %/00 and quartz
overgrowths formed during maximum burial from porewaters with 5180 = 09/00. The third
alternative is that calcite and ankerite precipitated at maxiumum burial from the most highly evolved
porefiuids in the Biuesky ( i.e. maximum enrichment of the porewaters was only ~ -1 0/00).

For éll except the lowermost Cretaceous unit (the Cadomin, Chapter 3), there is no
evidence that porewatersbecamemoreenrit;hed in 3180 than +3 %/o0; in some untts, the 180
value of porewaters may have been no higher than 3180 ~ -1 %/00. A pattern of porewater
evolution including increasing 3180 during burial and decreasing 8!80 during uplift is

compatable with data from all the Cretaceous units studied.

8180 porewater versus temperature curves for the Triassic Halfway and the Permian Belioy
diagenetic quartz and calcite are shown in Figare 4.12. Petrographic relationships indicate that

.
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HALFWAY AND BELLOY

MAXIMUM BURIAL
TEMPERATURES
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Figure 4.12 818 O of porewater versus temperature for diagenetic minerals from the Halfway
and Belloy Formations. Mineral curves are shown for 518 O values of each phase using the
equations listed in the figure caption for Figure 4.9. If calcite precipitated of recrystalized at
maximum burial temperatures, the porewater may have had an 318 O value as high as +8 %/00 in
the Halfway and +8 /00 in the Belloy Formation. ‘
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calcite is arelatively late-stage cement in both units (Figure 4.4). Calculated maximum burial
temperatures are 145°C for the Halfway and 150°C for the Belloy. If caicite pre.cipitated or
recrystallized atthese temperatures, the porewater may have had an 5180 value as high as +6
/00 in the Haltway and +8 9/00 in the Belloy. Quartz overgrowths precipitated before calcite,

probably at lower temperatures from less 180-enriched porewaters.

CARBON-ISOTOPE COMPOSITIONS

Carbon-isotope compositions of carbonate cements in Upper Cretaceous to Permian units
vary imegularly from -27 to +9 %/oo PDB (Tables 4.2, 4.4, 4.8 and 4.9, Figure 4.13). This variation
is consistent with a complex range in conditions for carbonate cementation and recrystallization
throughout diagenesis. Early carbonate cements, including siderite and texturally earty éalcite
and ankerite'(recrystallization products of early carbonate cements), have 313C values ranging
from -8 /00 to +3.5 %/00. The CO2 supply for these cements wés probably a mixture of CO2
from marine carbonate (= 0 ©/00) and sulphate reduction (613C = -25 ©/oo, Curtis, 1977 Irwin et
al., 1977) or bacterial fermentation 013C = +15 /00, Curtis ,1977; Irwin et al., 1977). Detailed
analyses of carbon-isotope values and chemistry of carbonate cements can reveal much about

deposmonal waters and early porewater evolution (Curtis et al., 1986; Staley,1986), but such work

isbeyondthescopeofthisproiect. N

\

Late calcite and ankerite cements have 313C values ranging from+27 to +9 %/c0. Low
values (27 10 -15 /o) for late cements suggest that CO2 was supplied by thermal
decarbaxylation of organic matter 013C = -25to 1000, Curtis,1977; Irwin etal, 1977). Such
bwvuueswmrymmewcneoemmsfamdmfwaymaw&yﬁm. In Cretaceous
units, 313C values of carbonate cements range from -15.8 %/00 in the Cardium to +9 %/00 in the
Falher. SmprdaasuggestmalatecarbonaechNKSinCramm&m;désa'

-
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result of the influx of meteoric water, 813C values may reflect mixtures of in situ waters containing
CO2 from thermal decarboxylation of organic matter. and meteonc water which may have carried
CO2 trém any of a number of near surface sources (eg. fermentation zone, bactenal reduction
zone, soil-derived 13C-poor COp). The restriction of very low 813C-carbonate cements to the

Haltway and Belloy Formations, suggests that these units were isolated from the influx of meteoric

water when the caicite precipitated. 3180 values of their carbonate celnents are consistent with
this interpretation.

1

DISSOLUTION 'CARBONATE CEMENTS

Petrographic textures suggest that dissolution of carbonate cemens has occurred in several
Upper and Lower Cretaceous sandstones and conglomerates. In the Cardium, some pore spaces
are lined by sicerite (Figure 4.5a); other samples have no pore space and siderite crys{als are
tighﬂy squeezed between detrital grains (Figuré 4.5e). The open pore structure of the former
type of sandstone suggests that a coment was present during compactiontand thus prevented
grain compaction. This cement must have later dissolved away. In the Cadotte, large empty vugs
in very fine grained sandstone are up to 2 cm in vertical thickness. These vugs are lined by a /
remnant of siderite whicgis overlaih by quarnz Qmse. These vugs were probably originally siderite
concretions and the siderite was mostly dissolved away before precipitation of the quartz druse.
in some Falher conglomerates, siderite is partially raplaced by calcite cement iChapter’ 3; Figure
3.3¢). Inthese samples, at least soma siderite dissolution has occurred. In the Bluesky, within a
single thin section, some large pore spaces are filled by calcite cement (Figum4.éc):whaeas
other large pores are empty (Figure 4.8d). Some cement must have originally been present in
Ml:'goonptypaasnor;ut;\xmaompaam
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intermediate to late-stage during diagenesis. in the Paddy, two entirely different generations of
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quartz overgrowths can be recognized, an early generation with 0180 = +211t0 +24 /00 and a

late generation 3vnh 5180 = +14 900 (Table 4.4). The pore space in the samples with early quartz
overgrowths is completely filled by the authigenic quarntz (Figure 4.6c) inthe sample with the late
quartz overgrowths, pore space has not been completely filled by quahz (Figure 4.6d). \Witiow
the isotope data, the immediate explanation for the‘ greater porosity in the one sample compared
to the other is that the sample with the greater porosity is coarser grained and original pore spaces
were larger; there was insufficient time and supply of silica to con!pletely fill these pores. A
However, if this were the case, the isotopic composition of diagenetic quartz in both samples
should be similar. Instead, there is a difference of 7 %/oo between the 3180 val‘ues ot quaitz
overgrowths in the two samples. Therefore, the presence of a cement must have inhibited early
quartz precipitation. This cement dissolved and sometime after the initial stage of quartz

- precipitation, pore space became available for late quartz precipitation.

\

>

The similarity of 3180 values for both texturaily early and late caicite and ankerke cements

accompanied by a difference in their 313C values suggests that dissolution of a carbonate cement
and precipitation of a later carbonate cement has occurred. Original 313C values of the eariiest
carbonate cement have apparently been preserved, whereas the 3180 value reflects the

temperature and 8'80 composition of the water involved in the re-precipitation. it seems

probable that the texturally early cement in many cases was early siderite, later dissoived and

‘replaced by calcite, Fe-calcite or ankerite.

CROSS-FORMATIONAL FLOW

.
-

]
.

The Cadomin Formation exciuded, there is generally no evidence for extensive Cross-
formational flow of 180-rich fluids from the Triassic and-underlying uits irkto the Cretaceous
section. isotopic analyses of Triassic and Permian caicke cements suggest that these porewaters
c;:ld'hmo“Ov“aNmuwtomWoo;Hm.hmodcmmoww
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rare isolated data described below suggests that porewater had 5180 values higher than +3

9/00.

