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ABSTRACT

The Alberta Basin, a sub-basin of the Western Canada Sedimentary Basin, is a
foreland basin that has been tectonically uplifted and experienced gravity-driven flow of
meteoric fluids. The basin is composed of southwesterly dipping and thickening
sedimentary rocks consisting of: (1) Cambrian shales and siltstones; (2) eroded Jurassic
and Paleozoic carbonates, shales and evaporites; and, (3) Cretaceous shales and silstones
interbedded with thin lenses of sandstone. Rocks and minerals were sampled from
Precambrian to Upper Cretaceous formations, whereas associated formation waters were
extracted from Upper Devonian to Upper Cretaceous reservoirs.

Integration of isotopic (Sr, O, D) and major/minor elemental fluid compositions
delineate two distinct hydrochemical regimes. Dilute fluids from Upper Cretaceous clastic
units have isotopic and chemical compositions indicative of modern meteoric waters and
appear decoupled from lower more saline reservoir fluids; there is no evidence of a
seawater or evaporated brine component. Strontium isotopic compositions of these waters
are distinctly less radiogenic than those in samples from stratigraphically lower reservoirs.
Alteration of plagioclase and clay minerals dominate current water/rock reactions.

Stratigraphically lower, more saline fluids hosted in Upper Devonian to Lower
Cretaceous reservoirs have elemental concentrations and 8751/86Sr ratios which may be
modelled by two-component mixing, indicating cross-formational fluid migration.
Elemental relations in the saline end-member are consistent with seawater evaporated
beyond halite saturation, rather than halite dissolution from evaporite deposits in the basin.
The saline end member has been diluted (50 to 80%) by a Neogene meteoric water during a
post-Laramide pulse that flushed Tertiary waters through the basin. Hydrochemical
isolation from more recent meteoric waters and the establishment of a mixing regime with
distinctive dénsity stratification ensued. Fluid chemistry, 87Sr/86Sr values and equilibrium

thermodynamics demonstrate water/rock interactions which are dependent on the lithologic



composition of the reservoir: (1) carbonate hosted fluids are dominated by carbonate
mineral reactior.s, with ion exchange reactions between smectite phases metastable to illite

in intercalated shaly units, moderating the water chemistry; and, (2) clastic hosted fluids are

dominated by clay mineral reactions with clay mineral transformation (beidellite — illite)

and ion exchange reactions controlling the water chemistry.

Evidence for the hydrochemical zones and water mixing is further substantiated by
isotopic data for diagenetic illite in the basin. Stable isotope data and calculated model ages
indicate that diagenetic illites from Precambrian to Upper Cretaceous formations formed at
relatively equivalent (post-Eocene) times, late in the paragenetic sequence. Plotting of the
diagenetic illites on mixing diagrams (875r/86Sr vs 1/Sr and Sr) delineates several zones
corresponding to those established for the waters, with the addition of a separate Cambrian
zone, where the pore fluid environment and authigenic phases are isolated from
stratigraphically higher formations by the Middle Devonian evaporites. Devonian through
Cardium diagenetic illites form a mixing regime, where Jurassic carbonate and Devonian
anhydrite form the low-87Sr/86Sr high-Sr concentration end member and K-feldspa or Rb-
rich clays resulting from Rb exclusion in carbonates form the high- 87Sr/86Sr and low-Sr
concentration end member. Local environments result in distinct 87Sr/86Sr signatures in
diagenetic phases but do not alter the effects of cross-formational fluid movement and

mixing.
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CHAPTER 1. INTRODUCTION

The term diagenesis includes all processes which affect a sediment from
sedimentation until the constituent grains achieve chemical equilibrium during
metamorphism. Diagenesis involves many interdependent elements and processes,
including sediment composition and texture, degree of lithologic variation, burial rate,
sedimentary and tectonic environment, hydrodynamic and geothermal gradients, chemical
reaction rates, and a host of other factors (HUTCHEON, 1982). Furthermore, diagenesis
is an ongoing attempt to attain equilibrium in an environment characterized by the transient
behavior of temperature, fluid flow and fluid composition (e.g. connate water; meteoric
water). Consequently, diagenetic studies tend to be interdisciplinary, drawing ideas,
techniques, and concepts from many fields of geology.

Much of the early work in diagenesis concentrated on the volumetrically most
important reactions which lead to the formation of authigenic phases and/or the alteration of
minerals, such as: 1) quartz cementation; 2) calcite cementation; and 3) feldspar alteration.
Shale/sandstone interaction was stressed; in particular how reactions in the former
controlled or altered the formation of authigenic phases in the latter. Historically, the
degree of mass transfer between these two lithologies has been a matter of ongoing debate.
Many of these early investigations were concentrated in the Gulf Coast Basin, a juvenile
basin with a simple compactional burial history, which allowed investigations of diagenetic
trends to be correlated with increased depth and temperature in sandstones and shales. The
following trends were noted: (1) the transformation of smectite to illite through an
intermediary mixed layer illite/smectite (BURST, 1959, 1969; PERRY and HOWER,
1970; HOWER et al., 1976; BOLES and FRANK, 1979); (2) the albitization of calcic
plagioclase (LAND and MILLIKEN, 1981; BOLES, 1982); and (3) the enrichment of Mg
and Fe in carbonate cements (BOLES, 1978). While these issues were being addressed in



the field of clastic diagenesis, concurrent studies were occurring in the field of carbonate
diagenesis, addressing problems such as the mechanisms of dolomitization, mass
movement, biological influences, and porosity development.

The Western Canada Sedimentary Basin, and its sub-basin the Alberta Basin, are
foreland basins that have been tectonically uplifted and characterized by gravity-driven flow
of meteoric waters (HITCHON, 1969a, 1969b, 1984; GARVEN, 1985, 1989).
Consequently this basin differs from juvenile basins wheré diagenetic trends were first
established. This may result in distinctive diagenetic trends in the Alberta Basin when
compared to trends established in other types of sedimentary basins. Furthermore, the
Alberta Basin is composed of two distinct lithology types - clastic and carbonate, providing
a scenario where both fields of diagenesis may be studied both individually and
interdependently.

Many diagenetic studies have been conducted on the Alberta Basin since the initial
work of LERBEKMO (1961a). However, most of these studies are confined to the
textural, compositional and mineralogical aspects of basin rocks within a single formation
and do not include an investigation of the associated fluids (Belly River Formation -
LERBEKMO, 1961b, 1963; CAMPBELL and LERBEKMO, 1963; CARRIGY and
MELLON, 1964; IWUAGWU and LERBEKMO, 1981, 1982, 1984; STOREY, 1982;
LONGSTAFFE 1986; AYALON and LONGSTAFFE, 1988; Cardium Formation -
THOMAS and OLIVER, 1979; GRIFFITH, 1982; STALEY, 1986; KRAUSE et al. 1987;
MACHEMER and HUTCHEON, 1988; Viking Formation - THOMAS and OLIVER,
1979; FOSCOLOS et al., 1982; ROBB, 1985; GRANT, 1985; DEAN 1986; REINSON
and FOSCOLOS, 1986; STALEY, 1986; LONGSTAFFE and AYALON, 1987;
Glauconitic Formation - TILLEY, 1982; TILLEY and LONGSTAFFE, 1984; YOUNG and
DOIG, 1986; Devonian - WALLS, 1977, 1983; WALLS et al., 1979; WALLS and
BURROWS, 1985; MACHEL, 1985; STOAKES, 1980; CARPENTER and LOHMANN,
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1989). Early studies of the formation waters have been conducted for the entire Western
Canada Sedimentary Basin (BILLINGS et al., 1969; HITCHON and FRIEDMAN, 1969;
HITCHON et al., 1971). While these reconnaissance studies have some associated
detriments (several sub-basins and aquifer systems were combined and control over
sampling techniques and procedures was not monitored), consolidation of all these
mineral/rock and fluid studies has established an essential framework upon which it is now
feasible to conduct, in the Alberta Basin, diagenetic studies which amalgamate water and
rock data. Other than the study of ABERCROMBIE (1989) for the Cold Lake region in
east-central Alberta, such works have not been undertaken anywhere in Alberta. It is the
intent of this thesis to examine all of the formations from a vertical section in the Alberta
Basin, in an attempt to define the extent and scale of water/rock interaction and to establish

the authigenic mineral and porewater evolution.

LOCATION AND STRATIGRAPHY

The Alberta Basin is a foreland basin within the Western Canada Sedimentary
Basin, bordered to the west by the Rocky Mountain Thrust Belt, to the northeast by the
Precambrian Shield, and to the southwest by the Sweetgrass Arch (Fig. 1.1). The study
area embodies approximately 20,000 km2 in the Alberta Basin and is composed of a wedge
of unfolded sedimentary rocks that thicken and dip toward the southwest, resting
unconformably on a similarly tilted Precambrian basement (Fig. 1.2). The wedge of
sedimentary rocks is-composed of: (1) Cambrian basal sandstones and shales; (2) eroded
Jurassic and Paleozoic carbonates, shales and evaporites; and (3) Cretaceous shales and
siltstones interbedded with thin lenses of sandstone (Table 1.1). The Cretaceous clastic
rocks are separated from stratigraphically lower units and the Cambrian units are separated
from stratigraphically higher units by major regional unconformities. Silurian, Ordovician,

Lower Devonian, Upper Mississippian, Pennsylvanian, Permian, Triassic and most of the
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Jurassic strata are not found under the Central plains of Alberta (Fig. 1.3). The rocks and
minerals studied v'vcre sampled from Precambrian to Upper Cretaceous formations,
whereas, associated formation waters were extracted from Upper Devonian through to
Upper Cretaceous reservoirs.

The tectonic history of the Western Canada Sedimentary Basin and its present day
morphology are a product of orogenic forces active during Jurassic through Tertiary time.
The Columbian Orogeny occurred near the end of the Jurassic as a result of subduction of
the Pacific Plate beneath the margin of the North American Plate. Subsequent shortening
across the orogen initiated formation of the Rocky Mountians (PRICE, 1973;
DICKINSON and SNYDER, 1978; BEAUMONT, 1981; JORDON, 1981). Slow
epeirogenic uplift and thrusting along the eastern Cordillera heralded the first pulse of the
Laramide Orogeny during the Late Cretaceous. Culmination of the Lararide Orogeny
occurred in Late Paleocene or Early Eocene and resulted in downwarping and burial of the
foreland basin (PRICE, 1973; DICKINSON, 1974; PORTER et al., 1982; HITCHON,
1984). Subsequent erosion of accumulated Tertiary and Upper Cretaceous rocks has

occurred in the Central plains of Alberta.

OBJECTIVES

The primary objectives of this thesis are to contribute to the understanding of
water/rock interactions in a sedimentary basin dominated by gravity-driven flow of
meteoric waters and to examine the scale of diagenetic interdependence between formation
waters and detrital and authigenic phases. Specifically, the goals are to elucidate the
subsurface processes of: 1) mineral transformation, alteration, dissolution and precipitation;
2) fluid movement and mixing; and, 3) mass movement through shales to adjacent
sandstones. The results of all of these processes are reflected in the present day chemical

and isotopic (O, C, H, Sr) composition of the reservoir fluids and authigenic phases.
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Porewaters record diagenetic reactions which have occurred during their residence time in
the system and solid phases exhibit the cumulative effects of diagenesis. Thus, to obtain a
complete representation of diagenesis, both phases were examined.

Hydrogeochemical models of the porewaters are established independent of
hydrologic models, providing a separate method with which to examine basinal fluid flow.
Based purely on chemical and isotopic trends, water origin and diagenetic evolution are
evaluated in terms of water mixing and water/rock interaction. It is of significance to
delineate the interface of mixing zones in sedimentary basins, as diagenetic processes are
most active at these sites (KNAUTH, 1988). Specific reactions and minerals most
influential in controlling the current water composition and contributing components to the
mixing regime are indicated by equilibrium thermodynamics.

The rock reservoir is examined by analyzing both whole rocks and mineral
separates, Allogenic (feldspars, mica, carbonate) and diagenetic (illite, chlorite, carbonate,
apatite) mineral separates from Precambrian through Cretaceous rocks in the study area are
analyzed isotopically (Sr, O, C) and for Sr and Rb concentration {n order to: (1) establish
diagenetic minerals in terms of water mixing and rock/water reactions; (2) help formulate,
in conjunction with the fluid chemistry, the porewater evolution; (3) determine the degree
of open versus closed system behavior in the basin with respect to cross-formational fluid
flow; and, (4) establish the sequence or timing ‘of diagenetic mineral formation and the scale
over which this occurs or specific zones to which it is restricted. Strontium ratios are not
measurably fractionated during sedimentary processes; the distribution of Sr isotopes in
mineral phases is independent of temperature, pressure, distribution coefficients or Sr
activity. Therefore, 87Sr/86Sr ratios and Sr concentrations of specific mineral phases
constrain possible source minerals, because different minerals of the same rock have
diverse Rb/Sr ratios, resulting in characteristic 87Sr/86Sr signatures of potential sources.

Stable isotopes (O, C) of authigenic phases provide a record of conditions prevailing
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during their formation; porewater composition, temperature, and mineral/water ratio.
Thus, by combining the two isotope systems, the origin of the water phase and the source
of Sr can be determined, providing information on water mixing and migration, the extent
and nature of water/rock interaction, and the chemical evolution of water and subsequent
authigenic phases. ‘

To attain these objectives, a range of interrelated disciplines are useéi to adequately
evaluate the Alberta Basin system, including mineralogy (diagenetic mineral precipitation,
alteration, transformation and dissolution), aqueous (brine) geochemistry, hydrogeology
and hydrodynamics, thermodynamic modelling of aqueous species, organic geochemistry

and isotopic (stable and radiogenic) geochemistry.

OUTLINE OF THESIS

The thesis has three major divisions and is composed of five main chapters, with a
summary and conclusion chapter following these:

Chapter 2 provides the geological and geochemical framework for a study of the
Alberta Basin by evaluating isotopically (O, C, Sr), the whole rocks and authigenic
carbonate cements in the study area. These phases are examined to detemine meteoric
influence and diagenetic modification to all of the formations. Whole rock Sr analyses are
presented, establishing an overall strontium signature for the specific formations.

Chapters 3.4 and 5 describe the present day formation water chemistry and isotopic
(radiogenic and stable) systematics, in conjunction with the hydrochemical evolution and
present day equilibrium. Each of these chapters deals with a specific aspect of the present
day water composition and possible mechanisms to explain this composition:

1. Fluid chemistry - provides a brief description of the chemical and short chain aliphatic

acid composition of the waters. A theory for the origin of the fluids and ensuing diagenetic

modifications is presented;



I1. Isotope systematics and fluid mixing - examines the O, H and Sr isotopic compositions
of the waters to further distinguish the degree of fluid mixing and/or isolation. These
relationships are explained in the context bf the evolution of the Alberta basin and its
provenance;
II1. Geochemical equilibrium model - more clearly defines the degree of water/rock
interaction by applying equilibrium thermodynamics to the waters to calculate the
distribution of aqueous species at in situ temperatures and pressures and to model
mineral/water equilibria.

Chapter 6 contains an isotopic (O and Sr) and Sr and Rb concentration study of the
mineral separates (detrital and diagenetic) from the various.formations in the Alberta Basin.
A refined model for the paleoflow paths in the Alberta Basin and the origin of authigenic

minerals and porewater composition is developed in the context of previous water studies.

SIGNIFICANCE OF STUDY

The results of this study illustrate the application of geochemical and isotopic
systematics to classify water/rock interaction. Data unique to Alberta Basin studies at the
present time include: 1) strontium analyses of sedimentary rocks, minerals, and formation
waters; 2) short chain aliphatic acid analyses; 3) fluids collected at the wellhead with
suitable techniques for the preservation of specific chemical species; 4) thermodynamic
modelling of water/rock equilibrium; and, 5) chemical and isotopic tracing of water/rock
interactions basinwide. The general contribution of this study is the clarification of chemical
reactions active in sedimentary basins dominated by gravity-driven flow and the scale over
which they are active (micro, meso, macro). The significance of cross-formational fluid
flow in the Alberta Basin is illustrated and the degree of penetration of current meteoric
fluids into the various formations and their importance to diagenetic processes is indicated.

Constraining the fluid movement and water/rock interaction in the Alberta Basin may have
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later applications to the other water/rock studies and may be important to ¢conomic

considerations, such as oil recovery and environmental geology.
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SYSTEM SIRATIGRAPHIC

Upper Cretaceous

Lower Cretaceous

Middle Jurassic

Lower Jurassic

Mississippian

Upper Devonian

Middle/Lower
Devonian

Cambrian

Precambrian

UNIT
Basal Belly River

Lea Park

Cardium

Viking

Glauconitic

Ostracod

Basal Quartz

Rock Creek

Poker Chip Shale
Nordegg

Fernie

Wabamun

Nisku

Leduc

Elk Point

LITH
DEPOSITIGNA

SETTING

Carbonaceous sandstone interbedded with shale and
sandstone.

Shales becoming more marine toward base.

Three sandstone members separated by dark shales.
Sandstone members may have conglomerate at the top and be
interspersed with shale lenses.

Varies from fine salt and pepper sandstone to siltstone to silty
shale; sandstone generally interspersed with shale.

Very fine to medium quartz sandétone mixed with coarser salt
and pepper sandstone. Clay and calcareous cement vary.

Predominantly shale that is partly calcareous, containing bands
of argillaceous limestone.

Essentially sandstone varying greatly in colour and texture.
Upper beds are more calcareous. Contains lenses of shale.

Calcareous sandstone and rusty weathering shale; argillaceous
limestone lenses. )

Black calcareous shales with thin limestone beds.

Black limestone and black calcareous shales with abundant
chert fragments; top highly fossiliferous.

Shale; commonly sandy, in places calcareous, and occasionally
bituminous.

Massive coarse-grained limestone, alternating with beds of
biack fine-grained limestone; may contain chert nodules.

Limestone dominant in the upper part of the group and
dolomite in the middle and lower parts; however, may consist
of all one litholgy or the other.

Dolomite, variably silty and anhydritic.