Calcite cements from Falher conglomerates in township 66 range 8W6 and township 67
range 9W6 have anomalously high 8180 values (+23.4 and +23.6 ©/00). To precipitate such
calcite at 657100°C requires porewater with 8180 = +21t0 +6.5 ©/00. At higher temperatures, the
required porewatef is even more enriched in 180, Petrographic relationships indicate that these
calcites are late-stage, microcrystalline cements (Chapter 3) which probably precipitated during
upliﬂf The data indicate that even f this calcite precipitated under present-day conditions (65°C).
it must have formed from water significantly’ r/r;ore enriched in 180 than the present-day regional
Falher porewater (8180 = +2 9/00 compared to the regional -6 to -5 %/00). Possible explanations
for this anomaly include: (1) the porewater at this locality did not experience dilution by meteoric
water during uplift; or (2) an infiux of ascending 1 80-rich waters mixed with porewaters at this
locality before precipitation of caicite. The present data does not alk‘ww a distinction between
these twd possibilities. )

Although most cements filling fractures have isotopic signatures similar to the surrounding
pore-filling cements, a few have anomalously high 8180 values. Calcite, which fills vertical
fractures in the Cadotte and the Falher, has 5'80 values of +16 ©/00 and +17 ©/0o, respectively
(Table 4.8) and represents a second locality where high 3180 fluids were probably present. The
data suggest that the porefluids which precipitated these fracture-filling calcite cements may have
had 3180 values of +3 9/00 when regional porefluids in the Cadotte and Falher had become
depleted to -1 9/00. Possible explanations for these 180-rich waters are the same as suggested
above. The data are consistent with local instances of cross-formational flow but do not eiliminate

other explanations.

150
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CONTROLS ON DI(\GENETIC PROCESSES

Comparison of diagenetic sequences and porewater evolution in each ot the u'nits studied
su;;gests that in the Upper and Lower Cretaceous sediments, the major diageneti.c processes are
independent of actual position in the vertical section. The general diagenetic sequence is the
same in each of the form’ations examined aven though burial depths, g;ogmphic position and
original depositional environment varied. The essential similarity, though, is the original detrital
mineralogy. In all units the detrital mineralogy is composed dominantly of quartz and chert. As °
| burial increased, the following diagenetic minerals precipitated: early siderite :r chiorite, kaolinite,
) quartz overgrowths, iilite and albite. Either at maximum burial or during uplift as the meteoric water

influx increased, caicite and/or a'nkerite were precipitated. In the coarsest sandstones and

conglomerates, dickite was precipitated from the evolved-meteoric water. The general pattern of

porewater evolution is similar for all the Upper and Lower Cretaceous units examined.

The mechanisms which control diagenetic reactions are still not well understood, although
many studies have suggested that the smectite/illite transition and organic reactions in shaies play
an important role. Land (1984) suggested that deeper shalee that have undergone the
smectita/illite transition at ~ 100°C are the source of SiO2 and CaCOg for quartz and calcite
cements in the Frio Formation in the Gulf Coast Basin. This theory is based on evidence for
precipitation of quartz at ~ 60°C and cakcite at = 80°C from porewaters with 8180 values of +4 t0 +5
O/00. Porewaters equilibrated with shales at the temperature at which significant organic reactions
wmmmemmonmwm(-’1oo°C),s:;&udnmo180vaumoc-+s°/oo
(Suchecki and Land, 1963). Since diagenetic cements in the Frio Formation formed from waters
mmwm,mamwmm.tmum)wmumm
quartz-saturated porewaters were expslled from shales snd moved updip in sandstones to lower
tmmmmwmmnd in contrast, in the Wilcox Formation which
underies the Frio Formation, Fisher and Land (1966) noted thet dlagenetic quartz, kaoknkte and



calcite formed at similarty low temperatures but from porewaters with 3180 values of = -3t0 +2

9/00. They concluded that these relatively early diagenetic cements that formed from low 3180

porewaters were not related to organic maturation and S/ reactions.

in the Belly River Formation of the Western Canadian Basin (central and south-central
Alberta), Ayalon and Longstaffe (in press) found that quartz overgrowths formed at maximum
burial and during uplift at temperatures of 100°-120°C. Their data show that an influx of meteoric
water played an important role in late-stage diagenesis (from the time of maximum burial to the
present) and was involved in the precipitation of quartz, kaolinite, caicite, illite and illite/smectite.
Because the temperature of quartz precipitation conespcfnds with that for organic maturation
reactions and the S/ transition, they concluded that meteoric water was responsible for
transporting material, produced from those reactions in shales, to sandstones where they were

precipitated. Mixing of shale porewaters with meteoric water produced &' 80 values of

porewaters which are characteristic of isotopically evolved meteoric water.

In the Alberta Deep Basin (this study) an influx of rheteon'c water also controlled the late
stages of diagenesis (from the time of maximum burial to the time that ;;ores became saturated by
methane gas). Evolve:i meteoric water was involved in the precipitation of quartz druse, dickite,
calcite and ankerite in conglomerates, and calcite, ankerite and local quartz overgrowths in
sandstones. In contrast to the situation in the Gulf Coast Basin, where most of the glagenetic
reactions were completed relatively early during burial, the late stages of diagenesis in the

WestemCanadianBasinareﬂwmostsignmcammtemsofpaosnynbdmcaﬂon. As proposed
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diagenetic cements formed during late-stage diagenesis. However, in at least the Falher Member
T

in the Alberta Deep Basin, pressure solution of chert pebbles is common in the westemmost part

of the study area. This pressure sokution is probably the major source of SiOg for quartz druse in

conglomerates of the Alberta Deep Basin.
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Evidence for precipitation of quartz overgrowths, kaolinite and illite, and the Qb&tization or
dissolution of feldspars during burial of Cretaceous sandstones in the Alberta Deep Basin,
suggests that diagenesis during burial might have been controlled by processes similar to those
in the Guif Coast Basin. For example, the first generation of quartz overgrowths in the Paddy
Member precipitated at 50°-90°C and quartz overgrowths in the Cardium Formation probably
formed at 70°-90°C . In the Bluesky Formation, quartz precipitated at slightly higher temperatures
(95°-115°C). The problem is that porewater§ which were responsibie for precipitation of the
diagenetic minerals in the Deep Basin varied from -5 to +1 /00, a range similar to that of the
Wilcox Formation (Fisher and Land, 1986) but signiﬁcan;ly lower than that of the Frio Formation
(Milliken et al.,1981; Land, 1984). These low 5180 values suggest that waters derived from the
S/ transition in shales may not be thé dominant source of water in the Alberta Deep Basin, even
during burial. However organic maturation reaction probably are important in controlling
carbonate dissolution and precipitation. Although intermediate stages df caicite cement are
absent, evidence for dissolution of carbonate cements (early siderite in particular) before \)
maximum burial suggests that precipitation and dissolution reactions similar ta those d desoﬂbed by

Land (1984) may have taken place.
CONCLUSIONS

Diagenetic processes in all the Cretaceous sandstones examined are similar. Early
mmmmmemmMewasmmedbyimmemmm.m.m
and albite precipitation. cm«ﬂmmmwmwmmam
axcept the Cadomin. In the Cadomin, there Is no evidence of a late-stage carbonate phase. In
mwmumb'mmrmam&wmpmu,mwMM.
Diagenesis in conglomerates s distinguished fromi that in sandstones by the presence of quartz
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evolved-meteoric water is most common in conglomerates but also occurs in coarse-grained

sandstones.

Data for the Cardiym, Paddy and Bluesky are consistent with the porewater evolution
pathways derived from Falher and Cadomin data. Porewaters began as meteoric to brackish
waters, became richer in 1?0 by readion with the rocks and/or mixing with shale compaction '
waters during burial, and then became depieted in 189 during uplift as a result of mixing with

meteoric water.

Iliite in the Cadomin is the only diagenetic mineral in g}l the Cretaceous units studied that
suggests that regional porewaters ever became more 180-enriched than +3 ©/00; maximum
d180 values for porewater in some units possibly only reached -1 %/00. In contrast, porewaters in
the Halfway and Belloy sandstones may have had 5180 values up to +6 /oo and +8 9/00,
r{espective!y. The low 8180 values for most porewaters in the Cretaceous, relative to underlying
units, suggest that cross-formational fiow between the two parts of th;a section was limited to the

basal Cretaceous unit (the Cadomin Formation).
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INTRODUCTION

_In this thesis, the problem ot elucidating the history of formation waters in the Alberta
Deep Basin has been approached by examining the diagenetic minerais which precipitated from
evolving porewaters. The mineral data, including textural relationships, stable isotope analyses
and fiuid inclusion temperatures and salinities (Chapters 2,3 and 4), permit constraints to be
placed on the paleohydrogeology and ancient formation water chemistry. The next step in a
study of the history of formation waters is to examine the chemistry and hydrogeology of modern
formation waters. The purpose of this chapter is to present preliminary results for the detailed
chemistry, geographic distribution of chemical components, and potentiometric surface data for
formation waters in the Deep Basin, along with more regional chemical and flow data supplied by
other workers. The intent is to present data which could form adasis for future, more extensive

s&:dy of modern fprmation waters.

Previous studies elucidated the diagenetic and cementation history of the Westem
Canadian Basin by studying formation waters (e.g. Hitchon and Friedmanl1969; Hitchon et al.,
1971). Such studies have provided abundant reliable data on the regional, isotopic and chemical
variation of formation fiuids and their hydrology (Hitchon, 1964). Hitchon et al. (1871) summarized
their knowledge of the origin of formation waters in the Wstem Canadian Basin based on these
data. nwmmm&wmmaﬂ:nwmmmmmmmwvm
mwmmmmmmwmowomqw_bymv&

The work of Hitchon et lP(1571) considered an average formation walar i the
WMMWMWWNM«W.“’:Mbm
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The units of major interest for this study are the Paddy and Cadotte Members of the Peace
River Formation, the Fa'l;er Member of the Spirit River Formation, and the Biuesky, Gething and
Cadomin Formations (Figure 5.1). These Lower Cretaceous units consist of conglomerates,
sandstones, siltstones, shales and coals. Chemical analyses for waters from units underlying the
Lower Cretaceous rocks are also examined. Triassic units in descending order are: (1) the
carbonate-rich Baldonnel Formation; (2) the Charlie Lake Formation with mudstones and
interbedded anhydrite and dolomite; and (3) sandstones, siltstones, shales and coquinas of the
Haltway and Doig Formations (Figure 5.1) (Cant, 1986). The Permian Belloy Formation consists
of quartzose sandstone with quartz overgrowths and anhydrite or calcite cements. Upper

Devonian carbonate rocks are divided into the Wabamum, Winterburn and Woodbend

Formations.

X-ray diffraction results for Cretaceous sandstones are given in Table 5.1. Kaolinite and
iliite are the dominant clay minerals in these sandstones as well as in the Wilrich Shale
(Conno‘lty,1985) which underlies the Fahler Member. Smectite is notably absent or is present in
only trace amounts. Mixed layer illite/smectite (/S) can comprise up to 25% of the <0.2 um size-
fraction. Chlorite comprises <15% of the clay fraction. These data suggest that the present
capacity for ion exchange in the sandstones is small, limited mostly to the smectitic component of

/S and rare smectite.

cHEmi®RY OF FORMATION WATERS
Water samples from the Bluesky (one well) and the Paddy (one well) were collected for
detailed chemical and isotopic analysis. The samples wefe collected from separators at the
wellhead during routine production tests. Although the weills are gas producers, a significant
amount of water was aiso produced. Themnwmofwgtefconder\sedﬁommegas.mereby
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dijuting the tormation water, was calculated using Figure 2-14 cf kKharaka et al. (1985); the 1onic

\
concertration of the formation water was corrected using this dilution factor. Table 5.2 lists the

i

uncorrected chemical anatyses at 25°C and the lonic concentrations after coﬁectjon tor dilution,
recalcuiated to 10rmati1>n temperature and pressure using by the computer ccds S‘OLMNEQF
.kAggarwal et al.. in press). The sampling ana analytical techniques of Gunter et al. (1985) were
\followw. Ph and alkalinity were measured immediately after sampling.

Chemical analysas for water from the same Paddy well, but collected and measured by
industnial laboratories, are aiso listed in Tablé 5.2 tor comparison. The combarisoq sugg’ests that
major ions are not gpry sensitive to the sampling and ffalytical techniques, but pH and HCO3" *
differ significantly. Several ion concentrations necessary for Speéiati;nand soﬁb\ity calculations
are not routinely anatyzac/! by commercial laboratories, in pariicul;’sr, Si. The lack of these data limits
the usefulness of such analyses for chemical}pdemng. K

,‘/\

’ ‘Dilution-corrected ionic concentrations, field Measured alkalinity and pH, and orﬁaﬁc acid

N

concentrations for the Paddy and Bluesky waters were given as input\into the computer
geochemical code, SOLMNEQF (Aggarwal et al., in press) to compute }onic concentrations at
sibsurtace conditions and the reaction states of the waters. The code calculates HCOg"
eonoemrat»onmb’y subtracting the orgamc acid concentration from the field alkalinity. Al*3
concentration was notmeasurod and is estimated to be 0.01 mg for the SOLMNEGF
eompuumons Theresunshmbhs.gmatewpematumbnwnh(espeajoanabundanoeof
minerals. Thé AG values close to zero indicate minerals mast closely at equir.brm‘; postivé AG
WMMewmwmmAvawmmm Dtscreponc:es
Mwwwmmnmmmmmmmmpma
wummmmmdmmmmmm, (2) emors in
munec&monmummspoam and(a)meprmotmmmwn

« solutions in minerals (Kharaka and Spect, 1964) Bomme‘PaddyandBknskywaefsamdoseto



TABLE 5.2 DETAILED WATER ANALYSES

ION "Paddy ER.CB. Paddy Paddy
' (25°C) (65°C)
mg/l uncorrected uncorrected corrected
Na 7210 7760 9239
K 50 41 4 51
Li 2.9 4
Mg 57.6 a7.2” 51
Ca 176 175 183
Sr 60 54
Ba 150 135
Si02 36.4 45
Mn 0.3 0.3
Fe tr 23.5 25
NH3 2 2.5
cl ~ 11100 11400 13678
Br 47 3
F 13.4 15
HCO3- 1130 1371 1644
S04 171 <1
H2S <0.8
Acetate . 624 882
Formate - 12.8
Propionate 97.7
Butyrate <1.
T.D.S. 19800 21754.4 26989
pH 8.4 6.9 6.77
lonic strength 0.44 0.44
Pressure (bars) 126.8
»180 (SMOW) -5.7 900
8D (SMOW) -97 0jg

Bluesky
(25°C)
uncorrected
11500
195
3.3

87

335
140
315
29.6
0.5
37.%
22.9
17600
44 8
<05
1359
<1.0
<0.08
699
4
86.9
19.5
32479
7.06
0.7

Bluesky
(83°C)
corrected
14179
252
4
104
362
123
291
38
0.5
36
30
21889

1618

1000

A3
42102
6.79
0.69
160.7
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TABLE 5.3 MINERAL SATURATION STATES

PADDY

annite

marialite
phillipsite
Mg-chlorite
muscovite
pyrophyliite
kaolinite

talc

dickite

siderite
Na-montmorilionite
Mg-montmorillonite
dolomite

tremolite
Ca-montmorillonite
fluorite

analcime

albite
K-montmorillonite
illite

calcite

aragonite

magnesite

guartz

microcline

adularia

chaicedony

boehmite
strontianite

AG
23 472
13.644
12.712

8.83
5.635
3.948
3.914
3.578

3.21
2.793
2.199
2.085
2.084
2.012
1.882
1.595

1.216
1.16
1.131
0.896
0.636
0.626
0.538
0.269
0.265
0.144
0.119
0.007

BLUESKY
annite
Mg-chliorite
phillipsite
tremolite
marialite
talc
dolomite
siderite
muscovite
huntite
tayalite
calcite
magnesite
aragonite
kaolinite
pyrophyliite
strontianite
dickite
analcime
quartz

AG
27 .134
13.305
11.581
10.997
10.423
6.789
3.726
3.343
3.043
3.031

2.08
.551
.507
.261
.192
.617
.556
.461
.345
.161

O OO QOO 4 4 ca
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equilibrium with respect to cristobalite, chaicedony or quartz. The departure of caicite from
equilibrium in both waters is less than 2 kcal. Dolomite and sidert;e are both supersaturated by 2-4
kcal. Since thermodynamic data for ankerite does not exist, but late diagenetic ankerite is
observed in Paddy and Bluesky sandstones, it is reasonable to assume that the waters are
supersaturated with respect to ankerite and that ankerite could precipitate from present formation
waters. Of the other supersaturated minerals, kaolinite, iliite, and albite are observed in the rocks.
SOLMNEQF results indicate that these minerals may still be precipitating from present formation

waters in the Paddy and Bluesky sandstones.
Stable Isotope Compositions

The stable isotope composition of one water sampled from the Paday is 3180 = -5.7 %/00
and 30 = -97 %/00 SMOW (Table 5.2). The 8180 composition of present formation water in the
Cadomin was determined indirectly to be -8 ©/oo (Chapter 3). This isotopic composition was
calculated by combining the 5180 value of quartz druse with the fluid inclusion data indicating that

the quartz druse formed under presemt-day cenditions.