Semi-fragmental and reeflike; crystalline dolomite with
scattered vugs.

Anhydritic dolomite, fossiliferous
Calcareous grey to black shale.
Buff to glauconitic sandstone; shale partings.

Crystalline basement.

Table 1.1. Stratigraphic column with lithologic descriptions for the study area in the
Alberta Basin.
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CHAPTER 2. STRONTIUM AND STABLE ISOTOPIC
CHARACTERIZATION OF CLASTIC AND CARBONATE ROCKS IN THE
ALBERTA BASIN, WESTERN CANADA SEDIMENTARY BASIN:
WHOLE ROCKS AND CARBONATE CEMENTS

INTRODUCTION

Carbonate rocks and carbonate cements within clastic sedimentary rocks are
volumetrically significant in the Alberta Basin, a sub-basin of the Western Canada
Sedimentary Basin (Fig. 2.1). Carbonate phases occur in every formation from
Precambrian to the Upper Cretaceous and are of interest because they are: (1) ubiquitous
and have the potential to control pore fluid chemistry; (2) readily formed at various stages
of diagenesis; and, (3) associated with many diagenetic reactions which occur in
sedimentary environments (HAYES, 1979; MILLIKEN et al., 1981; LAND, 1984;
BOLES, 1987; SCHULTZ et al., 1989). Some of the diagenetic reactions with which
carbonate phases are directly or indifectly associated include: (1) albitization of calcic
plagioclase (LAND and MILLIKEN, 1981); (2) pressure solution and dissolution of
carbonates; and, (3) clay diagenesis, including illitization of smectite (BOLES and
FRANK, 1979). These reactions may be focused within discrete stratigraphic intervals
(LOUCKS et al., 1977; BOLES and FRANK, 1979) or occur throughout a basin.
Investigation of whole rock limestone/dolostone and shale and separated diagenetic
carbonate cements in the clastic units should help to elucidate the importance of specific
reactions and the scale (micro-; meso-; macro-) over which they are significant.

The 87Sr/86Sr ratios of unaltered marine carbonates provide a record of the
87Sr/86Sr composition of seawater over time, as these phases exclude Rb from their
structure resulting in a static 87Sr/86Sr signature. Several Phanerozoic 87Sr/86Sr seawater
curves have been constructed using unaltered carbonates (PETERMAN et al., 1970;
VEIZER and COMPSTON, 1974; FAURE, 1982; BURKE et al., 1982). In the
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construction of these curves it is assumed that the Sr concentration and isotopic
composition is uniform throughout the world's oceans at any given time (VEIZER and
COMPSTON, 1974; FAURE, 1982). Deviation of carbonate 87Sr/8Sr values from
established seawater curves suggests t:hat either the carbonate samples did not obtain
87Sr/86Sr ratios from contemporaneous seawater, or that they were diagenetically
contaminated by foreign Sr.

The 87Sr/86Sr ratios of minerals provide potential tracers of mineral-water
interactions because of the mobility of Sr in surface and subsurface environments, and
because different minerals of the same lithologic unit have diverse Rb/Sr ratios, resulting in
considerably different Sr isotopic ratios. Unlike stable, lower mass isotopes, Sr isotopes
are not measurably fractionated during sedimentary processes; the distribution of Sr
isotopes in mineral phases is independent of temperature, pressure, distribution coefﬁéients
or Sr activity. Hence, 87S1/86Sr ratios of authigenic carbonate cements in clastic rocks
permit the identification of the major sources of Sr in the pore fluid and indicate the
dimensions within which the fluid was isotopically homogeneous. Similarly, 8751/86Sr
ratios in limestone/dolostone sequences can also be used to indicate diagenetic
recrystallization and mineralogic stat.lization reactions under varying flow conditions

(CLAUER et al., 1989).

3180 and §13C values of carbonate minerals provide a record of conditions

prevailing during their crystallization and/or recrystallization (GIVEN and LOHMANN,
1985; O'NEIL, 1987) because of the characteristic fractionation of light stable isotopes,

particularly in low-temperature sedimentary environments. Carbonate 3180 values are

useful for interpreting the porewater composition, temperature, and mineral/water ratio

from which the solid phase; precipitated; 813C values indicate the source of CO2,
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delineating the relative effects of organic processes versus chemical exchange in carbonates

(O'NELL, 1987).
The purpose of this study is to define the intra-formational and cross-formational

. isotopic variability of 87S1/865r, 5180 and 313C in whole rocks, including carbonate

(limestone/dolostone) and clastic rocks (shales), and carbonate cements within the Alberta
Basin, in an attempt to establish the diagenetic reactions that are/were active in the basin and
constrain the mineral phases or sedimentary units which are/were influential to these
reactions. Such information indirectly provides insight into the origin and evolution of the
waters, water/rock interactions, and water migration histories. A survey of 87Sr/86Sr ratios
in whole rocks (clastic and carbonate) and authigenic carbonates from a complete vertical
stratigraphic section in the Alberta Basin will also help define the significance of

unconformities and lithological differences in controlling 87Sr/36Sr variability in pore fluids
and resulting authigenic phases. By amalgamating data from radiogenic isotopes with stable

isotopic systems, the diagenetic interdependence of the various formations and intermediary

basinal fluids is delineated.

GEOLOGIC AND HYDRODYNAMIC FRAMEWORK

The Alberta Basin is part of the Western Canada Sedimentary Basin, bordered to
the west by the Rocky Mountain Thrust Belt, to the northeast by the Precambrian Shield,
and to the southeast by the Sweetgrass Arch (Fig. 2.1). The Alberta Basin is a foreland
basin composed of essentially undeformed, southwesterly dipping Mesozoic and Paleozoic
sedimentary rocks which rest unconformably on Precambrian rocks of the Canadian Shield
(Fig. 2.2). The basin may be subdivided into three general lithologic units: (1) Cretaceous

clastic rocks composed of thick shale and siltstone units interbedded with thin sandstones;
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(2) Jurassic, Mississipian and Devonian carbonates, shales and evaporites; and (3)
Cambrian green shales overlying a basal Cambrian sandstone. Upper Mississippian,
Pennsylvanian, Permian, Triassic and sections of the Jurassic have been eroded from the
Central Plains of Alberta. '

Geometry of the Alberta Basin is largely a result of tectonism during the Jurassic to
Tertiary (NELSON, 1970). The Rocky Mountains were initiated during ti1e Columbian
Orogeny near the end of the Jurassic, when subduction of the Pacific Plate beneath the
margin of the North American Plate resulted in shortening across the orogen (PRICE,
1973; DICKINSON and SNYDER, 1978; BEAUMONT, 1981; JORDON, 1981).
Sub:equently, the first minor pulse of thé Laramide Orogeny occurred during the Late
Cretaceous, causing thrusting and uplift along the eastern Cordillera (TAYLOR et al.,
1964). This orogenic activity generated a downwarping of the western Alberta Plains,
which filled with westerly sourced detritus. The major pulse of the Laramide Orogeny
occurred in Late Paleocene or Early Eocene and caused maximum burial of the foreland
basin. Extensive overthrusting occurred in the eastern Cordillera, accompanied by uplift of
the Alberta Basin (TAYLOR et al., 1964; PORTER et al., 1982; HITCHON, 1984).
Subsequent erosion of accumulated Tertiary and Upper Cretaceous rocks occurred. It is
estimated that approximately 1900 m of overburden in the west of the Alberta Basin and
900 m in the east have been eroded since maximum burial (NURKOWSKI, 1984;
BEAUMONT et al., 1985; LONGSTAFEFE, 1986).

The current hydrodynamic regime in the Alberta Basin was initiated by the second
pulse of the Laramide Orogeny. Associated overthrusting effected a large hydraulic head in
the eastern Foothills, creating a mechanism for deep penetration of cool, meteoric waters
which discharged eastward (HITCHON, 1969a; HITCHON 1984). Prior to the Laramide
Orogeny, it is doubtful that a hydraulic head greater than that generated by the present
Canadian Cordillera ever existed (HITCHON and FRIEDMAN, 1969). It has. been
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suggested that the Upper Devonian - Carbdniferous carbonate rocks of the Alberta Basin
channel flow throughout the basin toward the northeast and act as a low fluid potential
drain for the basin (HITCHON, 1969b; HITCHON, 1984). Alternatively, GARVEN
(1989) suggests that the regional flow system has undergone dissipation and i:artitioning,
at least since the Pliocene, with younger, shallower formations developing smaller flow
sub-systems.

HITCHON (1984), using the data of HACQUEBARD (i977), has attributed major
shifts in the geothermal gradient of the Alberta Basin to the late stage of the Laramide
Orogeny. HITCHON (1984) suggests that during the Late Paleocene, the gradient
decreased from ~300C/km in the western Alberta plains to ~23 oC/km in the east, but that
this trend was reversed after the second pulse of the Laramide Orogeny. By the Eocene,
the geothermal gradient increased from ~210C/km in the west to ~270C/km in the eaﬁt, a
similar but subdued pattern to the modern gradient. BEAUMONT et al. (1985), in their
lithospheric flexure model, demonstrated that the paleogeothermal gradient has probably
increased systematically northeastward from the Foothills, at least since the early stages of
the major Laramide Orogeny. However, their studies suggest that the gradients in the past
were higher than those estimated by HITCHON (1984), and approximated those of present
day (27°C/km in the Foothills to 400C/km in the Edmonton area). The heat flow pattern has
not changed since the Eocene (HITCHON, 1984; MAJORWICZ et al. 1985).

ANALYTICAL PROCEDURES

A total of 152 core samples representative of the stratigraphic units in the study area
were obtained from 31 locations. Most of the samples were obtained from continuous
cores over limited lateral extent, with the exception of samples from the Belly River and

Viking Formations, which were part of earlier lateral studies (DEAN, 1986;
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LONGSTAFFE, 1986; LONGSTAFFE and AYALON, 1987; AYALON and
LONGSTAFFE, 1988). In addition, Mississippian and Jurassic samples were collected to
the west of the main vertical section (~40 to 60 km) because these formations were 'cmded
from the Central Plains of Alberta. Whole-rock samples and isolated diagenetic c;aments
were studied using optical petrography, X-ray diffraction (XRD), stable isotope analyses
(C and O) and radiogenic isotope analyses (87S1/86Sr). “The diagenetic cements were
isolated by both chemical (acid leaching) and physical (micro-milling; PREZBINDOWSKI,
1980) techniques.

The oxygen and carbon isotope data are presented in the usual § notation relative to

Standard Mean Ocean Water (SMOW) for oxygen (CRAIG, 1961) and the Belemnitella
americana from the Peedee Formation (PDB) for carbon (CRAIG, 1957). To calculate the

oxygen isotope results for calcite and dolomite, 1.01025 and 1.01110, respectively were

used for the total carbonate CO fractionation factor (c) at 25°C (modified after SHARMA
and CLAYTON, 1965). The calcite o was used in all calculations for siderite; the dolomite

o was used in all calculations for ankerite. An oxygen isotope, CO2-H;O fractionation

factor of 1.0412 at 25¢C has been employed in all these calculations.

Oxygen and carbon stable isotope analyses for carbonate minerals were obtained by
reacting organic-free, powdered rock samples (<44 pm) in anhydrous H3POy at 25°C,
using the method of WALTERS et al. (1972), modified after McCREA (1950) and
EPSTEIN et al. (1964). Carbonate content and mineralogy were confirmed by XRD prior
to isotope analyses. Because of possible cross-contamination of CO, gas produced from
calcite and dolomite, results for calcite are presented only when the calcite/dolomite ratio
was greater than 0.5 in the sample; results for dolomite are recorded only when the

calcite/dolomite ratio was less than 0.7 in the sample. These same restrictions were
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applied to ankeﬁtel@lomite mixtures. These criteria were frequently satisfied by analyzing
an isolated size fraction rather than a whole rock fraction. Siderite was analyzed only when
it was the sole carbonate phase in the sample. COg was obtained from siderite and ankerite
by reaction at 25°C for 21 days. Replicate isotopic analyses of carbonate minerals are
better than +0.1%o for oxygen and +0.05%o for carbon.

87S1/86Sr ratios were obtained for both whole rock and carbonate mineral separates.
Dissolution of whole-rock carbonates and drilled out diagenetic carbonate separates were
performed using dilute ultrapure HNO; (1:3) at room temperature; decomposition of
carbonate cements within clastic rocks was accomplished by gentle dissolution using 2N
HNO;. To prevent substantial interlayer leaching of Sr from exchangeable sites within clay
minerals that predominate in shales, the chemical decomposition of carbonate cements in
ciastic rocks was generally restricted to sandstones. Furthermore, for the 87S1/86Sr ratio to
be considered a valid estimate of a specific carbonate phase, this phase had to comprise
>25% of the sample, a stipulation often requiring the use of an isolated size separate.
Clastic whole rock dissolution was accomplished using ultrapure HF + HNOj3 and gentle
heating in covered vessels. Strontium was separated from the dissolved solutions by
coprecipitation with Ba(NO3)2 from a strong HNO3 sample solution, and purified in cation-
exchange columns. The Sr was loaded as StCl, on a double Re-filament and analyzed on a
VG-Micromass-30 mass spectrometer equipped with automatic peak-switching and an on-
line computer for data processing. The within-run precision of a single 87Sr/36Sr analysis
was +0.00005; however, this value rose to + 0.00010 for samples with a high organic
content (Mississippian, Nordegg, Rock Creek Formations). Repeated runs of the NBS-

987 standard yielded a mean 87Sr/86Sr ratio of 0.71024 + 0.00005 (10). All measured

87Sr/86Sr ratios were normalized to 86Sr/88Sr = 0.1194.
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RESULTS
Stable (813Cppg); 5180(smow)) and radiogenic isotope (87Sr/86Sr) results are given

in Table 2.1. Sample locations, depths, lithologies from which the samples were obtained,
and the composition of the analyzed samples are listed. Micromilling (PREZBINDOWSKI,
1980), rather than chemical leaching, was used to extract diagenetic components from some
samples. These physically separated samples are denoted by a D after the sample names in
Table 2.1. A ND follows the sample name if the corresponding nondiagenetic (i.e.,
groundmass) component from the same sample was analyzed. With the exception of some
samples from the Viking and Belly River Formations, most of the samples are from a
limited lateral extent (Table 2.1) so that vertical processes and variation can be examined

largely independent of lateral perturbations.

Petrography of Formations

The mineralogy of specific formations in the Alberta Basin is significant to a study
of 87Sr/86Sr ratios because different minerals are variably resistant to alteration and
exchange. Hence, different minerals variably influence the chemical and isotopic
composition of porewaters. Furthermore, distinctive Rb/Sr ratios and resulting 87S1/36Sr
ratios characterize different mineral phases. Diverse mineralogy, or even variation in the
modal mineralogy within one formation, may potentially cause significant isotopic
differences in the porewater composition. Strontium contributions to the porewaters from
various minerals are reflected in the isotopic compositions of the authigenic cements
precipitating from the porewaters, allowing hypotheses to be made regarding cross-
formational fluid-flow in the basin.

Core samples from each of the formations shown in the stratigraphic column for the
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Alberta Basin (Fig. 2.3) have been examined petrographically, by XRD and by SEM.
These observations have been augmented with other petrographic studies to obtain a good
average composition of the total mineral assemblage for each formation in the study area.
Detailed descriptions of lithologic successions, detrital and authigenic mineralogy, and
paragenetic sequences for individual formations are given in Appendix I, a brief
overview/summary is provided here. |

Altered muscovite biotite granites of the Precambrian basement are unconformably
overlain by the basal Cambrian sandstones (~40 m) and shales (~185 m). The sandstones
are clean quartz arenites containing early diagenetic chlorite, which is succeeded
paragenetically by quartz overgrowths and kaolinite and then by illite/smectite (I/S) and
illite. The Cambrian green shalés contain intercalated sandstones. The diagenetic
component of the shales consists of highly altered chlorite, some of which is being replaced
by less altered kaolinite; I/S and illite are the last phases precipitated in the paragenetic
sequence. Cambrian lithologies are unconformably overlain by Devonian sedimentary
units (~975 m thick), which are composed of evaporites at the base, followed by generally
one of two end member lithologies, limestone or secondary dolomite (ANDRICHUK,
1958). Intervening shale formations are composed of alterating carbonate and quartz/illite
units. Eroded Mississippian carbonates (~40 m) and J urassic mixed carbonate/clastic units
(~40 m) overlie the Devonian. The principal diagenetic minerals observed in the Devonian
through Jurassic formations are carbonate (calcite, dolomite, ankerite) and illite. The
Cretaceous clastic rocks (highly variable thickness, increasing toward the southwest)
unconformably succeed the Jurassic units in the western part of the study area and the
Devonian units toward the east (Fig. 2.2). The Cretaceous assemblage is composed of
shale units with interspersed sandstone lenses. The abundance of authigenic minerals is
variable, even within a single formation, but similar phases are generally found throughout

the Cretaceous formations. Diagenetic clay minerals include Fe-rich chlorite, kaolinite,
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dickite, smectite, illite and interstratified expandable phases including chlorite/smectite
(C/S), smectite/illite (S/I) and illite/smectite (I/S). Diagenetic carbonates include calcite,
dolomite, ankerite and siderite. There is a paucity of feldspar in the Cretaceous formations
of the study area, with the exception of the Viking and Belly River Formations, where
albite/oligoclase plagioclase feldspars are much more abundant (6-26 %) and altered than K-

spar (1-8%). Paragenetic sequences for the main reservoirs of Cretaceous units are

illustrated in Appendix 1.

Carbonate Stable Isotopes

Cretaceous Clastic Rocks

Figure 2.4 is an illustration of the distribution of calcite cements and detrital
dolomite phases within Cretaceous formations of the Alberta Basin. The characteristics of
these cements and where they occur in the paragenetic sequence of the unit are described in
Table 2.2. In general, the Cretaceous formations are characterized by one or two phases of

calcite cementation: (1) an early poikilotopic phase that is found between uncompacted

grains and characterized by relatively high (>+20%c) 5180 values; and (2) a later phase that

generally follows quartz formation, partially to completely replaces detrital grains, and is
succeeded by kaolin and illitic minerals. This later calcite is characterized by lower 5180
values (+8.5 to +17.5%o) relative to the early poikilotopic calcites. While the early calcite
phases are not found in all the Cretaceous formations, the later phases are constituents of
every Cretaceous formation. Furthermore, all of these late diagenetic phases appear to have

precipitated at similar times in their respective paragenetic sequences, with a high

percentage of the calcite replacing feldspar, such that the amount of calcite decreases with

decreasing feldspar content in the rock. The 3180 values for late authigenic calcite are

27



relatively low in the continental sediments from the Belly River Formation (avg. +10%o),

but increase, in decreasing increments, in the stratigraphically older formations. For the

Viking Formation and stratigraphically lower Cretaceous formations, the 5180 values of

calcite cements from sandstones remain essentially constant. The 513C values of the

Cretaceous carbonate cements are highly variable (-14.3 to +4.2%o), but do show a broad
positive correlation with corresponding 8180 values (Fig. 2.5). Those formations in which

calcite was extracted from both shale and sandstone lithologies (i.e. Glauconitic and Basal

Quartz Formations) show a pronounced variation in the 8180 values of calcite phases from

each lithology (Fig. 2.4). The 8180 values from sandstone hosted calcites average +15.0 to

+15.5%o, whereas those from the shale lithologies are much higher (~+18.5 to +19.4%o).

Dolomite in the Cretaceous formations is dominantly detrital, although it may also

occur as an early void filling cement or as a replacement of calcite. The 3180 values of

dolomite lie between +19.5 and +23.9%o, which is within the range for the Paleozoic
carbonate rocks of western Canada. Similar values to this study have been reported for
dolomite grains from other Cretaceous clastic rocks in Alberta (HITCHON and
FRIEDMAN, 1969; LONGSTAFEE, 1984, 1986, 1987).

Siderite and ankerite occur sporadically within the Cretaceous units. Siderite has
been identified in the Viking Formation and analyzed isotopically. Siderite was also found
in the Cardium (MACHEMER and HUTCHEON, 1988) and the Glauconitic Formations,
but it is not abundant in the study area and therefore was not analyzed. Viking siderite most

often occurs in finer grained sandstones where it appears to have formed early in the

paragenetic sequence. The 5180 and §13C values of siderite range from +18.5 to +24.3%o
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and-0.8 to -4.6%o, respectively. The siderite phases with the lowest 8180 values are from

an area approximately 120 km south-southwest of the main vertical section for this study
highlighted in Fig. 2.1. Here a rooted sedimentary facies has been identified (HEIN et al,
1986). Such an environment is favorable to siderite precipitation as it is characterized by
hydrochemical conditions of high bicarbonate activity, low oxidation potential and
extremely low concentrations of dissolved sulfide (GARRELS and CHRIST, 1965;
CURTIS, 1967; GAUTIER, 1982).

Ankerite has been recognized in both the Viking and Basal Quartz Formations. In
the former formation, it is a relatively late diagenetic cement, often associated with dolomite
and found replacing detrital feldspar and dolomite, coating authigenic quartz, and filling
pores. DEAN (1986) determined this ankerite to be Ca-rich and postulated that the ankerite
has directly replaced calcite. However, ankerite is more commonly associated with
dolomite in the Viking Formation. A split peak on XRD charts, with d-spacings at both
dolomite and ankerite locals, would suggest that instead of replacing calcite, ankerite may
be replacing dolomite. Furthermore, using carbonate staining techniques (DICKSON,
1965), dolomite appears to be altering to ankerite. Due to the difficulty in physically

separating dolomite and ankerite, mixtures were analyzed isotopically. With an increasing
percentage of dolomite, the 5180 value increased, up to a value of +22.2%¢. The values of
8180 and 613C for pure ankerite from the Viking Formation analyzed in this study are
+16.5%o and -5.9%o, respectively, well within the range of +16.3 to +17.9%o0 and -12.4 to -
3.5%o reported for 5180 and §13C respectively, by LONGSTAFFE and AYALON (1987)

for the same area.

Ankerite in the Basal Quartz Formation is not as abundant as in the Viking

Formation, but also occurs as a replacement of dolomite. The 5180 and 613C values show
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little variation between the dolomite and ankerite phases. Together these carbonates range

from +22.6 to +24.0%o and -0.3 to +1.1%o, for 8180 and 313C respectively.

Devonian - Jurassic Carbonate Rocks
The Devonian through Jurassic rocks in the Alberta Basin are dominantly

carbonates that are interrupted by shale/carbonate units which range in composition from
shaly carbonates to calcareous shales. There is less variation in 3180 and $13C values in
these formations relative to the Cretaceous units; however, some notable trends exist.

Figure 2.6 is 813C versus 8180 plot of samples from the Devonian Elk Point, Beaverhill

Lake, Cooking Lake, Nisku and Leduc stratigraphic units, illustrating no particular trend of

the data for these formations. This lack of correlation is also exhibited on Fig. 2.8.

However, when 813C versus 8180 data are plotted for the Wabamun and stratigraphically

younger carbonate formations (up to the Cretaceous unconformity) a broad, positive
correlation (Fig. 2.7 and 2.8) is exhibited.
Microdrilled diagenetic separates of sparry vug filling carbonates from the Devonian

to Jurassic carbonates were also analyzed (Table 2.1). 8180 and 313C values for diagenetic
phases in the Cooking Lake and Leduc Forma;ions are virtually identical to the whole rock
carbonate values for these formations and exhibit no correlation on a 513C versus 6180 plot.
Conversely, Wabamﬁn, Femie, and Nordegg diagenetic carbonates (vug-filling spar) show
a pronounced decrease in 5180 values and a moderate decrease in 813C relative to whole

rock data. Stable isotope data for these diagenetic separates also exhibit a positive
correlation, which follows the trend established by the whole rock data in Fig. 2.7.

Siderite was not observed in any of the Devonian to J urassic limestone/dolostone
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units; however, ankerite and partially ankeritized dolomite have been identified. These

phases have an irregular distribution and stable isotopic values of ankerite are comparable

to dolomite values within the same formation, although ankerite commonly has 5130 and

513C values at the high end (i.e. 5180>+23.0%0 and 813C>-1.0%o) of the range exhibited

by both phases.

Cambrian Clastic Rocks

Only one sample, a silty sandstone, contained sufficient calcite to be analyzed and

yieided 8180 and 313C values of +23.5%o0 and -1.6%o, respectively. MACDONALD (1987)

has reported values of +12.2%o and -4.1%o for 5180 and 813C, respectively, for a calcite

sample from the Cambrian sandstone 325 km south of the study area. The sample from
MACDONALD's (1987) study was extracted from the basal sandstone and is of uncertain
paragenesis.

Ankerite and ankeritized dolomite samples have 8180 and 613C values ranging from
+18.6 to +19.6%o and -3.7 to -3.4%o, respectively. These samples formed subsequent to

quartz overgrowths, but prior to pronounced clay mineral formation. The stable isotope

values of these phases are comparable to those for dolomite from MACDONALD's (1987)

study (5180=+19.7%o; 513C=-1.8%0), despite the ~450 km distance separating the

dolomite/ankerite samples.

87Sr/86Sr ratios were obtained for carbonate cements from the clastic sedimentary

units (i.e. Cretaceous and Cambrian) using both chemical and physical extraction processes.
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Experiments have shown that leaching carbonate phases from clay-bearing samples may
yield an erroneous 87S1/86Sr value for the carbonate phase if the Sr contribution made by
exchangeable cations in the clay phase is substantial enough, Similarly, leaching
experiments conducted by STUEBER et al. (1987) have shown that chemical leaching of
clay minerals may significantly increase 87Sr/86Sr ratios in formation waters. In their
study, STUEBER et al., (1987) leached whole rock shales from the Illinois Basin
(87Sr/86Sr = 0.7279 - 0.7547) with 0.25N HC! and with 1N ammonium acetate and
obtained leachates with 87§r/86Sr values comparable to those of the formation waters
(0.7102 - 0.7129). Precipitating diagenetic minerals, such as carbonate cements, would
acquire these radiogenic 87Sr/86Sr formation water values. Similar results were shown by
CHAUDHURI et al. (1987) for a Kansas shale, where an acid leachate with an 87Sr/86Sr
ratio of 0.7140 was produced from a whole rock with an 87Sr/868r ratio of 0.7951.

In this study, gentle leaching of authigenic carbonates from various formations was
necessary because these phases were often too small to be physically extracted. However,
only sandstone samples with abundant (>20%) carbonate were analyzed. McNUTT et al.,
(1987b) and CLAUER et al., (1989) have used similar techniques with dilute acetic acid
and 1N HCI, respectively on crystalline rocks that do not contain clay minerals and report
the silicate phases to be unaffected. Thus, the Sr in acid leachates is likely from the Sr in
exchangeable sites in clay minerals. However, the Sr concentration in these sites relative to
that in carbonate phases is relatively small, particularly if carbonate comprises >20% of the
rock (CLAUER, 1931; FAURE, 1986). Consistency of the data obtained for specific
sandstone formations of the Alberta Basin suggests that exchangeable Sr from clay
minerals is not affecting the carbonate 87S1/86Sr ratios, as the modal clay mineralogy within
a specific formation varies from sample to sample, but the 87Sr/86Sr ratio of the carbonate

phase within the formation is relatively constant. It is noted in Table 2.1, where chemical
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leaching was used for shale lithologies or where the leached carbonate constituted a small
percentage of the whole rock sample. The first situation yields variable 87Sr/86Sr values
for the carbonate cement, all of which are more radiogenic than other carbonate samples
extracted from sandstones within the same formation. Moreover, shale extracted
carbonates have the highest 87Sr/86Sr ratios compared to any other diagenetic carbonates
from the entire basin. In the second situation where leached carbonate constituted a small
percentage of the whole rock, 87Sr/86Sr ratios were also high, but these samples have

" almost no clay component and exhibit good intra-formational consistency. Therefore, these
values are likely representative of the porewaters from which they precipitated.

Figure 2.9 illustrates the 87Sr/86Sr results from the carbonate whole rocks and
authigenic cements in the Albérta Basin, as a function of the age of the formations. The
seawater curve of BURKE et al. (1982) is provided as a reference for (1) the oriéina.l
seawater values for the marine carbonates, or (2) the original porewater composition for
marine clastic rocks at the time of deposition. During the Phanerozoic the isotopic
composition of Sr in the oceans changed with time. ‘'However, throughout the world's
oceans at any given time, the isotopic composition and concentration of Sr remained
uniform (VEIZER and COMPSTON, 1974) because of the: (1) long residence time of St
(~5 x 106 years); (2) rapid mixing in oceans (103 years); and (3) high concentration of Sr in
the oceans (7676 + 68 pg/kg; BRASS and TUREKIAN, 1974) compared to average river
water (68.5 pg/l). Furthermose, it has been found that Sr in relatively isolated
environments éuch as Hudson Bay (FAURE et al., 1967) or the inland sea during
Cretaceous time (WHITTAKER et al., 1987) are isotopically indistinguishable from the
major oceans for a specific time period. Thus, deviation of 87Sr/86Sr ratios from seawater
values in limestone/dolostone rocks and carbonate cements from clastic formations

deposited in seawater indicates changes in porewater chemistry that occurred during
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diagenesis.

Most of the carbonate cement or whole rock dolostohes/limeswne 87Sr/86Sr values
are greater than that of seawater for their respective time periods. Furthermore, some of
thesé values are greater than those of seawater for all Phanerozoic time, refuting the
possibility that these porewaters with high 87Sr/86Sr ratios may be solely a result of fluid
migration from reservoirs with high 87Sr/86Sr seawater values (i.e., Cambrian) to those
with low values (i.e., Jurassic). Instead, water/rock interaction and diagenesis is also
strongly indicated. However, none of the 87Sr/86Sr ratios are particularly high, when
compared to those reported for other limestones, such as in the Bindley Field (0.72195-
0.72300), central Kansas (CHAUDHUR]I, 1987). Samples with 87Sr/865r ratios that plot
directly on or within error of the BURKE et al. (1982) seawater curve are a Cambrian
calcite cement, Devonian dolostones of the Cooking Lake and Leduc Formations,
limestones of the Beaverhill Lake Formation, and some Cretaceous calcite cements from the
Viking Formation.

The Cambrian calcite is a poikilotopic cement that was physically extracted and
yielded an 87Sr/86Sr value of 0.7094, which is close to the Cambrian seawater value at the
time of deposition. Acid-leached Cambrian carbonate samples from shales give 87Sr/86Sr
values of 0.7436 to 0.7492; higher values are obtained for acid leached samples from the
basal sandstones (0.7492 to 0.7504). The carbonates leached from the Cambrian
sandstones were extracted from almost pure quartz arenites, that are lithified by quartz
cements and contain little to no detectable clay or potential Rb-high, radiogenic 87Sr/86Sr
sources. However, these sandstones are located between the Precambrian basement and
Cambrian shales, both of which have significantly high 87Sr/86Sr ratios.

The 87Sr/86Sr values for the Devonian Cooking Lake and Leduc Formations

(0.7082 to 0.7083) and for a drilled out calcite from the Beaverhill Lake Formation
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(0.7081) are within the error of the BURKE et al. (1982) seawater curve. The former two
formations are composed of dolomite; however, dolomitization has not seemingly affected
the Sr isotopic compositions. The Beaverhill Lake Formation contains pristine diagenetic
calcite which plots on the sea§vater curve; however, the nondiagenetic fraction, which
contains a trace of quartz/silt (illite dominated) does not plot on the curve. Similarly, the
Devonian Elk Point Group, although texturally well preserved, has 87Sr/86Sr values higher
than seawater for the time of precipitation. The higher values may be due to the small
content of quartz/silt (illite dominated) in the matrix of the Elk Point Group, or it may be a
result of interaction with the evaporite at its base. These deposits contain minerals with a
significant amount of Rb and thus a radiogenic 87Sr/86Sr signature. The Nisku Formation
has 87Sr/86Sr ratios (avg. 0.70871) higher than the seawater curve, bﬁt the lower end of
the range of Nisku values intersects the seawater curve within error. The Waba.mun
Formation is characterized by two distinct groups «f 87Sr/86Sr ratios (0.70857-0.70902;
0.70937-0.70977), both of which are higher than the seawater curve, and higher than any
other Devonian carbonates.

The Mississippian carbonates are slightly more radiogenic (avg. 0.70854) than the
seawater curve values at the time of precipitation; Jurassic carbonates are even more so
considering the low 87Sr/86Sr ratios of seawater during Jurassic time.

A trend of decreasing 87S1/86Sr values with increasing stratigraphic age is
established in the Cretaceous carbonate cements. The Basal Quartz Formation has the
highest values (0.7082-0.7107), with authigenic carbonates of the Viking and Belly River
exhibiting pronounced decreases (0.70832-0.70747, 0.70697-0.70564, respectively) in
87Sr/86Sr ratios. Surprisingly, the 87Sr/86Sr ratios for the Belly River Formation
carbonates are less radiogenic than seawater values for that time period. This is unusuz}

because minerals comprising a sedimentary system contain variable Rb/Sr ratios and
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generally any diagenetic reactions that occur subsequent to deposition serve to increase the
87Sr/86Sr ratios in porewater and ensuing authigenic phases (VEIZER and COMPSTON,
1974).

The 87Sr/86Sr ratios of the various diagenetic phases within a specific formation,
particularly in the Belly River and Viking Formations, are similar. For example, although

the stable isotope values for ankerite, siderite, calcite and dolomite in the Viking Formation

are significantly different (> 10%o variation in 8180 in some situations), the 87S1/86Sr ratios

of these phases are extremely similar (Table 2.1), regardless of where the phases
precipitated in the paragenetic sequence. Furthermore, not only are the intra-formational
87Sr/86Sr values similar, but the range in inter-formational 87Sr/86Sr ratios is not
significantly large (0.7056 to 0.7107) for Devonian through Cretaceous units when the
pot=atial sources of Rb, hence radiogenic 87Sr/868r ratios, such as illite and K-feldspar and
the span of time represented by these units are taken into account. Generally, more
radiogenic values characterize authigenic phases and porewaters in other sedimentary
basins (STUEBER et al., 1987; CHAUDHURI et al., 1987). The largest range in
87Sr/86Sr values of the formation carbonates between stratigraphic units, is that between
the Viking Formation and the Upper Cretaceous Belly River Formation, with the exception
of the shale rich Cambrian unit.

Whole rock 87Sr/86Sr ratios for shale formations situated between
limestone/dolostone’ units or carbonate rich sandstones were determined in order to
delineate potential sources of radiogenic 87S1/86Sr to the porewaters and subsequent
cements, and to further deduce the significance of intraformational or cross-formational
fluid/mass movement. Most of the Cretaceous whole rock 87Sr/86Sr vaiues are low

compared to clastic rocks of other sedimentary basins (STUEBER et a!., 1987; McNUTT
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et al., 1987; CHAUDHURI, 1987). For example, Lea Park shale samples have 87Sr/86Sr
ratios of 0.7074. Shﬂu from the Cardium Formaﬁon have higher, but still relatively low
87Sr/86Sr values (0.7184 to 0.7198). Whole rogk values from the Basal Quartz Formation
are highly variable and exhibit the highest values in the Cretaceous formations (0.7117 -

0.7219).
Considering the leachate values (0.7102-0.7129) obtained in STUEBER et al.'s

(1987) leaching experiments of whole rock shales with 87Sr/86Sr values of 0.7279 -
0.7547, the Cretaceous shales are likely not significant contributers of radiogenic Sr to
reservoir pore fluids. The highest 87Sr/86Sr value obtained for thc Alberta Basin
Cretaceous shales is 0.7212, much less than those for the New Albany shale in the study of
STUEBER etal. (1987). By analogy, the leachate value or contributions tc the fomﬁdn
waters must also be much less for the Alberta Basin Cretaceous waters. Radiogenic whole
rock shale values are only characteristic of formations stratigraphically lower than the
Mississippian formations in the study area. Devonian shales exhibit much higher 87Sr/86Sr
values, although the data are highly variable (0.7087 - 0.7391), likely due to variable
carbonate content in the shales. The Cambrian whole rock 87Sr/86Sr values (0.7436 -
0.7856) and the Precambrian whole rock 87Sr/86Sr values (1.1452 - 1.2487) are variable,

but potentially significant sources of radiogenic Sr.