Hitchon and Friedman (1969) analysed two Upper Devonian formation waters from the
southeastem part of our study area (Simonette Field, Township 63). These waters have salinities
of 278,000 and 284,000 mg/ with 8180 values of +3.0 %/00 and +3.1 %/00, and 8D values of -51
%/00 and -41 /00, respectively. 4

Systematic Trends in Major lon Compositions
.mmmmmmmﬁnmmammmmm

&wz@wmmc&mwam The analyses presented in this -
mmmumamwmmwmmm
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-
waters. Water analyses were rejected f: (1) CO32 was present; (2) pH < 5.50r >8.5; (3) K
concentrations were excessively high; or (4) TD.S. contents were abnormally low for a particular
unit compared to salinities in surrounding wells. The ;;esence ot CO32 and high pH values
generally indicate contamination by mud filttrate; low pH values and high K values generally
indicate contamination by acid or KCl waters. The very low TD.S. contents in some waters are the

result of dilution by water condensed from the produced gas phase.

Plots cj)f major ioerhloride ratios versus the chioride concentration (Figures 5.2-5.7) have
been used to further qualify the dait'a and to identify ionic trends associated with increasing
chiorinity. Na+K/Cl and Na/Cl versus Cl diagrams (Figunek 5.2 and 5.3) show decreasing Na+K/Cl
and Na/Cl with increasing Cl. Older analyses of formation water do not dMerentiate concentrations
of Na‘and K, thereby limiting the data for Na/Cl plots. Both plots show the same general trend.
N&/Cl ratios in Cadomin waters decrease sharply with increasing salinity; Ne/Cl ratios in Falher
waefsappamrnydecrease&asﬁl greater rate. The rate of decrease in N&/Cl ratios of Triassic

\ waters is much slower. The rate of Na/Cl decreasa in Upper Devonian waters is slightly less than
for Cadon,lin waters. ¢
1} Ca/Na ratios versus Cl (Figure 5.4) show definite trends for the Cadomin and Triassic data,
" foward increasing Ca/Na with increasing Cl. The increase is most rapid for the Cadomin waters. ,
Amount of data for other units is insufficient and the scatter in available data is large.
oo . :
i : Ca/Cl ratios (Figure 5.5) and Mg/C! ratios (Figure 5.6) show a shatp increase with increasing
Cl . wﬁérsandtt;CaMgratio(anuos.niseeserﬁalyoopstam. C&'CIandMglélara
. constant with a broad scater for Falher, Paddy, Bluesky, Gething and some Triassic waters. Other
| ?wmmmcm rwoswmmammpmmw&cwnamsinme

‘ -

A}
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Figure 52 Na+K/Cl versus Cl diagram. Na+K/Cl ratios are low in Devonian waters, and '
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Figure 5.4 Ca/Na versus Cl diagram. Ca/Na ratios increase with increasing chlorinity in Cadomin

and Triassic waters. See Figure @2 for legend..
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Figure 8.5 Ca/Cl versus Cl diagram. Ca/Cl ratios sharply increase with increasing chlorinity in
Cadomin waters. Ca/Cl ratios in Devonian waters are much higher than in Triassic waters with similar
chiorinities. The most chioride-rich Triassic waters have Ca/Cl ratios similar to the more Ca/Cl ’

. .Soe Figure 5.2 for legend.
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200000

Figure 5.6 Mg/Cl versus Ci diagram. Mg/Cl ratios increase sharply with increasing chlorinity in
Cadomin and Devonian waters. The Mg/Cl ratio in Triassic waters remaing constant with increasing

chiorinity. See Figure 5.2 for legend.
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Figure 8.7 Ca/Mg versus C1 ciagram. Ca/Mg ratios are conatant wih increass -
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Mg/Cl ratios for all the Triassic samples are essentially constant. Upper Devonian waters
have very high Ca/Cl ratios and Mg/Cl ratios which increase with chlorinity to values similar to the
maximum values for Mg/Cl ratios in the Cadomin. Ca/Mg ratios show little correlation with chiorinity,
although the range of Ca/Mg ratios in Lower Cretaceous and the lower chiorinity Triassic waters is -

generally lower than in the higher chiorinity Triassic and Lower Devonian waters.

The geographic distributions of values for those ionic ratios which show a correlation with
chiorinity are shown in Figures 5.8-5.13. The Bluesky/Gething, Cadomin and Triassic units all
have chlorinities which increase westwards or south-westwards across the study area (Figures 5.8
-and 5.9). Permian ar;d Upper Devonian formation waters apparently increase in chiorinity in an
eastward direction (Figure 5.9). |

1

N&/Cl ratios degrease from about 0.65 to about 0.55 towards the southwest or west in the
Cadomin and Triassic units (Figure 5.10). Ca/Na ratios,in the Cadomin and Triassic increase
westwards (Figure 5.11) as do the Ca/Cl ratios (Figure 5.12).' Mg/Cl ratios increase

southwestwards in the Bluesky and Cadomin units (Figure 5.13).

R . “
PRESENT HYDROGEOL ;

Hitchon {1964) mapped the chioride contents of Lower Cretadeous formation waters over
a region including most of Alberta. The area of interest for our study is shown in Figl 5.14.
Regions of higher salinty water (18950-37900 mg/) are divided by channels of relatively fresh
water (<18950 mg/l). Hlabn(1ss4)mudedﬁomma&\mmmmgeot
meteoric water 0ccurs in the Mmountains to the wes. This meteoric water flows southeastwards |
mmwmmmmmhmmmmmm
. (4. Thompson, pers. ehmm.). The flow pattems proposed by Hichon (1964) for Liwer”

[ 4
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Cretaceous formation waters roughly correspond to surface fiow controlied by topography (Figure

a

5.15).
\ @
N

More recent studies (J. Thompson, pers. comm.) of salinity\distribution and potentiometric
surfaces fou)the &adomin Formation are confirming the regional flow pattern of Hitchon (1964),
although the flow pattern difters in detail. In the Cadomin, Thomps;an‘s pmllm)pary results indicate
that fluids flow southeastwards from B.C. into Alberta, north of the study area. Fiow then cuts
diagonally southeastward across the study area until it turns northeastward. Northeastward flow .

dominates in the southermm part of the study area.

A potentiometric surface map for the Cadotte Member of the Peace River Formation
e
(Masters, 1979; his figure 12) shows% in a southwestward direction towards the gas-water
» . ,
interface. However, the distribution of data points is such that the data can aiso be interpreted to

indicate flow patterns similar to those in the Cadomin.

e limitad distribution of potentiometric surface data available for the Deep Basin is shown

in Figure 5.16. Hydraulic head distributions are determined from Homer-extrapolated, drill-stém
pressure data amexpressedéshydraullcheadinfoetabavoaoalevolto‘penmtdlrea

the data from Masters (1979). Onnyanwsesmmmmtmmmu"
analyses of formation waters were aiso available were used. Hydraulic heads were calculated by
MmmerMNM)W’mmmmmwMtom
subsea depth measured in feet. Pressure gradients were determined using the formation water
were not available, temperatures were caiculsted based on the depth of the pressure test. The

* estimated emor for hydraulic head values is +100 feet.
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Figuie 5.16 Map of potentiometric surface data (feet above sea level). Data are insufficient to
determine flow directions. The 1400 ft contour in the southwest encioses two wells with
anomously low potentiometric surfaces in the Cadomin Formation. These two welis ace
Mdyeag:ofﬁngwﬁd«wmm&ncmmm.