DISCUSSION

Meteoric diagenesis in an open system commonly results in a lowering of 5180 and

S13C values in marine carbonate rocks (GROSS, 1964;, LAND, 1970; ALLAN and

MATTHEWS, 1977, 1982; O'NEIL, 1987). However, significant changes in the isotopic

composition of diagenetic phases occurs only during reactions involving dissolution and
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reprecipitation (YEH and SAVIN, 1976, 1977; ESLINGER and YEH, 1981; reviews by
O'NEIL, 1987; LONGSTAFFE, 1987). The shift toward lower stable isotopic values
occurs because recrystallization takes place in waters depleted in 130 relative to scawater
(eg. meteoric 'water) and/or at elevated temperatures. Both of these processes are important
in the Western Canada Sedimentary Basin because: (1) temperatures were once greater in
most lithologic units because of increased burial depths in the Eocene, following the
Laramide Orogeny when downwarping and infilling were occurring in the western Plains;
and (2) meteoric waters were introduced by gravity-driven flow that flushed through the
basin subsequent to the second pulse of the Laramide Orogeny. Hence, the stable isotopic
composition of authigenic phases may indicate the relative importance of these processes to
diagenesis in the Alberta Basin. Furthermore, the 87Sr/86Sr ratios of whole rocks and
diagenetic carbonates may trace the origins of fluids responsible for the diagenesis of focks

and indicate characteristics of meteoric water dominated diagenesis.

Carbonate C i Cambrian Clastic Rod

Carbonate phases are not common and have an irregular distribution in the

Cambrian units within the study area. The micro-drilled paikilotopic calcite from a silty
sandstone has a stable isotopic composition (5180=+23.5%0; 513C=+1.6%o) indicative of

relatively early, low temperature formation that has not been substantially affected by
meteoric waters. The 87Sr/86Sr (0.7094) ratio of the calcite is within error of the 87Sr/86Sr
value of seawater at the time of Cambrian deposition, further suggesting this phase has not

been significantly altered. However, as already mentioned, MACDONALD (1987)

reported a distinctly different stabe isotopic value for Cambrian calcite (8180=+12.2%c,

8§13C=-4.1) from the basal sands. It is evident that the two calcite phases precipitated at

38



different times in the paragenetic sequence for the Cambrian units, even when consideration

is given to the distance separating the two units. To investigate these variations or bracket

changes in porewater 8180 and/or temperature, the relationship between the measured 3180

of each diagenetic carbonate and the possible combinations of water 8180(smcw) and

temperature are shown in Fig. 2.10, following CLAYTON et al. (1966) and
LONGSTAFFE (1986). At present, conditions in the Cambrian provide an endpoint for

the porewater evolution. The few available 5180 values for formation waters average -

2.6%0 (HITCHON and FRIEDMAN, 1969). Present day calculated Cambrian reservoir
temperatures are ~110 to 1200C using an average surface temperature of 50C (HITCHON,
1984) and a geothermal gradient of 40cC/km. During maximum burial following the
Laramide Orogeny, the formation temperatures would have been in the range of 160 to
1800C for the samples in this study and 150 to 1700C for the samplcé in MACDONALD's
(1987) study, as calculated using the data of BEAUMONT et al. (1985) and assuming a
surface temperature of +16°C in the Eocene (PIEL, 1971).

Although the Lower Cambrian sediments were deposited originally in a nonmarine,

brackish setting, they were reworked by the Sauk transgression prior to lithification.

Hence, the initial 180 composition of the water was probably about 0%¢ (£1%o0), the

current value for standard mean ocean water. Alternatively, the water may have been more
180 depleted given the possible early contributions by meteoric waters or potential

interaction with entrapped bottom waters (SAVIN and YEH, 1981). Early diagenetic

processes generally cause a slight increase in porewater 3180, as shown by the porewater

evolution curve. Petrographic analysis of the Cambrian calcite from this study indicate

early diagenetic formation and the 8180 value of this calcite is compatible with such an
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origin (Fig. 2.10). Although recharge of meteoric fluids during a large scale regional
exposure associated with an unconformity sometime after the Devonian has been suggested
(CARPENTER and LOHMANN, 1989), it is unlikely that the early Cambrian calcite phase
formed as a result of this event. The Middle Devonian evaporite sequerice has been shown
to be relatively closed to cross-formational fluid flow between Cambrian hosted fluids and
those hosted in stratigraphically higher formations (CONNOLLY et al., 1990b). Even if
meteoric recharge had been influential to Cambrian porewaters sometime from Late
Devonian to pre-Laramide time the reservoir temperatures and porewater isotopic

compositions in the Cambtian would not likely have precipitated a calcite with an isotopic

composition of +23.5%o. The 813C value of the early calcite (-1.6%o) is within the range

typical for marine carbonates derived from CO,, of inorganic origin (LAND, 1980; POPP e
al., 1986). Furthermore, the 87S1/865r ratio is similar to that of seawater in the Cambrian.
This value would likely have been much higher if the calcite formed later, such as in
Devonian time, when Rb-rich mineral phases in the overlying Cambrian shales would
likely have contributed 87Sr to the porewaters increasing their 87Ss/868r ratios.

The ankerite and ankerite/dolomite phases formed relatively late in the paragenetic
sequence, subsequent to quartz overgrowths and are found replacing detrital feldspar.

With increasing burial depth, the 8180 of the dominantly marine porewater can be expected

to increase due to isotopic exchange with phases like calcite, dissolution of rock fragments
and/or contributions from dewatering of clay minerals (CLAYTON et al., 1966;
HITCHON and FRIEDMAN, 1969; SUCHECKI and LAND, 1983). Furthermore,
temperatures would be increasing toward the maximum value reached (160 to 180°C) for

the ankerite containing reservoirs during burial diagenesis after the Laramide Orogeny. At

these temperatures, it is possible for porewater 5180 values to be enriched up to +4 to +5%o,
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but likely not higher due to the buffering reactions of clay minerals (SUCHECKI and
LAND, 1983) in the Cambrian shales. Thus, the oxygen isotope requirements of the

porewaters for ankerite formation with a 8180 value of +19.1%0 may be satisfied at
maximum burial (Fig. 2.10). At no other time does the ankerite curve intersect reasonable

| 5180p20%asmow) values. Even at present day calculated reservoir temperatures of 110 to

1200C, 5180 values of greater than 0%o for the porewaters, not -2.6%o, would be required

in order for the ankerite (+19.1) curve to intersect the porewater evolution curve. In

addition, it is possible that the porewaters may have once had an even more negative 5180

composition than illustrated, immediately after the Laramide Orogeny; but the 5180

composition of the porewaters may have increased since then because of dissipation of the
regional flow system of gravity-driven meteoric waters (GARVEN, 1989), and subsequent
burial diagenetic exchange reactions in the rock reservoir. This scenario would make
ankerite formation after meteoric recharge even less likely.

87Sr/86Sr ratios and mineralogy provide further evidence that ankerite formed at
maximum burial and temperatures. Mineral reactions occur much more readily at higher
temperatures and paragenetically late ankerite cement often forms at relatively higher
temperatures (120 to 160°C) in a sedimentary basin (BOLES, 1978). In addition, the
87S1/86Sr ratios of the ankerite and ankerite/dolomite phases are relatively high (0.7492-
0.7504) and similar to the whole rock 87Sr/86Sr values of the Cambrian shales and
sandstones, even though the carbonates were leached out of very clean quartz arenites that
contained no to trace feldspar or mica in the quartz cemented lithology (i.c., no sample
contamination). At maximum temperatures mineral reactions and ion exchange prevail;

however, a significant amount of time would be required even for minerals with high Rb/St
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ratios to decay and modify the Cambrian porewater values from an original seawater value
(0.709) to the authigenic carbonate cement value (0.750). The high 87Sr/86Sr ratios of the
ankerite, ankerite/dolomite and their similarity to present day shale values suggests that
these carbonate phases formed relatively recently with respect to geologic time, such as
during maximum burial after the Laramide Orogeny, prior to the major influx 6f meteoric
waters. The high 87Sr/86Sr ratios also imply that at this time the porewaters were near
equilibrium with the rock column, possibly as a result of ion exchange reactions in the
overlying shale and mass movement into the underlying sandstones. The Precambrian
basement may also have been a contributing source. Regardless of which
minerals/stratigraphic unit provided a source of §7S/86Sr to the porewaters and subsequent
ankerite and ankerite/dolomite, isotopic ratios of the authigenic phases do suggest that these
carbonates were formed prior to meteoric flushing in a relatively high temperature regime.
The 5120 value of the calcite phase reported by MACDONALD (1987) cannot be
explained unless significant lowering in porewater 5180 occurred after maximum burial of
the unit (Fig. 2.10). This change could only be accomplished by a pervasive influx of low
§180 meteoric water, which is consistent with basin history. Prior to the Laramide

Orogeny, it is doubtful that a hydraulic head greater than that generated by the present
Canadian Cordillera ever existed. Maximum burial corresponded to maximum relief,

which led to a major regional influx of fresh water (5180~15%¢, TAYLOR, 1974) into the

unit; a net cooling effect resulting from the recharge of cold meteoric water occurred. This
sequence of events is reflected in the deviation of the trend of the porewater curve on Fig.

2.10. The oxygen isotope results for the lower 8180 calcite overlap the lower part of the

curve and require an influx of meteoric fluid in order to intersect a porewater curve in a
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temperature regime compatible with current reservoir conditions. The 513C value is slightly

more negative than the early calcite, but is still indicative of a dominantly inorganic

reservoir. Meteoric water may have delivered some CO,, generated from maturation of

organic matter, but this was still dominated by inorganic marine carbonate.

EIK Point - Nisku Carbonat

Examination of the stable isotope data for the Devonian carbonates, with the
exception of the Wabamun Group, ilh;strates a pronounced similarity between the
diagenetic phases drilled out of the carbonate sequence and the whole rock ground mass.
Such synonymity indicates neither temperature increase or meteoric water had éigniﬁcant
influence on the diagenesis of these rocks.

During diagenesis, carbonates undergo stabilization from aragonite, high Mg-calcite
and low Mg-calcite to diagenetic low-Mg calcite, usually in discrete micro-environments
(O'NEIL, 1987). When this stabilization occurs early, the carbonates generally have well

preserved textural components and 5180 values similar to seawater carbonates.
Conversely, later diagenesis/stabilization is usually characterized by texturally altered
carbonates that have lowered 5180 values (POPP et al., 1986; CARPENTER and

LOHMANN, 1989). Once stabilized, carbonates normally do not undergo perpetual
dissolution/precipitation with younger diagenetic fluids, but maintain isotopic integrity
(GIVEN and LOHMANN, 1985).

The Elk Point, Beaverhill Lake, Cooking Lake, Leduc and Nisku stratigraphic units
in d;e Alberta Basin show little to no textural alteration within the study area. However, all
of the rocks but the Beaverhill Lake are dolostones and it is unlikely that they originally
precipitated as these phases. Recrystallization reactions must have occurred, allowing for re-
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equilibration of the carbonates with basin waters. POPP et gl. (1986) suggest that
precipitation of secondary calcite depleted in 180 by less than 3% relative to original
calcite, indicates that contemporaneous seawater was an ith component of the
diagenetic fluid. Thus, early marine diagenesis should result in litie, if any, oxygen
isotope shift in carbonate sediments. CARPENTER and LOHMANN (1989) have reported
5180 and 813C values of +25.7%o and +2.0%q, respectively for unaltered’ calcite in the

Golden Spike reefs of the Leduc Formation, Alberta, and POPP ez al. (1986) report values
of +27.1%0 and +2.0%x, respectively for unaltered Middle Devonian limestones in castern
North America. The values in both these studies are reasonably close to those reported
here for dolomite phases, even when consideration is given to the different oxygen
fractionation effects between calcite and dolomite (2 to 4%e, based on Holocene calcite and
dolomite (LAND, 1980; McKENZIE, 1984)). Furthermore, thete is no correlation between

5180 and 813C values in these Devonian units. As a result, these isotopic values would

suggest that the temperature and isotopic composition of the waters during rectystallization
were likely similar to the original formation waters, implying early dolomitization/marine
diagenesis for the Elk Point, Beaverhill Lake, Cooking Lake, Leduc and Nisku
stratigraphic units. The alternative is that diagencsis occurred at a low water/rock ratio, in
which the oxygen isotopic composition of the fluid was buffered by
dissolution/reprecipitation of the carbonates. Given the permesbility of these Devonian
carbonates and the observed dissolution zones (CARPENTER and LOHMANN, 1989),
this latter suggestion is unlikely.

$13C values between -2 and +3%o are typical for PhaneroZoic mgrine limestones
(KEITH and WEBER, 1964; VEIZER and HOEFS, 1976; VEIZER ¢t al. 1982; POPP &

al., 1986). With the exception of the Wabamun Group, the 813C values for the Devonian

44



limestones fall in this range and there is no indicatiori that 13C depleted biogenic carbon
was an important source for the diagenetic carbonates of these units. The 813C values are

most likely a result of redistributed marine carbonate.

The 87Sz/86Sr - -~ f the Devonian carbonates further indicate thése units
experienced early dia, ...~ diegenetic fluids are, in general, variously enriched in
87Sr (CLAUER e 7%, . .. contrast, during early diagenesis, porewaters have nearly

the same radiogenic iso.; compositios as associated carbonate sediments (HOFMANN
et al., 1972). The Devonian (Beaverhill Lake - Nisku) carbonate 87Sr/86Sr ratios are
similar to corresponding seawater values on the BURKE et al. (1982) seawater curve, with
at least part of the range in carbonate 87S1/85Sr ratios falling on the curve (Fig. 2.8). Thus,
Sr coprecipitation with calcium carbonate occurred in seawater or porewater relatively
unmodified from its original seawater ratios. Substantial meteoric diagenesis is not
indicated.

The Devonian Beaverhill Lake and Elk Point units are the exceptions to the other
Devonian units in that they have 87S1/86Sr ratios which are more radiogenic than the
corresponding seawater curve values, although their stable isotope vaiues suggest minimal
meteoric diagenesis. As mentioned earlier, the nondiagenetic component of the Beaverhill
Lake and the Elk Point both contain a minor proportion of quartz/silt (illite) in the matrix of
the carbonate. This minor component may be responsible for the observed increase in the
87Sr/86Sr values, but it would not alter the stable isotope values. In addition, evaporites
form a large proportion of the base of the Elk Point Group, and these minerals may
incorporate a substantial amount of Rb into their structure, resulting in increased 87Sr/8%Sr
ratios. However, these evaporites are impermeable and no evidence of their dissolution or
interaction with Devonian hosted pore fluids has been found (SPENCER, 1987;
CONNOLLY ez al., 19902, 1990b). As a result, the Middle Devonian evaporites are not
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likely responsible for the elevated 87S1/86Sr ratios relative to seawater at the time of

deposition, observed in the Elk Point Group.

Wabamun - Jurassic Carbonates .
Isotopic data for the Wabamun Group and stratigraphically younger carbonate

formations up to the basal Cretaceous unconformity indicate a pronounced meteoric

influence during diagenesis. Lower 5180 values relative to the Elk Point - Nisku/platform

carbonates characterize the overall whole rock data. Moreover, diagenetic carbonates from
theWabamun-Iurassicunitshavemuchlowustableisompicvaluesthanassocimdwhole

rock material (i.e., Wabamun 5180 = +16.0%; 513C = -6.1%0). The lower 5180 and §13C

values may result from burial andassociatedtempmmincxuse.ortheinnodmﬁonofan
180 depleted meteoric fluid during a large scale regional exposure associated with an
unconformity sometime after the Devonian or possibly associated with the Laramide

meteoric influx. The correlation of 5180 and §13C whole rock values of the Wabamun to

Rock Creek carbonate units (Fig. 2.7 and 2.8) suggests a strong meteoric component is
responsible, rather than a temperature increase. Although temperatures were significantly
greater in these units during maximum burial subsequent to Laramide tectonism, increased
temperatures fail to explain: (1) the correlation of §180 and 813C in these fomaﬁom (Fig.

2.8) that is not observed in the stratigraphically lower formations; and (2) the pronounced
vanauon of stable isotope values between diagenetic and whole rock values, even within
one formation (i.c. Wabamun). In addition, at all times in the Alberta Basin history, the

temperatures in the Wabamun and stratigraphically younger carbonate units would have
been similar to or less than those in the Nisku and stratigraphically older formations where

no lowering in isotopic values was observed. The 87Sr/86Sr ratios support the suggestion
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that Wabamun to Jurassic units were affected by relatively later, possibly meteoric
diagenesis, by exhiﬁiting converse trends to those established for the stable isotope data
(Fig. 2.8). Due to Rb decay, late diagenetic fluids generally have more radiogenic
87S1/86Sr ratios than original pore fluids. Therefore, most disgenetic reactions resultin a
decrease of stable isotope values and a corresponding increase in §7S¢/86Sr ratios.

The whole rock 513C values of the Wabamun through Jurassic rocks are lower than
the Elk Point through Nisku Devonian units; however they may still be intetpreted as being
derived from a predominantly inorganic carbonats reservoir. The contribution of low 13C
COy, such as derived by thermal decarboxylation of organic matter, seems to have been
relatively unimportant. In contrast, the micro-drilled Wabamun sample that appears to have
precipitated in waters with a significant meteoric component, has a 513C value of -6.1%,
which requires the involvement of some organically derived CO,. Maturation of organic
matter likely released CO3 into shale porewaters which was subsequently expelled into
coarser grained units and carried by meteoric fluids.

Carbonate C ¢s in Cref Clastic Rocl
The 5180 values of the relatively late carbonate cements within the Cretaceous
clastic sequence cannot be explained unless significant lowering of porewater 3180

occurred, in a manner analogous to that shown for the Cambrian. The values from the
shales are higher than those of the sandstones, which likely results from greater closed

system behavior, less penetration of meteoric waters and increased water/rock reaction.

There is an increase in 5180 values of authigenic calcites in sandstones with increased

stratigraphic age of the Cretaceous formations, which is accompanied by a narrowing of the
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gap between calcite values from skales and sandstone within a single formation. However,
all formations still require a lowering of porewater 5180 values to explain the 5130 values
of the authigenic carbonates. A similar relationship between Viking sandstones and Upper
Cretaceous sandstones from the same locality was observed by LONGSTAFFE and
AYALON (1987). They commented on the 180-rich nature (by 3 to 5%o) of both carly and
late diagenetic carbonate minerals from the Viking Formation when compared to similar
phases in the Belly River Formation. Figure 2.4 illustrates this relationship but also shows

that no further significant increase occurs in sandstone lithologies stratigraphically lower

than the Viking Formation. The possible reasons for the distribution of 5180 values in the

Cretaceous may include (LONGSTAFFE and AYALON, 1987): (1) the starting porewater
composition in the Viking and stratigraphically Lower Cretaceous units was dominantly
seawater, whereas the Belly River was characterized by brackish to fresh water
(IWUAGWU and LERBEKMO, 1982, 1984); (2) a greater degree of low 180 meteoric
water infiltrated and mixed with the waters of the Upper Cretaceous than mixed with the
waters of th= I ower Cretaceous; and/or (3) meteoric water which penetrated the Lower
Cretaceous had a greater opportunity for water/rock interaction and subsequent 180
enrichment than did fresh water entering stratigraphically higher units. It is of consequence
that 5180 values recorded for calcite of the basal Cambrian sandstone (MACDONALD,

1987) are comparable to values in the basal Belly River sandstones. Cambrian sandstones
were originally deposited in a similar shoreline environment and likeiy were exposed to
brackish waters. Furthermore, the Cambrian basal sands are permeatie and may have
directed a large proportion of low 180 meteoric wadet. An isotopic study (radiogenic and
stable) of the authigenic clay and detrital phases in the Alberta Basin may lead to increased
understanding of these interdependent clements (Chapter 4).
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The 87Sr/86Sr ratios characterizing the authigenic cements in the Cretaceous
formations range from 0.7107 in the stratigraphically lowest unit to 0.7056 in the
stratigraphically highest. The 87Sr/86Sr values (0.7101-0.7119) for calcite/dolomite or
calcite/ankerite from the 3asal Quartz Formation suggest that Sr dissolved in porewaters
must have come from detrital source material; however, a pure calcite phasé was not
isolated and this radiogenic signature may be a result of the ankerite wn;ponent ic the
calcitefankerite mixtures. The relatively radiogenic ankerite/dolomites (0.7110-0.7112)
have 5180 values that indicate they formed during burial diagenesis, prior to the Laramide

Orogeny and the influx of cold meteoric waters, when formation waters and diagenetic
minerals in the reservoir xock were close to equilibrium. The 87Sr/86Sr vaiues of both the
ankerite/dolomite and the calcite are higher in the Basal Quartz Formation than in any other
Cretaceous formations, independent of whether they are early or late in the paragenesis. It
is likely that the relatively high 87Sr/86Sr values for the carbonate phases in this formation
are partly a result of the lithology, which consists of channel sands surrounded by shale,
resulting in less continuous permeability and increased water/rock interaction. In addition,
if ankerite and dolomite/ankerite formed during burial diagenesis at higher temperatures, a
higher degree of equilibrinm between the whole rock and porcwaters may have been
atteined.

The low 87Sr/86Sr values of carbonate cements in the Viking and particularly the
Belly River Formations, corresponds well with the increased plagioclase (albite/oligoclase)
and volcanic rock fragment content of these formations. Plagioclase, similar to carbonate,
has \;ery low Rb/Sr ratios; the Rb/Sr ratio of volcanic ash depends on its composition but
may be less than 0.1 in besalt (STANLEY and FAURE, 1979). Therefore, these phases
contribute St with low and time-invariant 87St/86Sr ratios to the porewaters. Furthermore,

plagioclase and volcanic rock fragments in the Viking and Belly River Formations are
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highly altered, suggesting these phases likely contributed a significant proportion of their
Sr to the pore fiuids. Experimental data on feldspar hydrolysis (AAGARD and
HELGESON, 1982; HELGESON and MURPHY, 1983, HELGESON ez al., 1984) also
suggest an initis’ Tow temperature SAge of extremely rapid exchange of cation species with
{he waict, iadicating sapid equilibration with Sr isotopes, with this equilibration being
achieved mno: rapidly in an open system (HELGESON and MURPHY, 1983). Therefore,
it would appear that plagioclase was/is controlling 87S1/86Sr ratios of the Viking and Belly
River carbonates.

The effect of local plagioclase dissolution on the strontium chemistry of porewater
has been modelled by SCHULTZ et al. (1989) using two component mixing c;quaﬁons
(FAURE, 1986). The results of SCHULTZ et al. (1989) are shown in Fig. 2.11, whereby
a plagioclase of cligoclase/andesine composition, with an 87Sr/86Sr ratio of 0.7069 and
700 ppm total Sr, is progressively dissolved into porewater which fills 20% of the porosity
in the rock and initially contains an estimated 25 ppm Sr and has an 87Sr/86Sr ratio of
0.7082. This situation is analogous to that of the Belly River and Viking Formations,
which contain plagioclase of this oligoctase/andesine composition and are presently
dominated by meszoric waters (CONNOLLY etal., 1990b). Figure 2.11 shows the rapid
change in porewater #7S/868r relative to the initial porewater composition, with very little
dissolution of the plagioclase phase. If this leaching occurred early during feldspar
hydrolysis, it would further explain the similarity in 8751/86Sr of various carbonate phases
in the Belly River ‘and Viking Formations. Regardless of where they occur in the
paragenetic sequence; all of the authigenic carbonate phases would record the 87S1/86Sr

values contributed $o the porewaters by plagioclase because of its rapid alteration.
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$75r/86St_Water/Rock Equifilwation

In order to examine the degree of water/rock iqteraction in the Alberta Basiti, the
range of 87Sr/86Sr values for both the porewater (CONNOLLY et al., 1990) and
corresponding reservoir authigenic/allogenic phases have been listed in Table 2.3. By
examining both porewater and rock systems, a comparison can be made bév.veen the
existing system and the evolution of past water systems recorded in the 87Sr/86Sr ratios of
authigenic minerals. A strong overlap between present day whole rock 87Sr/86Sr values
and brine 87S1/86Sr values would indicate that Sr exchange between the fluid 214 rock
systems had achieved equilibrium. Such a scenario has been reported by McNUTT
(1987a) for the brines from Precambrian age rocks in Canada. Conversely, 2 sirong
divergence of water and rock 87Sr/86Sr values would indicate disequilibrium, such as
would occur during a relatively recent influx of meteoric water. Such a situation often
characterizes sedimentary systems, which tend to be aure transient and unstable than those
of basement rocks. The data in Table 2.3 corroborate this cbservation. In general, most of
the 87Sr/36Sr ratios for the formation waters are more r2diogenic than the carbonate
constituents of the reservoir in which they are residitig, with the exception of the Leduc
Formation and some of the stratigraphically younger Cretaceous units (i.c. Viking and
Belly River Formations).

Occurrence of water/rock equilibration in the Leduc Formation is likely a result of
this formation's unique hydrologic regime. Different Devonian reefal facies (platform,
pinnacle) are characterized by varying fluid movement. Where water movement in platform
reefs has a more dominant lateral component, similar to many of the formations in the
Alberta Basin, porewater movement in pinnacle reefs is more restricted. Compacting

ales drape the pinnacle reefs, directing pore fluids upward through the reef. This results

in slow vertical brine movement and permeability zoning, which is more conducive to
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water/rock equilibration, as the influx of outside porewaters is restricted.

Some of thé stratigraphically higher Cretaceous formations have equivalent
87Sr/86Sr ratios for antﬁigenic carbonates and corresponding porewaters for reasons
described earlier. Plagiochseisasigniﬁmtcomponentofﬁnsemvoirsmdi;exhims
alteration, with this dissolution likely occurring rapidly in a low temperaturs environment.
Because of its high Sr concentration, the §7Sr/86Sr ratio of plagioclase tends to dominate
the fluid system relatively quickly, particularly in reservoirs dominated by ac#iic meteoric
waters. Hence, equilibration between the authigenic carbonates and reservoir waters in
Belly River and Viking Formations reflects rapid equilibration of the pore fluids with
plagioclase. |

The more radiogenic 87Sr/86St character of most of the pore fluids relative to their
reservoir rocks indicate porewater interaction with minerals characterized by relatively high
Rb/Sr ratios, which subsequently yield high 87Sr/86Sr ratios. Although sources of
radiogenic 87Sr are abundant in portions of Albera Basin lithologies, the acquisition of such
Sr by formation waters depeads on mineral transformation reactions and the water/rock
interactions which may release it. Reactions which are a consequence of burial diagenesis
and have been suggested as sources of radiogenic 87Sr (STUEBER et al., 1987) are the
dissolution and albitization of detrital feldspar (LAND and MILLIKEN, 1981; BOLES,
1982; LAND, 1984) and the decomposition of mica (HOWER et al., 1976). However,
these phases were likely not significant sources of radiogenic 87 to the porewaters hosted
in Devonian and stratigraphically higher formations. Potassium feldspar and mica are not
abundant constituents of the Devonian through Cretaccous units in the basin, other than
locally, and local enrichment does not explain the scale over which the radiogenic fluid
values occur. Thus, radiogenic 7St was most likely acquired through inteructions between

formatioa waters and clays. Some of the Cretaceous whole rock shale values suggest that

52



they could provide radiogenic 87Sr/86Sr to the porewaters as well, providing that closed
system behavior was active allowing for the attainment of equilibrium between the water
and shale phases of the Cretaceous. However, water/rock equilibrium in the Cretaceous
formations has been shown to be highly unlikely, primarily as a result of Laramde
tectonism. If the formation fluid leacking processes are responsible for these radiogenic
formation fluid values (STUEBER et al., 1987), the only lithologic units with whole rock
87S1/86Sr ratios high enough to likely produce the resulting radiogenic fluid values (Table
2.3) are the Devonian and Cambrian shales. The Middle Devonian evaporites provide an
impermeable zone; however, making the Cambrian shales an unlikely source, as cross-
fmﬁmﬂﬂuﬁ&w&mmh&mﬁmwMM&mhmﬁMmﬂy
higher units has been prevented(CONNOLLY et al., 1990a; 1990b). Hence, ion exchange
reactions of formation fluids with clay minerals in the Devonian shale formations likely
provides a significant component of radiogenic Sr to the porewaters.

One last possibility to be considered to explain the radiogenic Sr values of the
formation waters is the enrichment of 87S1/86Sr as a result of exclusion of Rb in the
carbonate phases. Carbonates do not readily accept Rb into their mineral structure,
resulting in an enrichment of this element in associated pore fluids and its subsequent
incorporation into exchangeable sites in clay mmerals Radioactive decay of Rb 2 Sr and
subsoquent cation exchange with the porewaters would provide a source of radiogenic Sr.
If this process is respensible for the increased water $7S1/86Sr ratios over 87Sr/86Sr ratios
in diagenetic phases, this would suggost that the mineral/water reactions are ongoing,
equilibration has not been resched and that the carbonate phases precipitated earlier in the
paragenetic scquehce, when water $7Sr/86Sr ratios were lower. Furthermore, the
radiogenic porewaters have not seemingly dominesed the carbonate whole rock 87Sr/86Sr

values, as is also shown by some Devonian authigenic carbonate cements (i.e. CC70D)
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which are enriched in 87Sr/86Sr (0.7132).

The relatively uniform range of water 87Sr/86Sr ratios in the Alberta Basin
formation fluids suggests that either the radiogenic source material is uniformly distributed
through the geological column, which is clearly not true as shown by Table 2. L or there
has been considerable cross-formational flow of subsurface water. Exceptions o this are
the Leduc Formation hosted waters, which have already been discussed, and the Upper
Cretaceous hosted waters. The slight variation towards the Upper Cretaceous may reflect
an isolated system characterized by different formation fluid movement and/or formation
specific mineralogy dominating the fluid system.

The relative similarity in 87Sr/86Sr ratios between detrital and authxgemc and

relative consistency in fluid 87S1/86Sr ratios over drse. Even whole rock shale S‘PSrI“Sr
values stratigraphically higher than the Devonian are never greater than 0.7212. "This may
be a result of (1) marine catbonates having a significant influence in stratigraphically lower
reservoirs, and (2) plagioclase feldspar, which has similar 87Sr/86Sr ratios and Sr
concentrations to the carbonates, dominating the fluid chemistry of stratigraphicaily higher
reservoirs. The combination of these two mineral phases dominating the fluid chemistry
(Sr) in the Alberta Basin apparently causes the relatively low §7Sz/86Sr ratios basinwide.
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CONCLUSIONS
Stable and radiogenic isotopes were determined for limestone/dolostone whole

rocks, shale whole rocks and authigenic carbonate cements from a Precambrian to Upper
Cretaceous stratigraphic assemblage comprising a vertical section in the Alberta Basin,
Western Canada Sedimentary Basin, The Cambrian clastic sedimentary rocks contain
carbonate phases with isotopic compositions that indicate a wide range of formation

sonditions: (1) early calcite with 8180 = +23.5%e and 87Sr/86Sr ratios equivalent to

Cambrian seawater (0.709); (2) ankerite formed during maxiraum burial with 8180 values

of +19.1%o and 87S1/86Sr values ((.749-0.750) distinctly close to whole rock Cambrian
shale values; and (3) calcite formed late in the paragenetic sequence, subscquent to meteoric
flushing with a 5180 value of +12.1%e.
IsotopicdatafcrmstoftheDevoniancarbonateassemblage, with the exception of
the uppermost unit (Wabamun Group) show little to no meteoric water influence. The
stable isotope data for these units do not necessarily imply that meteoric waters did not
infiltrate them, rather recrystallization/diagenetic stabilization reactions occurred early in
these reservoirs, prior to meteoric infiltration. Wabamun through Jurassic carbonate units
start to exhibit a significant meteoric component, particularly in their diagenetic phases.

5180 and 513C isotopic values exhibit a linear correlation and are inversely correlated to

87Sr/86Sr. The inverse trend with 87S1/86Sr ratios reflects an increased meteoric
component in the diagenetic carbonate, which caused a release of 87Sr, from radioactive
decay of 87Rb decay, to the porewaters.

Most of the carbonate phases in the Cretaceous formations have stable isotope
values that indicate crystallization from formation water containing a sizable fraction of

meteoric water. Furthermore, 87Sr/86Sr ratios of these authigenic carbonates decrease with
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decreasing stratigraphic age in the section; values as low as 0.706 are reported. These low
87Sr/86Sr ratios are likely a result of plagioclase alteration contributing a significant amount
of Sr with low 87Sr/86Sr ratios to the porewaters.

There is a disparity between the 8751/86Sr ratios of authigenic phases and the
porewaters residing in corresponding reservoirs for most of the formations in the Alberta
Basin, indicating a dynamic system that has not acquired equilibrivm. Ion exchange
reactions with clay minerals in Devonian shale lithologic units appear to be the predominant
source of radiogenic Sr. However, carbonate reservoirs in the stratigraphically lower part
of the section and plagioclase found in predominantly Upper Cretaccous TeseIvoirs provide
a significant sources of Sr with low 87Sg/86Sr ratios. These sedimentary units appear to
maintain 87S1/86Sr ratios in the basin at relatively low values for both porewaters and

authigenic carbonate phases (<0.7 12).
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Jble 2.1, Stable <. - . suiogenic isotope results for whole rocks and mineral separates
#:~m brecs.~ an to Upper Cretaceous formations in the Alberta Basin, south-
central Al <. .. Sample location, depth, lithology and composition of the
analyzed whole rock / mineral separate are listed. Sample names with the letter
D after them denote diagenetic separates that were physicaily drilled from the
oo + ther than removed by chemical means; ND denotes the groundmass or
nonc.agenetic component of the sample. * Small amount of carbonate in
proportion to clay minerals, spurious values; A Very small percentage of
carbonate in the total sample (<3%), but residing in a clean sandstone with no
clay. Other abbreviations used in the table ar the following: WR = whole rock;
(-) = not analyzed; SST. = sandstone; SH. = shale; SLTST. = siltstone; LST.
= limestone; CALC. = calcareous; CAL= calcitz; DOL= dolomite; ANK =
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0N L AKE 0-97-50-20W4  1848.3 0C40.02 OOOSTONE  WR/ DOLOMITE 0.70837 255 2.1
. . ©C40.020 . DOLOMITE - *24.8 LY.
. 1040.6 ©Ce0.01 OCIOSIONE WA/ DOLOMITE 0.70833 244 2.8
. . cCen.0 . DOLOMITE 0.70830 248 2.3
. 1840.8 -] DOLOSTONE WA/ DOLOMTE 0.70819 247 28
SEAVERMLLLAKE  1-27-61-27W4 10559 1965.9N0 LST. CALCTTE 0.71083 *24.0 3.0
1-27-81-27W¢ - 1088.90 . CALCTTE 0.70810 - -
14-20-40-6WS 28084 - LoV, L] 0.70872 - -
ELXPONT 8-17-50-20W4  2281.6 ccR DOWOSTONE WA/ ANKENTE 0.70842 20.6 2.4
. 2282.1 ©C30.09 OCOOSYONE WA/ DOLOMITE 0.70936 are +1.8
. 2252.6 €Cc DOLOSTONE ~ WR/DOLOMITE 0.7082% +28.1 +0.9
. 2763.2 ©C20.04 OOLOSTONE ~ WR/ DOLOMTE 0.70031 o207 o138
. 2264.1 €C30.02 OOOSTONE WA/ DOLOMITE 0.7002¢ 288 .9
* 2548 ccac.o CACIRONE  WA/DOLOMITE 0.70823 o288 o8
VARBLE SHALE  14.20-48-6WE  3008.4 - - L] 0.72402 - -
CAMBMAN 8-17-60-26W4  2634.7 cc20 M./ BLTST. L) 0.74307 - -
. 2097 i cC16.14 SH/MIST. CAUANKIDOL 0.7471¢ - -
* 203 cet. ., MIBT. WA 0.77173 - -
. 20368 cC16.13 SH./ SLTST. wn 0.7708% - -
. . . - CALDANKDOLIX  0.74308 - -
. 2636.1 ccte.12 L/ 2T, R 0.77¢82 - -
* 2037.7 CC16.11 $H. 7 QLY. ) 0.74100 - -
. 2037.8 €C16.10 SH. / SLTST. " 0.7787¢ - -
. - - . CAL 1.SXANKDOLIX  0.74822 - -
. 20385 cC18.00 SH. / BLTST. " 0.70364 - -
. 2039.2 cce.08 SH. / BLTST. " a.7e0877 - -
. 2440.1 cc1e.07 M. / OLTST. wt 0.77888 - -
. 2240.9 cC16.08 SH. / 9LTST. W 0. 77181 - -
. 20417 cC1e.08 M. / SLTST. Wt 0.77989 - -
. 2042.0 ©C16.04 SH. 7 SLTST. L] 0.75800 - -
. 432 ©C16.09 SH. / SLTSY. L] 0.78101 - -
. 2643.6 cci1e.02 SH. / SLTST. A 0.78410 - -
. 2044.1 cC18.01 S, / SLTST. L] 0.75428 - -
2701.4 ccu a7, DOUANK - +18.8 3.7
. 2701.8 cC11.09 88T. NIENTE 0.24023 9.6 -3.4
. 27300 €C11.01 8T, ANKDOL 0.78038 - -
14:20-40-6WE 31348 MSD  OST./ MTST. CALCITE 0.70038 228 1.8
. 3134.8 3IMSND  SST./ SLTST. w 0.76581 - -
PRECAMBRIAN 8-17-50-20W4 27309 c1 APANTE ] 1.14823 - -
. 2740.0 cco.0t . WA 1.24887 - -
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Table 2.2. Summary of the va:ious calcite phases in the Cretaceous formations of the
Alberta Basin. Includes a general description of their locatior ir the
paragenetic sequence and indicates those phases extracted from sandstone as

opposed to those extracted from shale. The average or range in 5180 values is

provided at the end of the descriptions.
FORMATION CALCIXE PHASES
Belly River *Early phase: poikilotopic, in sampies exhibiting limited

Viking

Glauconitic

Ostracod

Basal Quartz

compaction (5120 = +21%¢ AYALON and LONGSTAFFE,
1988).