.
-

. . i o a M r



181
)

-

* Available data limit the distribution of hydrauiic heads in the Cardium and Cadomin to the
-

few points shown in Figure 5,16. Hydraulic heads in the Cardium range from 2419 to 2581 feet
This spread in values is probabty within the range expectedm'om inaccuracies in the aata and
canhot'be used to reliably indicate flow directions. In the Cadomin, the distnbution of hydraulic
heads | osamabocntwnsmpwsa rangeB-Q(FigureS16) Th-elowpotomia!soocur
immodi:t‘gid]acem to the gas zone. Gies (1984) suggested that these wells lle withm an «
isolated reservoir which is separated from the regional flow aystem by a potmea.blllt.y barrier. The
occurrence of similarly low potentials near the gas-water contact in the Cadotte (Masters, 1979; his

| 4

figure 12) suggests that these potential lows may be related to dynamics of the gas-water

&,

interface. : S
y 7 ’ y :
Two hydraulic head values from the Nikanassin Formation are available (Figure 5.16). The

’ Nikanassm consists of a quartzose sandstone immediately below the pre-Cretaceous
unconformity. Thepotenualatmenorthemlocatiomscomparableﬁomatotthecwomin wheras

potemialatthesouthemlocation is significantty higifer. Thesoumempomtsuggeststhat

there is potehtial for upward flow fronﬁhe leanassm into the Cadomin at that focation.

Only one hydraulic head vaiue is available for the Halfway (Figure 5.16). Within the range of
em.mbvdueishdisﬁnguishdbbﬁantrncmmmemhbiqthatarea. Y |

{

The similarity of poteittials w uni:ar»qu\epaucuyo}mprohmmedeqninonof

flow directions within individual .Hwever,tporegionhlﬂowisgmemltyfromttnwe&or ‘
south towards the Peace River the northeast. A comparison of potentiais from the \

mmm&mmp«mmmfammm T'heddasugosuthatho
cmnpamm(pammmwmmﬂom-msom-msom menmay
wmmmmwmwmmwm oaammumm
mmmmmmmmmmmmcm

&
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DISCUSSION

. »

\ Within the study area, potentipmetric surfac; data do little to aid in the determination of flow
directions. The lack of slgniﬂcan‘t variation in hydraqu; head values within each unit suggests that
lateral flow i8 insignificant. The low potentlals characteristic of formation wategs immediately
adjacent to the gas zoé\e,(qaaone and Cadommin Form{.ions) suggest that a potentiometric sink is
associated with the gas zone. However, Glee (1984) interprets the potential lows in the Cadomin
Formation as representing an isolated watsr reservoir. Companson of potentials from unit to unit
suggest that the Cadotte Membensapotential kmwhich collectswatersfrom ovenymg and
underlying units. If sopcross-formational fiow may dominate In th‘e study asea.

~

- ThevenbaldistﬂbmmofmmatbnwatemwnhchbﬁnnieslmmasingdwnsecmnaboL
suppdrtsaoss-formationalﬂw Chiorinities arg loweat i the Paddy Member (13679 mgl).
measatoSSOOOmg/lmmeCadominFomauon andto150000mgnhtho1hmlcunm Al
chiorinities, includhgtfmeofthePaddywateu are significantly higher than axpectéd for the
evolved meteoric wat od by isotopic analyses (Chapters 3 and 4). Upward movement of
qhioride-'mhwatm , ;mmmnmmmmmmm
contents. - . . ] .
mmamcmmamémum;&mmmqwcnm
sﬂmmhammmmtmmw—mnmmo‘nuycum -
decrease in this same direction. Cogumommwmurh'mh&mpqu
m&umhmw'm‘u«mmmﬁmmm”hw
direction of flow. rmm«mmmmnwmmm
mmawmm:wmmbw Hm
'menmm mmmmwt)mummm
M@mmﬂumu-m fiow southesstwards into Alberti north of the study

N v
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area. Work in progress by Thompson (pe,( comm.) shows that the low salinl): waters of Hitchon \
(1964), to the north of the Deep Basin, tum southeastward in the Cadomin Formation and head \

‘from the northwestem pan of the study area towards the southeast before flow is redirected again

towards the northeast. Thompson suggests that this flow direction in the Cadomin Formation is

" controlled by a barrier to flow (the Fax Creek :Egarpmm).- A similar flow pattern in the Falher to

Paddy units is suggested by the continuing low salinities and low 8180 (-5.7 %/oo) and 8D (-97 R

O/00) vaiues in these units.
. ‘ o ¢

The chiorinity distribution of Hitchon (1964) (Figure 5.14)-shows zones of high chiorinity
waters anemaﬁngwnnnnear trendsoflowchlonnity waters. This pattemsuggeststhat high ¥
sdlinity zonesareanamfactofpaleoﬂowpattems the lower salinity channels represent high
: s(alinlty waters which have been diluted by modern meteoric water. in the southwestem part of the
study area, high salinities are preserved because of the isolation of these waters from the infiux of
meteoric water. The gas-satuyated’zone is an effective barmier to flow from the west. Towards the
egstempaf: of the study area, formation waters are being diluted by meteoric water derived from
the northwest. o

> . »
in Cadomin and Bluesky formation waters, Ca/Cl, Mg/Cl and Ca/Na ratios increase

Mardséssalmmes increase. Nesbitt (1985) demonstrated that minral precipitation and
dissolution reactioris can expiain systematic changes in Ca/Na ratios. In the llinois Basin, Nesbitt
(1985) showed that as salihites increass, pH decreasas; the decreasa in pH causes dissolution of
~wbon‘phaseslndprociplmionoma-smecﬁte In'theLowefCretacowssectionotmeDeep
Basin, in general, um‘c'!hbmmuoﬂandmesmectﬁccomponathprmbablytoo
wmmu\:mmnmmm Hweverxﬂiagenqﬁcalbcesobsorvodmdnw )
bothosinktorNa. mcmuwmmmmmmmemm

' absence of late carbonate cerments (Chapter 3). mmmmlwmlmosmm -

ENL Y
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most saline waters can be explained by dissolution, or lack of precipitation, of these carbonate
AN o
cements. A ‘ i

L.

o CONCLUSION

4

(] .
Regionamowisgenerallyfromthenonhwest north ot the study area, andheads

swtnweaward across the study area until it tums nonhoastwam to dlscharge in the Peace Rlver
Valiey (anhon 1964; Thompson, pers. comm.). Potentiometﬂcandchemlcaldataaretoosparse
in the study area to determing detailed flow dlmdmammemmmcmbmw flow.
However, the data do suggest that cross-formational flow into the Cadotte Member may be
important. Detailed chemical analyses of Paddy formation water suggést that ankerite and jite
may be precipitating from present waters. Similar detailed water analyses and mineralogical study
of late diagenetic phases on a.regional scale within the water-saturated zone of the Deep Basin |

could significantly improve our understanding of present flow patterns.
! ' &~
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Thegeneralpqrposeofthisthesiswas;oevaluatetheeﬂectofthaﬂowreglmeoncl’asﬁc
dlagenesi;adeebpaMmibalnmdelfmdiagmesbaMpawatﬂwdmbnintm
Alberta Deep Basin. Speclﬂcobjectivé\swore(n) todetenninetheinvohremornOtmGtooﬂcwator
lndlagonesbofCretaceomsedlmantaryrockqintheAlbonaDoopBasln (2) to determine how
memmmdchemwcomposubnofporswamvaﬂedlnmpanetoma}orgoobgbal
events, w(a)towmmmmipbmmdwmmeprodmw

8

trapping ot methane gas.
-

A model for diaganesis and porewater evolution in the Alberta Deep Basin is describbd
below. mmmaprsgagesinWded@queymmmaMtomm |
dmmmmmkninmmmwwwmumwmmm
organic matter. #Stage1_bdlagerMInaﬂwm§imeronbyoomp.wmmw.
reactions during subsidence and burial (Figure 8.1). Stage 2 is diagenesis in a gravity-driven,

N | mamwaernowregmaunngmmmummnumwrai&'mmmnumaudmm«mr:

6.2). Stqgesmafksmemdofdhgenesbi}\agas-satwagd\zm;mimdmbzom“

inhibited direct eastward flow of evolved meteoric water into the study area (Figure 6.3). .
. R

A MODEL FOR DIAGENESIS AND POREWATER EVOLUTION IN THE
N ALBERTA DEEP BASIN |

. Stage 1. Deposition and Burial

o~ mmmmmmmmm
' wwmmunmommmmmmmmmmm
' quartz, kaolinke, ilite and alble. mmmmmmmmmmm,

. - v - a~

186



Figure 6.1

Schematic cross-section showing fluid flow resultingﬂfrom compaction during burial.
F‘l;\fdirecﬁons (arrows) are superimposed schematically onto a southwest to northeast cross-
- settion extending from 93-1-15 in British Columbia to Township 74 Range 25 WS in Alberta,
through Lower Cretaceous units of the Deep Basin. Facies and facies boundaries are taken
from paleogeographic maps of Smith et :;. (1984). D'rfferer!t types of arrows distinguish

Vs

between marine, brackish and fresh water based on the depositional setting of the shale.
%\

Flow during compaction was characterized by expulsion of water from compacting
shales into adjacent sandstone and conglomerate beds. Most of the coarser units probably
received both marine/and brackish or fresh water. Upward 'seepage of high salinity waters from

Triassic and Permign units into the Cadomin and possit;ly as high as the Bluesky also occurred

during burial.
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LEGEND

~
O 0 Alluvial plain and braid plain - conglomerates and sandstones

Q

"""' ] Lower deltaplain - mud, sitt, thin sands, coals

Barrier bar sands - coarsening upward sands

Wave dominated sand delta - cgnglomerates and sands

River dominated mud deita - muds and silts

Salt marsh/ mud flats - mud, silt and coal \

~

Subtidal bay - mud and thin sandstones

Offshore silts, thin sands and marine shale

J| Conglomerate or sand-filled channel

Figure 6.1 cont.



Figure 6.2

Schematic cross section showing fluid flow followng maximum bunal Present slope of
Lower Cretaceous units 1s 1-2% to the southwest, but at maximum burial the slope may have
been as high as 6-7% By the time of maximum bunal, flow of watet from shales by compaction
and diagenetic reactons had been exhausted. Northeastward flow (arrows) (')f evolved
meteoric water along permeable beds or bedding plané tractures occurred  The interpretation
of thrs flow direction 1s based on (1) tr)e high temperature (190°C) of fluids preciptating quartz
druse. which suggests that waters were heated at greater dépths and moved upwards;
(2) isotopic compositions of these fluids which suggest that flow occurred along Cretaceous
units rather than cross. tormationally from underlying evaporitic and carbonate rocks.
(3) preciprtation of the largest and most abundant quartz druse in the west which suggests
precipitation from rising. silica-saturated fluids as they cooled: (4) fluid inclusions in quarz
druse which indicate that temperatues of fluids decreased eastwards: and (5) decreasing
5180 values ot porewaters after precipitation of quartz druse which indicates an influx of

evolved meteoric water, and low 0D values of dickites which indicate a significant contribution

of meteoric water.

The pathway for penetration of meteoric water to depths sufficient to be heated to

cr—

>190°C is problematic. Possible paths include fractures oriented perpendicular to the thrust
sheets, or a combination of permeable near-surface sediments and eastward dipping. folded
edges of Cretaceous beds in the disturbed belt east of the thrust zone. Updip flow in
Cretaceous units was probabiy concentrated along permeable conglon:=:ac and co2rss-

grained sandstone beds and bedding plane fractures.
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Figure 6.3 .

Schematic cross-section showing fluid flow during uplift after gas saturation. Heavy
\
vertical bars indicate the approximate gas-water interface in units where the interface was

located on paleogeographic maps ot Smith et al. (1984). See Figure 6.1 for legend describing

.3

7

tacies and rock types.

The development of the gas-saturated zone created an effective block against the
earlier northeaerard flow shown in Figure 6.2. After the interruption of flushing by meteoric
water from the southwest, redistribution of solutes occurred by mixing of low-salinity water from
permeable units which had been flushed by meteoric water and of high- salinity water from
less-permeable units which escaped flushing. Arrows represent this redistribution process in

the lowermost formations. Upper units may have been more effectively flushed by evolved

meteoric water.

Open circles enclosing dots indicate modern flow in a direction perpendicular to the
cross section (southeasterly direction). Relatively low salinity, évolved meteoric water flows

diagonally across the stu:iy area in a soytheasterly direction in the Cadomin Formation. This

—

modern flow pattern causes dilution of previously high-salinity formation water in the eastern

part of the Deep Basin, whereas high salinities are preserved in the west, adjacent to th‘e gas-

water interface.
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\
is}aretypresoqvea. Earty diagenetic siderite precbltated‘fromlowwo porewaters 0180 = -12t0
~-7%00 SMOW)insedimontswhichmdopositodin oontinontal'(bad;)mtn Fm.), brackish (Faiher
Mb)ormarine (Cadium Fm.) environments. In the Cardium, a regional erosional surface which—
immediately overlies the sandstone in which siderite formed, pfadodanemrar;;formetoorlc
water. Early chlonte‘prectpitatod in sodinmﬂswhereponetrgtion Uymetooric water was less
pervasive (for example, inthen;nnempanofmesmyareasntr-’nmer.m inthe Cardium,
Vbelowsidorﬂe—coméﬁodbodsmlawerpaﬁsotthosamosanduoneumt) errawlnthe
Falherfrornporowatenwithb180vah:esot-9to-8°/oo .

" Before the Laramide Orogeny 2eanyEocem tim).\topographlcr;ain the Westem
Canadian Basin was low (Hitchon,1984). The basin was subsiding and flow-was probably
predommamyammbyoompacumwnmnnobancmm(eumay,wu) Such flow 1s
m«wmammmmmmmwen
cmwswmmmwam)mmwmmmmmm
100°C) has a 5180 value of ~ +5%/00. Porewaters which had 8180 valubs of -12 to -7 %/00 during
demmm.mmddndinwommbym;ﬂ;mwmwmckmd
by mixing with these 180-rich shale waters. |n most.Cretaceous sandstones, kaolinits, quartz,
ilite, dbkeandcddepcscipkdodﬁompomdmwhbhmmmomOMOhs .
%/00. IntheCadominFotmaion mamaymmmwmmmmowbvump
Ngrm+4to+7°/ooa100°-1so°c Mdmmmmmmm
tomwmumcozmmmmmwm Athopr
mwmacozmqmmmmammmmm

cements.

Cmmmam“ﬂommmmnwmmicmm
burial (Figure 6.1) is sixggested by: (1) the difference in mexdmum 5180 valuss for porewaters .

mmmmwmmmmmmummammdm
. ‘- fym—



195

.. Cretaceous section immediately above an unconformity which separates it from Triassic and

L —
Permian carbonate and evapodte rocks; (3) the presence of formation waters with salinities of P

100000mgl|presentryintheCadommwheraasporewatersanhetlmeofdeposmonwerefresh

and(4)bdopodd3brdlageneﬁccddtGWthuggestmatpawatemmThassmaMPmm .

sandstones had 6180valuosof+6to+8°/oodunngbupal }oalesserextem 180-rich, saline

waters may have also infiltrated-into Bluesky sandstones where fluid inclusions in late caicite

" cement indicate salinities 'of 65,000 mg/. There is generally no evidence for 180-rich fluids in the

i Falher or Ming units.