Late phase: replaces detrital grains, primarily feldspar and
volcanic rock fragments, together with clay minerals;
subsequently overlain by clay rainerals (Belly River
Continental 8180 = +10%q; basal Belly River 5180 =
+13.0%o0). ‘

7'arly phase: poikilotopic, betwesn uncompacted grains
(8180 = +25%o0).

Late phase: prec.pi:ated subsequent to siderite and quartz
formation but prior to the formation of authigenic kaolin

group minerals and illite (5180 = +14.5%o).

Late phase: (Sst.) precipitated subsequent to diagenetic
quartz, replacing detrital feldspars and other minerals and

succeeded by clay minerals (5180 = +15.5%o).
(Sh.) (5180 = +18.7%0).

Extracied from limestone lens within a shale horizon (8180 =
+18.7%o).

Late phase: (Basal Sst.) precipitated subsequent to authigenic
quartz but prior to clay authigenesis (5180 = + 15.5%0).
(Channel Sst. and Sh.) 5180 range from +17.8 to +19.7%q;
Sst. avg. +18.6%q; Sh. avg. +19.4%o.

*observed in the study of AYALON and LONGSTAFFE (1988).
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Table 2.3. Comparison of Sr isotop
authigenic cements or whole rock carbonates

ic analy

ses of formation water and resgrvoir
within the same formation or

group.
87Sr/86Sr
Formation Reservoir Rock Rock Water
Mineral
Belly River Calcite 0.70564-0.70623 0.70578-0.70634
Viking Siderite 0.70762-0.70808 0.70768-0.70894
Calcite 0.70781 )
Ankerite 0.70747
Glauconitic Calcite 0.70803-0.70903 0.70758-0.71024
Do’omite/Calcite 0.70785-0.70898
Dolomite 0.70928
Ostracod Calcite 0.70867 0.70821-0.70859
Basal Quartz Calcite 0.70820 0.70886-".71137
. Dolomite/Calcite 0.71006-0.71073
Ankerite/Dolomite 0.71104-0.71121
Rock Creek Calcite/Ankerite 0.70859-0.70916 0.71220-0.71168
Nordegg Limestone 0.70795-0.70892  0.71037-0.71170
Mississippian Limestone 0.70848-0.70862 0.70966-0.71031
Wabamun Limestone 0.70857-0.70902 0.71062-0.71285
Liimestone 0.70937-0.70977
Nisku Dolostone 0.70842-0.70895  0.70998-0.71206
Leduc Dolostone 0.70817-0.70834 0.70872-0.70981
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CHAPTER 3. ORIGIN AND EVOLUTION OF FORMATION WATERS,
ALBERTA BASIN, WESTERN CANADA SEDIMENTARY BASIN.
I. CHEMISTRY

INTRODUCTION

The origin of saline brines in sedimentary basins is a controversial topic. Early
investigators advocated a simple connate origin (WHITE, 1965). More recently, the
concept of complete flushing of sedimentary basins by meteoric waters was introduced in
an attempt to explain isotopic data (CLAYTON et al., 1966) and later, the importance of
flushing of sedimentary basins by gravity driven flow was stressed by hydrodynamic flow
models (TOTH, 1980; GARVEN, 1985; BETHKE, 1986). However, there is now
growing chemical and isotopic evidence that in some settings, waters may still be present
that have been hydrologically isolated since entrapment during sedimentation (KNAUTH
and BEEUNAS, 1986; KHARAKA et al., 1987; KNAUTH, 1988). Amalgamation of
these two ideas has resulted in hypotheses that call for mixing of meteoric and modified
connate waters (HITCHON and FRIEDMAN, 1969) and suggestions that a component of
dense connate water may not be completely removed from an aquifer (DOMENICO and
ROBBINS, 1985). As a result, a wide variety of interpretations for the provenance of
basinal waters have been offered, with most discussions focusing on three mechanisms for
the production of the basinal brines: shale membrane filtration, infiltration of ;ubaeﬁally
evaporated seawater, and dissolution of evaporite deposits (GRAF et al., 1966;
CARPENTER, 1978; HANOR, 1979). Regardless of which model is favored, it is known
that v;rater undergoes chemical and isotopic changes through fluid movement and mixing,
mineral dissolution and precipitation, diffusion from adjacent shales, and organic
maturation reactions, all of which are reflected in the present chemical compositions of

formation waters.
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The Western Canada Sedimentary Basin is considered to be a classic example of a
basin dominated by gravity driven flow, and many studies have been made on the basinal
fluids. BILLINGS et al. (1969) examined the water chemistry and concluded that
membrane filtration was the dominant control of salinity. In a more detailed investigation,
HITCHON et al. (1971) used statistical analyses to arrive at a chemical model. thby
original seawater evolved in composition and was influenced by recharged meteoric water,
exchange with carbonates, membrane filtration, solution of evaporites, formation of new
minerals and exchange with cleys and organic matter. Recently, SPENCER (1987)
speculated that residual evaporite brines played a major role in the evolution of Devonian
brines in the basin and were modified by reaction with the Precambrian basement and
subsequently diluted by meteoric waters. The study presented here examines formation
waters from Devonian-Cretaceous reservoirs in the Alberta Baéin and focuses on
formational interdependence and water-rock interactions. The study is spatially restricted to
the central region of the Alberta Basin so lateral variations inherent in some basin-wide
studies are avoided.

This paper is the first of three and concentrates on the chemistry, origin and
evolution of Alberta Basin formation waters. Forty-three water samples from Devonian
through Cretaceous strata were analyzed for alkalinity, major, minor and trace cation
compositions, anion compositions, HzS content and S isotopes, and short-chain aliphatic
acids (SCA). Other than the studies of KHARAKA et al. (1985) and KHARAKA and
CAROTHERS (1986), no information has been hitherto reported on the distribution of
SCAg in oil field waters from reservoirs older than Mesozoic. Furthermore, no SCA data
exist for the Alberta Basin formation waters. Present water chqmistries and late diagenetic
events are discussed in terms of water mixing and water-rock interactions. Radiogenic and
stable isotope data are discussed in the second paper (CONNOLLY ez al., 1990) and
chemical thermodynamics are used in the third paper to calculate equilibrium’ mineral
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assemblages from the water chemistry. The existence of three distinct water groups in the
basin and the degree of inter-relationship among them, is described in all three papers.

GEOLOGICAL SETTING OF THE ALBERTA BASIN

TheAlbemBasiniSpanoftheWesthanadaSedimenmyBasin,horderedto
the west by the Rocky Mountain Thrust Belt, to the northeast by the Precambrian Shield,
and to the southeast by the Sweetgrass Arch (Fig. 3.1). The Alberta Basin is a simple
monocline comprised of essentially undeformed, southwesterly dipping Mesozoic and
Paleozoic sedimentary rocks which rest unconformably on Precambrian rocks of the
Canadian Shield (Fig. 3.2). Adjacent to the Rocky Mountain Foothills, the sedimentary
package exceeds 5,700 m, but thins to the east owing both to depositional thinning and
erosion. Mesozoic strata include Cretaceous sedimentary rocks composed of thick shale
and siltstone units interbedded with thin sandstones (Table 3.1). A major regional
unconformity separates these rocks from eioded Jurassic and Paleozoic carbonates, shales
and evaporites. A more subtle unconformity separates Mississippian from Jurassic rocks.
Upper Mississippian, Pennsylvanian, Permian, Triassic, and most of the Jurassic have
been eroded from the Central Plains of Alberta.

The tectonic history of the Western Canada Sedimentary Basin has been strongly
influenced by the Canadian Cordillera, with the present day morphology originating via
orogenic forces in the Jurassic-Cretaceous period (NELSON, 1970). The Columbian
Orogeny occurred near the end of the Jurassic as a result of subduction of the Pacific Plate
bcneath the edge of the North American Plate, and shortening across the orogen initiated
formauon of the Rocky Mountains (PRICE, 1973; DICKINSON and SNYDER, 1978;
BEAUMONT, 1981; JORDON, 1981). The Late Cretaceous was marked by the first
pulse of Laramide tectonism, with thrusting and uplift occurring along the eastern

Cordillera (TAYLOR et al., 1964). The major pulse of the Laramide Orogeny occurred in
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Late Paleocene or Early Eocene, resulting in maximum burial of the foreland basin
(TAYLOR et al., 1964; PORTER et al. , 1982; HITCHON, 1984). Subscquent erosion of
accumulated Tertiary and Upper Cretaceous rocks has occurred.

The current hydrodynamic regime in the Alberta Basin was iritiated by the second
orogenic pulse of the Laramide Orogeny. Associated overthrusting produce& a large
hydraulic head in he eastern Foothills, creating a mechanism for deep penetration of
meteoric waters which discharged eastward (HITCHON, 1969a; HITCHON, 1984). Prior
to the Laramide Orogeny, it is doubtful that a hydraulic head greater than that generated by
the present Canadian Cordillera ever existed (HITCHON and FRIEDMAN, 1969). It has
been suggested that the Upper Devonian-Carbonifesous carbonate rocks channel flow from
most of the Alberta Basin toward the northeast in the role of low fluid potential drain for the
basin (HITCHON, 1969b; HITCHON, 1984). However, GARVEN (1989) suggests that
the regional flow system has undergone dissipation and partitioning, at least since the

Pliocene, with younger, shallower formations developing smaller flow sub-systems.

SAMPLE COLLECTION AND ANALYSIS

Prior to sampling, care was taken to ensure that the oilfield waters collected were
not exposed to water flood or other potential sources of anthropogenic contamination, such
as swabbing or acidizing. All water samples were collected exclusively from oil fields to
avoid dilution problems associated with gas wells. Oil-water emulsions were collected in -
large acid-cleaned bottles from the well-head of producing oil-wells and the two phases
were allowed to separate. The waters were filtered through glass wool to remove any
solids and oi! droplets. If HyS gas was present, two filtered aliquots were immediately
collected in 500 ml glass jars containing excess cadmium acetate (1.5 g) to precipitate
dissolved sulfide as CdS.
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Water from the macroporous filter was subsequently passed through a 0.22-um
filter using a pressure-driven automated filtration device. A 125 ml aliquot was collected
for pH, density, total alkalinity and Cl measurements, with the former three determinations
being performed immediately in the field. The pH was measured using a combination
electrode and portable pH meter, density with a portable densitometer, and total alkalinity
potentiometrically by Gran titration (GIESKES and ROGERS, 1973). The Cl
measurement was done by AgNO3 potentiometric titration in the laboratory. A reverse
alkalinity measurement was made by back-titrating the forward total alkalinity sample
solution with a weak base (0.05N NaOH), using a potentiometric technique to select the
endpoint. Reverse alkalinity is primarily contributed by short-chain aliphatic acids (SCA)
(WILLEY et al., 1975). Subtracting the reverse alkalinity from the total alkalinity provides
a good estimate of the carbonate alkalinity because of the low concentration of other
protolytic species at the low pH values of these brines.

Samples for SCAs were collected in 125 ml glass amber bottles containing a
‘bactericide (cupric chloride; 0.5 g). These samples were immediately refrigerated until
analysis. Concentration and identification of SCAs were conducted by ion exclusion
chromatography (ICE) on a Dionex 4000i series ion chromatograph, using an ICE-AS1
column. Conditions selected do not differentiate between isomers of butyrate or valerate.
Each water solution was diluted and pretreated with an On Guard-Ag cartridge containing a
high capacity, strong acid cation exchange resin in Ag form, which removed Cl, Brand I
(and other Ag insoluble species) from sample matrices. The sample was injected into the
AS1 exchange column and eluted at 0.8 ml/min flow with 0.2 mN HCl eluant (2% 2-
propanol). Suppressed background conductivity detection (anion micro-membrane
suppressor; 6 mM tetrabutylammonium hydroxide, approximately 2 ml/min) was used.
Retention times were approximately: acetate 13 min; propionate 15 min; butyrate 18 min;

valerate 27 min. Recovery was > 98%, so no correction has been made to the data.
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Precision was £ 5% for acetate and $20% for propionate and butyrate.

A 250 ml aliquot was acidified to pH<2, using HNO3, for analysis of cations bya
Leeman Labs Plasma-Spec III inductively coupled plasma-atomic emission spectrometer
(ICP-AES). The samples were analyzed in simultancous mode and in two separate groups;
(1) major elements (Ca, B, Ba, Mg, Na, Sr) at 1:100 and 1:50 dilution and (2) mmor and
trace elements (Fe, K, Li, Mn, Pb, Si, Zn) at 1:10 or undiluted. Replicate analyses of
gravimetric standard solutions indicate a precision better than 2%.

A 125 ml aliquot containing 0.5 g cadmium chloride was used for Br and SO4

analysis by ion chromatography. Bromide was measured on an AS2 column at an eluant

flow rate of 2.5 mi/min and SO, was measured on an AS5 column at an eluant flow rate of

1.5 mi/min. Suppressed background conductivity detection (anion micro-membrane
suppressor; 25 mN HzSOy, ~4 ml/min) was used. The eluant was 2 mM NaOH; 4.5 mM

Na;CO3; 2% CH3CN and 0.8 mM 4-cyannophenol. Precision of anion analyses is better

than £2%. .
Samples for S isotopic analyses of dissolved SO4 and § were collected in a 250 ml

bottle containing 1.5 g of cadmium acetate. The Cd-acetate present exceeded the molality
of dissolved H3S, thus all HoS was trapped as CdS. The CdS was filtered and barium

chloride added to the filtrate to precipitate sulfate as BaSOy (LONGINELLI and CRAIG,

1967).
The HyS collected and precipitated with cadmium acetate at the wellhead was

quantitatively converted in the laboratory to Ag2S by acidification and sparging into a IM
AgNO;3 solution. The SO gas for S isotope analyses was produced by combustion of
AgzS with Cuz0 at 950°C under vacuum, and BaSO, was reacted with sodium

metaphosphate at 950°C under vacuum. Sulfur isotope ratios were measured on a VG
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mass spectrometer and results are reported in the standard 5 notation relative to Canyon

Diablo troilite (CDT).

Depths and temperatures were determined from logs. Depths were set as the mid-
point between perforations. Maximum bottomhole temperatures recorded from the logs
were corrected for cooling by drilling processes (KEHLE, 1971) and extrapolat;ed back to
the depth of the formation of interest assuming a geothermal gradient of 30°C/km
(HITCHON, 1984).

RESULTS AND DISCUSSION
General

Chemical compositions, densities, temperatures and depths of Alberta Basin
formation waters are summarized in Table 3.2. Most samples have charge balance errors
<+2%, as determined by direct analysis. Total dissolved solids (TDS) were calculated by
summing the concentrations of all the major and minor ions, and are in the range from 4 -
235 g/l. The average TDS is 80+ 47 g/, making the waters relatively dilute and variable
in salinity compared to waters in some other basins which have been extensively studied,
such as the Palo Duro Basin (FISHER and KREITLER, 1987), the Appalachian and
Michigan Basins (McNUTT et al., 1987) and the Mississippi Interior Salt Basin
(KHARAKA et al., 1987). Formation water temperatures in the study area range from 35
t0 750C; the average temperature being 53£100C. Samples were obtained from depths of
680 to 1970 m; the average depth is 1333£312m.

" According to the water classification of HEM (1970), all of the waters are brines
(TDS>35 g/1), except those from the Rock Creek, Belly River and Cardium stratigraphic
units. The former two formational waters are classified as saline (TDS = 10 - 35 g/l) and
the latter as brackish (TDS =1 - 10 g/l). Location in the basin, stratigraphic position and
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lithologic composition of the reservoir rocks appear to be more important than depth in
controlling the TDS. Most of the waters are Na - Cl brines, with Na comprising >90% of
the total cations and Cl comprising >98% of the total anions. Exceptions to this are: (i)
several Devonian samples, which are actually Na-Ca-Cl brines (CARPENTER, 1978) and
are the most concentrated of all the samples; and, (ii) all of the Cardium waters which are
HCOs- — Na waters and are the most dilute. Sodium and Cl are extremely well correlated
in all the formation waters (r=0.98). Figure 3.3 shows a cross section through the study
area illustrating the formation-water concentration distribution within the basin, with
contours showing equal values of Cl concentration. The contour lines dip in accordance
with the rocks, with more dilute waters extending to greater depths toward the southwest,
closer to the potentiometric high for the basin. A <5 g/l concentration contour is shown
towards the SW, which approximates the distribution of the Cardium Formation (Fig. 3.2).
This formation is more porous than surrounding shale units and meteoric fluids are likely
directed toward the Cardium in the direction of decreasing free energy.

Short-chain aliphatic acid anions (SCA) are water-soluble volatile fatty acids with
five or fewer C atoms (C2-Cs) per molecule. The observed order of aliphatic acid anion
abundance for most basin brines is acetatc>>i:ropionate>butyrate>valerate. Total SCA
concentrations for Alberta Basin waters vary from 0 to 932 mg/1 over a temperature range
of 40 to 75°C (Table 3.3). As in other sedimentary basins, acetate is by far the most
abundant SCA ranging from 0 to 844 mg/l. However, at low total SCA concentrations, the
weight percent of acetate is more variable, with other SCA species commonly becoming
more significant (Fig. 3.4). Propionate concentrations range from 0 to 74 mg/l, becoming
more abundant in stratigraphically younger, though not necessarily lower temperature,
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units. Values up to 17.1 mg/l were obtained for butyrate. Valerate and dicarboxylic acid

anion concentrations were below detection limits.

Influence of SCAs on Alkalinity

Alkalinity is a key parameter in controlling carbonate mineral saturation states and
the pH buffer capacity of subsurface waters. Short-chain aliphatic acids niay contribute
significantly to the total titration alkalinity, as demonstrated in many other sedimentary
basin brines, including those from the San Joaquin Valley, Houston and Corpus Christi
(WILLEY et al., 1975; CAROTHERS and KHARAKA, 1978; SURDAM and CROSSEY,
1985); south Louisiana (WORKMAN and HANOR, 1985; HANOR and WORKMAN,
1986); and offshore Texas (KHARAKA et al., 1985).

The reverse alkalinity measurement was used as a reasonable approximation of the
otal SCA content in the waters. This value made it possible to compensate for SCA effects
to the titration alkalinity measurement, thereby omitting pre-analytical sample treatment

" usually required to isolate organic from alkaline species. This is advantageous because
SCAs are easily volatilized during the isolation procedure. The reverse alkalinity value
agrees reasonably well with the summation of individual SCA species as determined by ion
chromatography (Table 3.3). Figure 3.5 illustrates the variable influence of SCA
concentration on total titration alkalinity measurements in the Alberta Basin. Short-chain
aliphatic acid anions can constitute up to 91% of the total titration alkalinity in Alberta Basin

waters.

Occurrence and Distribution of SCAs
In sedimentary basins, SCAs may be produced by bacterial SO4 reduction and

methanogenesis (HATTON #nd HANOR, 1984) or they may be formed abiotically during
thermal maturation of organic matter SURDAM et al., 1984). Conversely, SCAs can also
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be consumed by bacteria or, if temperatures are >85°C, degraded by thcrmal
decarboxylation into methane, ethane, propane or butane. CAROTHERS and KHARAKA
(1978) suggested that concentrations of SCAs define ifiree temperauire zones. Zone 1is
characterized by temperatures <800C and SCA concentrations <60 mgl/l, consisting
principally of propionate. Zone 2 corresponds to temperatures of 80-200°C and much
higher concentrations of SCAs (up to 490G mg/l). Acetate forms 90% or more of the total
SCAs and the concentration of all SCAs decrease with increasing temperature. Zone 3 has
temperatures >2000C and is inferred to have no aliphatic acid anions ‘present.
Microbiological degradation of acetate by methanogenic bacteria and dilution by mixing
with meteoric waters were postulated to explain the composition and concentration of SCAs
in zone 1; thermal decarboxylation of SCAs was thought to decrease the concentration of
SCAs in zone 2. '
Although the temperatures of the formation waters in the Alberta Basin (350 to
750C) correspond to zone 1 of the classification of CAROTHERS and KHARAKA (1978),
the predominant SCA is acetate, with concentrations often >60 mg/l. Bacterial action can
alter the order of aliphatic acid anion dominance, with acetate preferentially degraded
relative to propionate, and propionate preferentially degraded relative to butyrate and
valerate. However, the general obsexvation that longer chain aliphatic acid anions dominate
in low temperature reservoirs (CAROTHERS and KHARAKA, 1978; WORKMAN and
HANOR, 1985) is not substantiated by data for the Alberta Basin, or for some other basins
(KHARAKA er al., 1985; MEANS and HUBBARD, 1987; FISHER, 1987). High acetate
concentrations can result from a lack of methanogenic bacteria (KASPER and
WUHRMANN, 1978). Thus, acetate dominance, rather than suggesting a lack of bacterial
activity, may indicate the type of bacteria that is or is not present. Propionate and butyrate

appear to become more significant in Alberta Basin waters in stratigraphically younger units
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that have relatively lower total organic acid contents (Fig. 3.4b), but there are insufficient
data to define distinct relations.

Short-chain aliphatic acid concentrations, within a given formation, are significantly
lower in waters containing HzS (see Table 3.3). Sulfate-reducing bacteria are likely
depleting the SCA concentration (MEANS and HUBBARD, 1987) by reaction 1)

CH3COO0- + SO42 & 2HCO5- +HS- 1)
In support of this mechanism, those waters containing H,S and lower SCA concentrations

also have higher carbonate alkalinities (Table 3.3).
Both bacterial sulfate reduction (BSR) and thermochemical sulfate reduction (TSR)

have been cited as mechanisms responsible for H2S generation in Devonian reservoirs of

the Alberta Basin (KROUSE, 1980; MACHEL, 1987; KROUSE et al., 1988). Sulfur
isotopic data obtained in this study (Table 3.3) can be used in concert with data from
KROUSE (1980) for waters in the study arca, to evaluate the relative importance of these

mechanisms. KROUSE (1980) noted in a survey of 534S values for SO4 and S, that

there was a marked transition from BSR to TSR at present reservoir temperatures near

800C. This is reflected in the 5348 values for SO, in formation waters, which are

approximately +40%ccpr 2t lower temperatures and +20%acpr at higher temperatures. All of
the water sampled in this study resided in low temperature reservoirs (<75°C). The few

samples analyzed here are similar to those of KROUSE (1980) and corroborate the

hypothesis that thesé waters are undergoing BSR as shown by equation (1). Furthermore,

the AS34S for SO4-2 - HpS are relatively high in the waters examined in this study, which

is characteristic of the lower temperature, BSR zone.
The concentrations of SCAs in Alberta Basin formation waters are not directly

interpretable in terms of temperature, depth, salinity, or geological age of the reservoir, but
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they do exhibit a strong relation with proximity to source rock, primarily the Jurassic, but
also the Mississippiin shales (Fig. 3.6). Jurassic and Devonian (Duvernay) shales are the
most orghnic-rich shales in the Alberta Basin (DEROO et al., 1977; MOSHIER and
WAPLES, 1985); however, many Devonian waters contain H;S, likely of bacterial origin.
Thus, even if SCA generation had been important in Devonian source rocks, as it
apparently is in Jurassic shales, SO4 reducing bacteria would have utilized them. Reverse
alkalinity measurements suggest that most of the Devonian waters, other than one sample

with a low HjS content, had extremely low SCA abundances (Table 3.3).

In other studies of oil field brines, 8 180 values and Br concentrations have baen

related to SCA concentrations (MEANS and HUBBARD, 1987). Little correlatic_m
between SCAs and these chemical parameters is observed for Alberta Basin formation
waters. Anomalously high values of Br are observed in some of the high SCA waters,
particularly those in the Jurassic and Mississippian. However, there is no consistent trend

established, possibly because of variable amounts of bacterial degradation affecting the

SCA concentration in a non-linear fashion. Values of 5180 become slightly more positive

with increasing total SCA content suggesting that water-washing and dilution may have

decreased the total SCA concentrations.

High Alkalinity in the Cardium Formation

Anomalously high alkalinity values exist in the formation waters sampled from the
Cardium Formation. These waters are dilute and are derived from fluid movement
upwards into the formation through a shale membrane (Fig. 3.7), the Second White
Speckled Shale. GRAF et al. (1966) and GRAF (1982) have proposed a model for shale

membrane filtration that may be considered as a cause of the Cardium Formation water

chemistry; however, this model necessitates NaHCO30 passing through shale membranes
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to remove excess Na and aqueous carbonate from the input to effluent solutions and this
complex is very weak and likely ineffective (NESBITT, 1980).

DEMIR (1988) has shown that the concentration drop of Na molality across a
compacted smectite membrane is only 0.8 for a transient period and 0.3 molality units at
steady state. A number of smectite-enriched bentonite beds in the Lower Cmaceous units
of Alberta haye been documented (AMAJOR, 1978, 1980; TIZZARD and LERBEKMO,
1975); however, these units are rare in the study area, with smectite being found in only
one Blairmore and one Viking sample. Thus, shales in the study area would be much less
efficient membranes than those in the study of DEMIR (1988). The difference in molality
on the immediate influent and effluent sides of the Cardium Formation is a little more than
0.8 molality, which is too large a variation considering the shale mineralogy characterizing
the formations does not provide the most efficient filtration. Furthermore, the shale unit
containing the most smectite in the Lower Cretaceous (the Joli Fou Formation) is
stratigraphically lower than the Viking Formation. This shale unit would provide the most
efficient membrane in the study area. If membrane filtration is the sngmﬁcant cause of the
Cardium Formation water chemistry, similar concentrations and alkalinities should then be
observed in the waters of the Viking Formation, and such is not the case. Therefore,
although membrane filtration may affect Cardmm waters to a minor degree, the process
does not effectively explain the chemistry observed, so other processes must be
considered.

The Cardium alkalinity values are better understood when examined in conjunction
with data on the existing flow regime and the geometry and distribution of lithologies (Fig.
3.7). The Cardium Formation is a marine sandstone boundgd by low permeability shales.
Meteoric waters flushing through the Cardium Formation, as indicated by hydrological,
chemical and isotopic data, would cause oxidation of organic matter in surrounding shales

to CO, (MACHEMER and HUTCHEON, 1988). Solution of this CO, would increase
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fluid buoyancy and COz-charged waters would migrate through the Cardium Formation
and be trapped by overlying shales. The pH of the water should remain relatively constant,
buffered by organic debris or mineral assemblages (BERNER, 1981) and high alkalinity
values result. Furthermore, it has been demonstrated that dilute meteoric waters are
dominated by Na, Ca and HCO;- and contain little Cl (GARRELS, 1967; GARkELS and
MACKENZIE, 1967; NESBITT, 1985). Cardium Formation waters have compositions
similar to meteoric waters, except for the Ca concentration. The lack of Ca is likely a result
of calcite cementation and clay-mineral cation-exchange reactions. Dilute meteoric waters
invoke cation exchange reactions on clay minerals cansing increased concentration of Nain

the fluid phase and Ca on the clays (CERLING et al., 1989).

Solution - Mineral Equilibri

Thermodynamic controls on formation water composition must be investigated
before evaluating potential sources of water molecules and solutes. Stability relations
between subsurface waters and various mineral phases can be evaluated by calculating the
jon activity product (IAP) of the minerals in each analyzed water and comparing this value
to the equilibrium constants of the mineral (Kt) at a specific temperature. This is referred
to as the saturation index (S.I.) and is technically defined as S.I. = log (IAP/KT). A
positive log S.1. value indicates supersaturation of the solution with respect to the mineral,
a negative log S.1. value undersaturation, and zero indicates equilibrium. The degree of
undersaturation or oversaturation is indicated by the magnitude of the logarithm.

* Aqueous species distribution and mineral saturation states were computed using the
computer code EQ3NR (WOLERY, 1983). In this program, the B equation
(HELGESON, 1969) is used to approximate activity coefficients of aqueous specics.

These approximations should be limited to applications in which the frue jonic strength is
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no greater than 1 molal. However, because of complexing, the true ionic strength is much
Jess than the stoichiometric ionic strength and solutions having stoichiometric ionic
~ strengths up to ~ 3 can be evaluated with confidence. Except for one Leduc (11-15-50-
26W4) and one Nisku (15-29-49-26W4) sample, this stipulation is met by all the samples
discussed here.

All Alberta Basin formation waters are saturated with respect to quartz (Fig. 3.8),
regardless of the TDS value or whether they are from carbonate or clastic rocks. This
confirms that the salinities represent in situ conditions and have not been diluted by
condensed water vapor during sample collection.

Although the formation waters are predominantly of the Na - Cl type, they are
several orders of magnitude undersaturated with respect to halite. Saturation indices range
from -1.45 to -4.19 (mean value =-1.89), with values approaching saturation with
increasing ionic strengths.

Saturation with respect to carbonate minerals cannot be calculated directly because
measured pH values are affected both by degassing resulting from pressure release during
sampling and by oxidation of Fe. The former effect results in an increase in pH and S.I. in
the waters; the latter causes a decrease in these values (FISHER and KREITLER, 1987).
Regardless of these uncertaintics, equilibration of the formation waters with respect to
calcite and some with respect to dolomite, is probably a reasonable assumption considering
the following arguments.

First, carbonate minerals and groundwater exhibit rapid equilibration relative to the
residence time of deep basin brines (PALCIAUSKAS and DOMENICO, 1976;
PLUMMER et al., 1978, 1979; BUSENBERG and PLUMMER, 1982).
Correspondingly, the kinetics of calcite and dolomite dissolution suggest that if the brines
have been in residence since the Pliocene (GARVEN, 1989), itis likely that saturation by
dissolution has been attained, although water-carbonate oxygen isotopic equilibrium has
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not been reached (CONNOLLY ez al., 1990). _

Second, the Paleozoic section of the Alberta Basin is dominated by carbonates and
all of the Mesozoic clastic units contain calcite cements throughout the paragenetic sequence
of their assemblage. Carbonate cements are found late in the paragenetic sequence in many
of the clastic units, implying carbonate saturation. The oxygen isotopic compositions of
these cements (LONGSTAFFE, 1986; AYALON and LONGSTAFFE, 1988) indicates that
they were formed during and subsequent to the Laramide orogeny and concomitant
flushing of meteoric waters. At this time the waters were at their most dilute in many parts
of the basin, yet carbonate precipitation still occurred.

Finally, samﬁonindicesesﬁmated&ommasmedparamem-(AlkcandCa) and
activities determined using EQ3NR, show the brines to be generally saturated or
oversaturated with respect to both calcite and dolomite, even when the pH values are
manipulated to very low values. When the pH was set assuming calcite or dolomite
equilibrium at the measured carbonate alkalinity, Ca concentration and temperature, the
equilibrium pH value decreased from the field measured value by between 0.58 to 1.57 pH
units (average = 1.04 £ 0.2). Hence, the assumption of saturation is supported, as it is
unlikely that measured pH values are much more than a log unit higher than the true
subsurface values.

Figure 3.8a shows the S.I. for some of the carbonate phases in the waters, with
quartz plotted for reference. Equilibration of the waters with subsurface calcite was used to
calculate pH, using the following equation:

CaCO; + H+ & Ca#2 + HCOs- )

with dolomite equilibration being similarly used in those formations where it is pervasive.
Considering the uncertainty on the measured pH values, this appears the best way to
represent in situ pH values. Examining the carbonate phases, magnesite is undersaturated
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in all the waters, whereas strontianite and particularly witherite are oversaturated.

Low levels of SO4 (below the detection limit) characterize the stratigraphically
highest, most dilute waters in the Alberta Basin (from Belly River, Cardium, and Viking
units). When SOy is present in waters, they are saturated with respect to barite, but
undersaturated with respect 1o celestite and anhydrite, with the degree of undarsaturation
becoming more significant in stratigraphically higher, more dilute clastic-hosted waters
(Fig. 3.8b). Barite is extremely insoluble and only a low Ba concentration (0.2mg/l) is
required to saturate and precipitate this phasé. As a result, barite controls the S.I. of
witherite to some extent. Witherite has very high S.L in the dilute formation waters that
lack SO4. However, when SO, becomes significant, Ba is precipitated with SO4 and
witherite shows a corresponding decrease in S.I. Celestite is also a very insoluble mineral
phase, but strontianite precipitates most of the Sr from solution and barite most of the SO4,
so celestite does not come close to saturation.

Feldspars and clay minerals are the most likely buffers of Na and K, but silicate
mineral equilibria in saline brines at slightly clevated temperatures cannot be quantitatively
evaluated at present (FISHER and KREITLER, 1987). Furthermore, Al is difficult to
measure accurately in these waters. However, Al may be conserved in the reactions, as
shown below:

2N2AlSisOg + H20 + 2H+ = ApSisOs(OH)4 + 2Na+ + 4Si02) (3)
2KAISi30g + Hz0 + 2H+ = Al,Siz0s(OH) + 2K+ + 45i02(sq) @)
By comparing brine ion activity ratios with those predicted by equilibria phase relations at
in sifu temperatures (SUPCRT data base; HELGESON e al., 1978; SHOCK and
HELGESON, 1988) the directions of reactions (3) and (4) can be evaluated. The IAP/K
values derived for equation (3) suggest kaolinization of albite is occurring which is

corroborated by thin section petrography. Kaolinization of K-feldspar (4) is not significant

96



but the IAP/K values of equation (4) approach initiation of the reaction (IAP/K= 0.2).
Albitization of plagioclase feldspar is indicated for all of the formation waters; however,
albitization of K-feldspar is not suggested. The above reactions give only the direction of
the reaction. Such representation is one dimensional and does not consider other reactions
which are occurring concurrently. Thus, it is recognized that stability relations are more
accurately portrayed on activity - activity diagrams (see Chapter 5).