Stage 2. .Gravity-Driven Flow .
' I

. . \ .
The timing of maximum burial oou’responded with maximum elevation of the mountains to

mmmmwmm.-@mm.mmmmmmmm |
compaction- and thermobaric-driven flow to gmny-dmen flow of meteoric water (Hichon, 1969
Téh,1960). Fluid inclusion and stable isotope data indicate that quartz druse in the Falher and
Cadotteconglomerateswasprec:pitatedax190°Cfromporarnuidswimo130=+3°/oo and o
suumofzoooo-aoooomn Therelatlvelylowb‘ao valueofmesehotporenumssuggem

matmcyoomajnaslzeablefractionoiqm_oocicwderwlﬁchhasmixedm&natewatet

. Thermobaric waters derived from smectite-ilite reactions and membrane-effiuent compaction

7

mmmmm,mamm:mm.o‘%mﬁmm‘
equilibrated with ciays should be ~ +7 10 +90/0p (Suchecki and Land,1963) mm+af’/<&'
mmwwpm«m&mmmmwm'hmmammm

[

down through permieable rock or fractures to sufficient depths to be heated to >190°C. Since the

‘Fainer was skuated at such depths near the synciinel axds of the basin, hat fluids could have ,

migrated up permeable pathways within the Falher and Cadotte in an eastery direction (Figure

. 8.2), mixing wijand displacing connae fluids along ks path. The coexistence of methane

mmmmﬁmam(ma.mmmwm

. - . e
. . . . .

\ , .
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- qM (Chapter 3, Figure 3.6b,c), suggest that hydrocarbons and methane.gas produced
from maturing coals and other organic matter migrated eatwards with the hot, svolved meteoric

water.

Recharge by meteoric water in the mountains to the west continued during erosion and
Jﬁi?toﬂhgseaimwybasin. prbDvaluesforlate—stagedicki::mwhtMFamérand '
Cadomin {130 to -84 %/00) indicate that porewaters which precipitated dickite contained a large
fraction of eaicwa?u cmwmkmommmmmapuodmmwnm
in permeable rocks. When late-stage caicite was precipitated in the Falher (113°- -170°C), fluid
inclusion and stable isgtope data indicate that salinities wore e same as they were at 190°C
{20,000-30,000 mg/), but the 5180 value of the porewatsr had doereased fom +3%00 to
‘mo°7mm-a°/m.smmmmwwmmwmmwmm
chioiide-rich waters from the underlying Triassic evaporite and carbonate rocks.

-

Stage 3. Redirection of Gravity-Driven Flow

_ Stage 3 began when mattxing Goals had produced sufficient methane such that & formed a
cntinuous Gas phase (~48-38 Ma; Weiss, 1965). This methane-rich gas phase migrated upwards
wmmmmwwmnm only water trapped in the micropores remained.
Althis time, mmmummmmmmmummmﬁnm
gaa-phugged zone, creating the present flow path aa shown by Hitchon (1964)(Figure 5.14)-
mmhaqnmmmmﬁmm!-_ . in cliannels located to the north
mmamvb..pmo-m Mhmmnmw&wm '

mmdumamMde _
Wmammmmmmamumm
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_ A \j
eastern water-saturated part of the study area (Figure 6.3). In the water-saturated area, a

redistribution of solutes took piace between relatively fresh water in rocks which had been flushed

. ) v
byevolvedmetooricwaerandsaﬂnewaterinlesspenneablerockswhichhadbeenbypassed

during the ﬂushing stage. D?mlneeo and Robbins (1985) have mathematically modélled this
prooess which is also demonstrated in the Milk River sandstone in southem Alberta (Schwartz et

al.,1982). Salinities of porewaters in the Cadomin, after this redistribution of solutes, were

, Probably similar to those of formation waters nearest the gas-water inferface today (100,000 mg/l).

Almoughﬂwdinqlwbnmdstmeisotopedﬁtaindicatematﬂushingbywowwmetedﬁcwater
occurrodlntheCadomin these data are Ilmitedtohighlypermeableconglomrates Itispossable

that low pemleabtlﬂy conglomerates and sandstones that were not flushed were just as common.

TheprdsernvaﬂationlnsaﬁniﬂesandionicratiosintheOadominisoornrouedbythe . 4
mmmmmmcm,mmm@wmmmu;m«npm
of the study area are being diluted by relatively fresh formation waters (Figure 6.3). Work in
progress by J. Thompson (pers. comm.) shows that low salinity fluids in the Cadomin _FJ-‘onnation, to
the north of the Deep Basin, maiagonanysoogneas:wwdacro;smesmdyareaupmmeyam
redirected towards the northieast nmmpsmgg\%gm'tpmtnisﬂoqmmoﬁmmmcwaNn'
Fmgaimbeoﬁmbd byabaniertoﬂowimefo;(cfoek Escarpmet). A similar flow pattem in
tthﬂwtoPaddyuhbissugqestedbytheeontindnglowsw‘andliowMaO(-s.?Woo)
and 80 (97 O/oc) values in these units. '

in Cadomin and Biuesky formation waters, Ca/Cl, Mg/Cl and Ca/Na ratios increase
westwards as salnkties increase, The CadomirPciflers from other formations i the conspicuous
sbeence of late carbonate cements. The relatively high Ca/Ci and Mg/C! ratios in the most saline
waters may be the result of carbonate minerais being unstable in the lower pH conditions of more
saiine waters (Nesbitt,1965). Diagenetic aibits is obsarved and may be a-sink for Na. |
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Difficultiés \y‘|th the Hy&rogoologlcal Model and Suggestions for Eyture

Work

The above modet is a simpiified hydrogeological model which attempts to incorporate the
observed mineralogical, isotopic and ionic chemistry data. More detailed consideration ot the
mmmmwmwmmmmmmumwmm
some possibilities for future study. During maximum burial and upitt, flow is postulated as '
mmmennﬂmdmaimmw;soeﬂngmmm:mmw'm&m
- pOrous units. However, the dominant flow direction expected in the thrust zone is to the west,
pamldtotiwéthmstplanes. Whetnerassgnméammmnowmmemmrmcmom
Membemcoumeproduoodbywaummgacmsmemmstpcmmmmmwm / ‘
permeable units, remainstobedetennined Alternatively, an easier pathway for the influx of
anm«mmmwwmmwmcmommm 0
mzm.mmmmmwmdmﬁnnm
disturbed zones could resolve this figw problem.

mmmmnmwmmmmna;mmm. Fud -
inciusions in quartz druse from one Cadomin sample indicate precipitation from fresh water,
mmwhmmﬁmo}ns@u&pﬁmmmmﬂ ‘
mgA. ummm;msmmcmmmmdmaopoo
‘ppm. These daita suggest that flushing of Cretaceous units by meteoric water occurred along
complicated flow patha, probably imited 1o the most permeatio zones. Analyses of fid inclusion
mmm‘m’mwm-ummmmp«whmmm.
Mmmwmhmamwmmm .

Study of modem fiuid flow pattems and the exdent of créss-formational flow within the
. water-saturated zond of the Deep Basin is seversly lmited by the scarclly of reliable chemical and

“ .
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potentiometric data. in addition, analyses of diagenetic minerals in this study was concentrated in

O

the gas-saturated zone, thereby revealing littie information about iate diagenesis and fluid -

chemistry after gas saturation: The increase in salinities southwestward towaros’tpe gas-water
interface suggests a southwestward flow direction. Such a flow direction is neither supported nof
contradicted by the availablé potentiometric data. More regional studies (J. Thompson, pers.
comm.) suggestasomhoastwardﬂowdirection across the study area. Astudyoflatedlagenetlc

cements in the water-saturated zone couid sign?camry contribute to our understanding of recent

hydrogeological processes.

\ CONTROLS ON DIAGENETIC PROCESSES

Comparisonofdiager{feﬁc seq\uencesand porewater evolutlon in each of the units studied
 suggests that in the Upper and Lowsr Cretaceous sediments, the major diagenetic processes are
.hdopsndemo!act;alposléloninmevenicalsecﬂon. '}he sberal diagenetic sequenca is the
same in eash of the formations examined even though burial depths, geographic position and
original depositional environment varied. The essential similartty, though, is the odginal detrital
mineralogy. In all units the detrital mineralogy is composed dominantly of quartz and chert. As
burial increased, theollowing diagenetic minerals precipitated: earty sidgrtta or chiorite, kaolinite,
quartz overgrowths, Mite and albits. El;t\uamwmmnwndaduﬂnguplmasmemwicwater‘
influx increased, caicite and/or ankerkte were precipitated. In the coarsest sandstones and
Wn.dcklupndphod_mntfnwo‘mq;mooricwam The general pattem of
"’mmsmwmmm\ummmcmmmm.
n , '

mmmmmmm&mmmmmm
mmmwmmwmmmmmmm
anlmpommrolo 'Land (1964) suggested that deeper shales that have undergone the )
mnegmwma-wommunmasaogmoémummm

-

A
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cemntslnmeFrioFonnation,inthe.GulfCoaszasln. This theory is based on evidence for
precipcmnonofqumza-so°car»acama-eofcmniporewm«swmo’ao«mes_onums
%/00. Porewaters equilibrated with shales at the temperature at which significant organic reactions
and the smectite/illite transition take place (~ 100°C) should have 8180 values of ~ #5 %/00 ®.
(Suchecki'al}d Land 1983). Since diageneﬁccerﬁems in the Frio #onmﬂonfbnmdfromwaﬁrs
withﬂwisisotopiccomposiﬁon.bmmlowertempemtum,m(we;) conciuded that caicite- and
' quartz-saturated porewaters were aexpelied frbm'shalesandmovod\updlp in sandstengs to IOVIO(.
temperature zones before precipitation occurred. In contrast, in the Wilcox Formation which
underties the Frio Formation, Fisher and Land (1986) noted that diagenetic quartz, kaolinte and §
mﬁeWammthbtnfromWewaerswithb130valuesof--3to+2
%/00. mmmmmwmmdmmmmmmmqwo

porewaters were pot related to organic maturation and S/ reactions. N ‘

, mmeuynwrommamwmcmsasm(mmmm
Albona)AydmandngstaffeOnpmss)foundmaquanzwagmwﬂnfonmdammdmum
burial and during upift at temperatures of 100°-120°C. Thelr data show that an influx of meteoric
mmmmmmmmmw(mmmmmmmmm -
. mm)wmmmmd\eummorm,mmm,mmwm. |
mmwmmmwmmmmm
reactions and the S/1 transition, they conciuded that mateoric water was responeibie for - S~
transporting material, mmmmmmmmmmm \
" precipitated. Mmammmmmmmm 5180 values of
 porewaters which are charactaratc of eclopically-svolved meteoric waler.

1o

- -

w;.:‘hﬂnAbanD«pBah(uiumdy)anmln\ofm-tooﬂcwnwahocm'mlldtlmuo
mammmmammmummmmww

nmngu) mmmmmmmmdmmm



201

Ee)

calcite and ankerlte in conglomerates and calcite, ankerrte and Iocal quartz overgrowths in
* sandstones. In tontrast to the situation in the Gulf Coast Basin, where most of the dlagenetlc
reactions were compieted relatively earty during burial, the late stages of diagenesis in the Aiberta
Deep Basin are the most significant in terms of porosity modification. As proposed by Ayalon ar;d
Longstaffe (in press), meteoric water is the transport mechanism for constituents of oiagenetic
cements formed duriog Iate-stagé diagenesis. In at least the Falher Member in the Aloerta Deep
Basin, pressure solution of chrt pebble§ ’is commorﬁ'rthefe-_st/e—;r;most pan. of the study area.
The products of this pressure solution, transported by evolved metearic water, are probawly the
major source of SiO2 for quartz druse in conglomerates of the Alberta Deep Basin.
& LY

E}/idence for precipitation of quartz overgrowths, kaolinite and illite, and the albitization or A
dissolution of feldspars during/urial of QreiaonUS sandstones in the Alberta Deep Basin,
suggests that diagenesis during burial might have been controlled by processes similar to those
in the Gulf Coast Basin. For example, tho first generation of quartz overgrowths in the Paddy
Member precipitated at 50°-90°C and quartz overgrowths in the Cardium Formation probably
formed at 70°-90°C . In the Bluesk-;.i Formation, quartz orecipitated at slightly ﬁigher temperatures -
(95°-115°C). Thg probiem is that porowaters which were resoonsible for precipitation o/f the .
diagenetic minerals in the Deep Basin varied from -5 to +1 O/oo, a range similar to that of the
Wilcox Formation (Fisher and Land1986) but significantly lower than that of the Frio Formation
(Milliken|et al.,1981; Land, 1984). These low 6180 values suggest that waters dorived from the
S/ transition in shales may not be the dominant source of water in the Aloena Deep Basin, even
during burial. However, organic maturation reactions probably are impOhant in coq'trolling
carbonate dissolution and precnpitauan Although intermediate stages of calicite cement are
absent, evldenoefordnssolutionofcarbonateoements (early siderite in pamcular) before ..
maxlmum burial suggests that precipnetnon and dissolution reactions similar to those descnbed by

Land (1984) mﬂyhavetaken plaoe.



MAJOR CONCLUSIONS

,‘/ ’

* An ﬁm of meteoric water, which began wher urial and relief were at a maximum (Larantide
Orogeny), had a major influence on Iate-stage jagenesis in Cretaceous sandstones and
conglomerates. Quartz druse, dickite, ankerite and calcite were precipitated ifi'the Alberta Deep
Basin from porewater containing a significant fraction of rrteteoﬁc water. The style of diagenesle
during burial in the Alberta Deep Basin is comparable to that of the Guif Cpast Basin. 'Hovuever. -
because of the influx of meteoric water, tate-stages of diagenesis in the Alberta Deep Basin are
the most signiﬁcant in {erms of porosity modification. In contrast, most diagenetic reactiorts in the
Gulf Coast Basin are completed relatively early at temperatures <120°C. Mete;ric water obviously
providés a mechanism for renewed transport of ions after compaction and diagenetic Waters arer

’g
exhaustéd.

2. Athermal anomaty was created in the Falher and Cadotte Members by the influx of hot,
methane—saturated meteoric water which followed a permeable pathway updip from the west.
These fluids (1 90°C) were up to 40°C ngher than the maximum bunal temperatures calculated
from vitrinite reflectance data using the method of Lopatin (1971) modified by Wapies (1980).
The discrepency between the two types of temperatures can be expleined in one of two ways:

(1) fluids in odnglomerates were at temperatures 40°C higher than ambient rock temperatures; or
(2)theconelaiohofoodmatuntywnhnmdmumbundtmeratmeslnmeoeepsasmls
inaccurate. Each explanaﬁon is equally plausible. Inthe first case, where the calculated burial -
temperatures reprmnttheambiem rocktemwature athermdanomalyonallmuedvertical
scalewaspresent Hotﬂuidsnmedmmughthesamdrsatarmfastmmmmatm

‘ neawasnotdisstpatedarongmepahway Arelathrelyshortduationoiﬂoworitsmmntto
porousrocksnsnmpliedbythelackofdtectoneoalnﬂuﬂty In thie sacond.case, goothormal .
gradientsof-38°cnan (versus 27°C/km) are indicated andathermalermalyonmmmdvo

’



Qenlcal scale was present. A temperature for recalibration of the TTI-Ro% index (Waples, 1880)

s;"ﬂéfﬁcjo the Deep Basin is available (1.4 Ro% cormelates to 190°C)
b

3. Methane. generated by maturation of coals, was carried updip by eastward flowing meteoric
water. Eventually methane accumulated and formed a continuous gas phase which drove any
moveabie water eastwards. The gas phase formed a barrier to eastward flow ot meteoric water
which was being rechargeg i the mountains to the west, and forced the redirection of flow to the
south and north around the gas barrier. Directly to the east of th:a gas barrier, mixing occurred
between _metéqr_ic water which had flushed the permeable units and connate water which was
preserved in the low permeability units. This mixing resulted in waters with a uniform salinity.
Recsnt flushing by meteoric water from the north has created the prasent trend in decreasing

salinities towards the east from the gas-water interface.
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