The formation water samples from the Alberta Basin can be divided into 3 groups
based on isotopic (CONNOLLY et al., 1990) and chemical composition of the waters (Fig.
3.9). Group I waters are dominantly carbonate-hosted (Devonian, Mississippian and
lowermost Jurassic (Nordegg Formation) carbonates) but also include waters from the
lowermost Cretaceoﬁs (Basal Quartz Formation) clastic assemblage. Group II waters are
from dominantly clastic, partially carbonate reservoirs, comprised of the Middle Jurassic
Fernie Group, and Lower Cretaceous Ostracod, Glauconitic and Viking Formations.
Group III waters are from clastic rocks of the Rock Creek (Jurassic) and Upper Cretaceous
Cardium Formation and Belly River Group.

The above groups do not necessarily follow the order of the stratigraphic units in
the subsurface, with the Middle Jurassic being placed in Group II and the Rock Creck
Formation in Group III, although they are stratigraphically lower than the Basal Quartz
Formation of Group I. The Jurassic is represented by a small lens of sedimentary rocks in
the western part of the basin that is not found at most of the sampling locations. The dip of
Cl cc;ncentration contours (Fig. 3.3) and of the hydrologic groups towards the southwest
(Fig. 3.9) indicate that dilute waters extend to greater depths in this direction. Thus, when
water chemistry is considered, Jurassic waters, because of their more westerly sampling

locations, are more akin to shallower, less saline waters to the east.
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Because the sedimentary rocks in the Alberta Basin are predominantly marine
deposited, seawater is an appropriate reference solution with which to compare the
formation waters. Such a comparison is justified since seawater composition is considered
t0 have been constant since the Cambrian (HOLLAND, 1984). To test the origin and
modification of basinal waters, compositional relatiotis were examined to help determine
whether waters originated by one or more of the following: (1) snbaeriallsr evaporating
seawater; (2) dissolution of evaporite deposits; (3) complete or partial flushing of meteoric
waters by gravity driven flow; or, (4) interaction of formation waters with enclosing
sedimentary rocks. Graphs illustrating these compositional relations are also useful to
distinguish the degree of diagenetic reactions and subsequent water equilibration with host
rocks. Osmotic and reverse osmotic processes (GRAF, 1982) are relatively ineffective in
the Alberta Basin, for reasons that were addressed earlier in the paper. Thus, mixtures of

water molecules and solutes and their sources are evaluated.

Component of Subaerially Evaporated Seawater or Dissolution of Evaporites

During evaporation of seawater, the ratio Cl:Br is constant until halite saturation is
reached, atwhichpointClisprefmnﬁallymmvedﬁomﬂleﬂuidandBrisomwenmtedin
the residual solution. The seawater evaporation trajectory (S-E-T) (CARPENTER, 1978)
in Fig. 3.10 depicts this relation. The distribution of formation waters on this graph,
relative to the S-E-T, can indicate the different origins and processes which have affected
water chemistry. Waters which plot directly on the log Cl versus log Br S-E-T, at
concentrations greater than seawatet, can be tentatively interpreted as subacrially evaporated
brines. Waters affected by halite dissolution have an excess of Cl relative to Br and plot
above the S-E-T. If waters plot below the S-E-T, they may have evapomted past the onset
of halite precipitation and been subsequently diluted by meteoric water or scawater.

Meteoric water is the most likely diluting solution in the Alberta Basin
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(CONNOLLY ezal., 1990). Addition of meteoric water to seawater evaporated past the
point of halite precipitation causes the mixture to move off the evaporation trajectory along
a straight line parallel to the sloping portion of the S-E-T (CARPENTER, 1978). Such
dilution reduces Br and Cl concentrations in percentages shown by the isopleths in Fig.
3,10, Therefore, formation waters which plot to the right and below the S-E-T may be
interpreted as having an evaporite brine component. Recently, the conservative nature of
Br in sedimentary basins and its utility in determining the origin of formation water has
been questioned. Reverse partitioning of Br can cause an enrichment of Br relative to Cl
during halite recrystallization (LAND and PREZBINDOWSKI, 1981; STOESSELL and
CARPENTER, 1986). Hence, it is possible that waters derived from halite
recrystallization can plot to the right and below the S-E-T.

KHARAKA et al. (1987) have also suggested that waters derived from the
dissolution of halite and mixed with meteoric or marine waters could result in a water
plotting beneath the S-E-T. This possibility was considered by examining the chemistry of
some shallow waters in the Alberta Basin (HOLYSH, 1989) and some Belly River
formational waters (HITCHON et al., 1971), both of which are dominated by a meteoric
fluid component. Hypothetical mixing lines joining these waters with those derived from
salt dissolution indicate that the hypothesis of KHARAKA et al. (1987) is a highly unlikely
explanation for Alberta Basin waters. Greater than 85% meteoric water is required to have
the dissolution of halite-meteoric water mixture reach the S-E-T, let alone to have it plot to
the right of the S-E-T. Furthermore, if the mixture did plot beneath the S-E-T, it would be
extremely dilute and require additional mixing with unreasonably large volumes of seawater
which had passed the onset of halite precipitation in order to explain the present position of
the waters (Fig. 3.10).

Formation waters from the Alberta Basin cluster in several distinct groups in Fig.

3.10. None of the water samples plot above the S-E-T, suggesting that none of them are
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derived from congruent halite dissolution despite abundant salt deposits found in the
Middle Devonian within and to the east of the study area. HITCHON ez al. (1971) suggest
that halite dissolution in the subsurface accounts for the high salinity of some formation
wawts,butthmmiseﬁeaisdnhnizedbythcdevebpmtofchannelﬂowinﬂnlowﬂuid
potential drain lying above Middle Devonian strata. Whether this channel flow is preseatly
active or not remains controversial (HITCHON et al., 1971; DEROO et al., 1977;
HITCHON, 1984; GARVEN, 1985; 1989). Nevertheless, dissolution of underlying salt
does not appear to be affecting the chemistry of the overlying formation waters, regardless
of the presence of the salt edge in many of the underlying evaporite units is in the study
area.

MostofﬂlewatasfrommedominamlycarbonatemcksomeupIplottodleright
of the S-E-T, with some plotting directly on it. Although congruent dissolution of halite
cannot explain these trends, it is important to consider whether these waters have resulted
from reverse partitioning of Br during recrystallization of halite. In addition to the
unreasonably large rock/water ratio required (greater than 5; see STOESSELL and
CAZDENTER, 1986, Table 2) to generate the existing Br concentrations (STOESSELL
and CARPENTER, 1986; SPENCER, 1987) additional chemical evidence argues against
halite recrystallization.

First, increasing Br concentrations via halite recrystallization can be recognized by
decreasing K/Br ratios (STOESSELL and CARPENTER, 1986) and increasing Na/Br
ratios (FISHER and KREITLER, 1987) because of the variable distribution coefficients of
these elements in this scenario. A plot of log K versus log Br (Fig. 3.11a) illustrates that
Group I waters, which demonstrate the largest degree of evaporation, have some of the
highest K/Br ratio of the groups and show no evidence of decreased ratios relative to the
other fluid groups. Thus, waters with largest Br enrichments are similarly enricied in K,
contrary to what would result from halite recrystallization. Similarly, ona log Na versus
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log Br plot (Fig. 3.11b), all the water groups plot under the S-E-T. Sodium depletion is
unlikely if the waters were derived from the recrystallization of halite.

Second, the summation of divalent cations charge-balanced with respect to Cl
(denoted CF on the graph) versus log Br (CARPENTER, 1978), plotted in Fig. 3.12,
shows waters from Group I plot above, not below, the S-E-T. Bromide enrichinent from
halite recrystallization would force waters below the S-E-T, exhibiting an enrichment in Br
and a corresponding depletion in divalent cations (STOESSELL and CARPENTER, 1986).

Finally, the oxygen isotopic composition of the waters (CONNOLLY ez al., 1990)

exhibit a positive, though not pronounced, relation with Br. ‘values of 8180 enriched in

180 cannot be achieved by simple salt dissolution at iow temperatures but require initial
evaporative processes to enrich the water in the heavy isotops. Waters in the Alberta Basin
which exhibit the highest degrees of evaporation on Fig. 3.10 are the most enriched iﬁ 180,

From the above discussion, it appears reasonable to suggest that Group I waters
originated by varying degrees of seawater evaporation to beyond halite saturation, and
subsequent mixing with meteoric waters introduced to the Alberta Basin in response to
gravity-driven flow during the Laramide Orogeny. Although Group II waters were
sampled from stratigraphically higher units than Group I, some of these waters plot to the
right of the S-E-T in Fig. 3.10. This behavior is likely the result of desorption of Br from
organics (MEANS and HUBBARD, 1987), as these waters are closest to the dominant
source rocks in the basin, the Jurassic shales, and have the highest SCA concentrations. It
is unlikely that these waters were evaporated past the onset of halite saturation and
subséquently diluted, since stratigraphically lower, more concentrated waters from Group
I, located directly beneath and closer to halite deposits, plot on the S-E-T. Other Group II
waters plot directly on the S-E-T, suggesting that they migrated up the S-E-T, never
reaching halite precipitation and then were subsequently diluted back down the trajectory.
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The proximity of the Group II waters to those from Group I on the graph (Fig. 3.10),
suggests that the former waters were close to halite saturation, prior to dilution. Based on
the approximate maximum degrees of evaporation of Group I and II waters, the majority
oftheeebﬁncsbaveexpetiencedaboutSOtoSO% dilution by meteoric water.

Together, Groups I and I exhibit a strong correlation in Fig. 3.10 ata slight angle
to the S-E-T, which seems to define the waters as two component mixtures between a Br-
enriched brine and a more dilute water. Conservative mixing phenomena yield straight line
relations on linear scales that can develop curvature on log-log ;ilots (HANOR, 1987).
However, over the concentration range in these plots, a linear relation would be maintained
regardless of scale (Fig. 3.10, inset). Log scales are used here to be consistent with the
original work on compositional trends of seawater (CARPENTER, 1978).

Cretaceous formation waters (5 samples) from Group III form a linear relation
beneath the S-E-T and are more dilute than seawater. Group III Rock Creek water samples
(2 samples) plot slightly above the S-E-T and are also more dilute than seawater. All of the
waters from Group III appear chemically unrelated to Group I or II, and the Cl/Br ratio
cannot be used to establish the identity of dilute end members, because meteoric waters are
known to be compositionally distinct from dilute formation waters (GARRELS, 1967;
GARRELS and MACKENZIE, 1967; NESBITT, 1985) .

Diagenetic Modifications of Waters
The chemistry of divalent cations in waters can be monitored by considering the
conce:ntmtion of divalent cations charge balanced by Cl. This relation is also referred to as
the Carpenter Function (CF) (CARPENTER, 1978), and is defined below as:
CF = Ca + Mg + Sr - SO4 - HCO; (in meq/l)
Dolomitization of calcite, reduction of SO4 and precipitation of gypsum or halite are

common reactions in evaporite settings. Despite the effect that these processes have on
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individual ionic concentrations, the CF relative to Br remains unchanged during the
specified reactions as seawater is evaporated (Fig 3.12). Furthermore, dilution by meteoric
water or seawater does not displace a brine from the S-E-T. Hence, the relation of CF to
Br can be used, in conjunction with log Cl versus log Br relations, as a basis for
determining whether a brine originated from evaporation of seawater and subsequently
underwent (i) water-rock interaction or (ii) mixing with waters of differeni origins. The
relation of CF versus log Cl (Fig. 3.13) is also useful because Cl is a conservative element
in sedimentary basins. |

Elemental plots also maintain standard compositional trends during evaporation
(Figs 3.11 and 3.14). If a solution containing several different ions is concentrated by
evaporation, the ratios of the various ions, with respect to each other, remain constant
except in cases where ions are precipitating or reacting with the substrate in which the brine
is contained. Thus, various diagenetic reactions may be inferred by examining ion ratios
relative to seawater evaporation trajectories in conjunction with Figs 3.10, 3.12 and 3.13.

Some of the formation waters in Group III are characterized by negative CF values
and are not represented in Figs. 3.12 and 3.13. These include all of the waters from
Cardium and Rock Creek reservoirs, and one from the Belly River (16-22-47-4W5). These
waters are classified as Na - HCO3 waters and are of meteoric origin. The extremely high
alkalinity and high proportions of Na relative to divalent cations (i.c. Na/Ca > 34) particular
to these formation waters results in negative CF values; therefore, these waters are not
represented on the graphs in Figs. 3.12 and 3.13.

. Most of the Alberta Basin formation waters from Group I plot slightly above the
S-E-T on the log CF versus log Br plot (Fig. 3.12). This suggests that these waters are
slightly enriched in divalent cations because they are not depleted in Br (see Fig. 3.10).
Divalent cations must be a result of other reactions occurring in Devonian and Cambrian

shales, adjacent to and underlying Devonian carbonate reservoirs. For example, silicate

103



. hydrolysis reactions (HUTCHEON, 1989), in which a clay mineral, such as kaolinite,
reacts to form illite, obtaining K from coexisting porewater and releasing protons, provide
a pownﬁal source of acid (reaction 5):

3A155i,05(0OH)4 + 2K+ & 2K Al3Si3040(0OH); + 2H* + 3H,0 (5)
(BJORLYKKE,1984)
Clay-carbonate reactions provide another potential source of acid, via CO», in sedimentary
systems (HUTCHEON, 1989; HUTCHEON et. al., 1980). Reactions such as the
conversion of kaolinite and dolomite to chlorite and calcite (reaction 6) are likely occurring

in Devonian and Cambrian shales:
5CaMg(CO3)2 + AlySizOs(OH)4 + Si02 + 2H20
MgsAlLSiz010(0H)g + 5CaCO3 + SCO2- (6)
(SKIPPEN and TROMSDOREFF, 1986)
Numerous reactions of this kind, including those that involve smectite or illite, may also

. occur. Similarly, chlorite, ankerite and calcite may contain Fe and Mg, and a parallel

reaction to (6) can be written for the Fe end members:
5FeCO; + Al;Sip0s(OH)4 + 8i0; + 2H0 & FesAl,Siz010(0H) + 5C0;  (7)
Other reactions providing a source of CO2 to formational fluids would be decarboxylation
reactions in Devonian hydrocarbons.
Reactions such as 6 and 7 generate CO2 in solution, a source of aéid for the

dissolution of carbbnate in Group I reservoirs, which would cause a corresponding
increase in divalent cations through dissolution of the reservoir rock not compensated for
by the CF. These reactions are indicated on clemental plots (Figs. 3.11 and 3.14) used in
conjunction with Fig. 3.12. Potassium and Mg are depleted relative to the S-E-T, whereas

Ca is enriched in most of the waters with the exception of Group IIl. Thus, rather than
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attributing Group I water chemistry solely to dolomitization reactions (SPENCER, 1987),
Fig. 3.12 indicates other processes are influencing the water composition. lon exchange
reactions in shales surrounding carbonate reservoirs may also explain an excess of divalent
cations as is discussed below. ‘
Ankeritization of the dolomite and calcite in the Devonian carbonate Mbhges
may provide a further explanation for the excess of divalent cations. BOLES (1978) and
BOLES and FRANKS (1979) suggested ankeritization occurred via the following reaction

4CaCO0s + Fe+2 + Mg+2 > 2CaFeq sMgos(CO3)2 +2Cat2  (8)

They also noted that adjacent shales could provide the Fe and Mg necessary for the reaction.
Much of the dolomite in the study area has been identified to be Fe-rich (ankerite) (see
Chapter 2 and Appendix I) and reaction (8) would cause an increase in the CF value relative
to S-E-T, as Fe is not compensated for in the function. |

Samples from Group II fall below the S-E-T suggesting that along with minimal
enrichment in Br (Fig. 3.10), these waters also have a marked depletion in divalent cations.
This depletion is further indicated by the high Na/Ca ratios for all of these brines.
Albitization or the formation of K-feldspar removes monovalent cations from solution and
replaces them with divalent cations, causing an increase in the CF. However, processes
such as kaolinization of feldspar and clay mineral stabilization reactions are indicated by a
depletion of divalent cations in Group II waters. These processes are typical in sedimentary
zones penetrated by meteoric water (HURST and IRWIN, 1982). Meteoric waters are
dilute and acidic, and kaolinization reactions (e.g. of albite) ﬁvould generate high Na |
contents, particularly because a relatively high fraction of volcanic fragments and Na-
plagioclase are present in these reservoirs (CONNOLLY et al., 1990).

Cation exchange processes may also explain the water chemistry of Group I and
Group II waters. CERLING et al. (1989) noted that when clay minerals in shales and
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sandstones are weathered by meteoric waters, a release of Na ions, previously held as
exchangeable ions, .occurs. To examine the potential for cation exchange processes, the
parameter mCl-mNa (molality of Cl minus molality of Na), defined as the Na deficiency
(FISHER and KREITLER, 1987), is used (Figs. 3.15a and 3.15b). High Na
concentrations in basin brines, such as those of the Alberta Basin, would proﬁote ion-
exchange reactions such as simple exchange on clays, conversion of calcic plagioclase to
albite, and alteration of detrital clays to Na-clays. Clays equilibrated with waters of high
jonic strength have higher Na/Ca ratios than do those equilibrated with waters of low ionic
strength (CERLING et al., 1989). Charge balance requires that for each divalent cation
released to solution, two monovalent ions are removed from solution. Sodium exchange is
indicated by the relation between Na deficiency and the sum of major divalent cations (Fig.
3.15). All samples shown in Fig. 3.15a fall on or above the S-E-T, with the most saline
waters from Group I exhibiting the greatest degree of Na removal. This suggests that in
addition to the processes described earlier, ion-exchange may account for high
concentrations of divalent cations in Group L -

If Na and Cl behave relatively conservatively during evaporation, waters having
high Cl contents probably had high initial Na contents. However, high Na concentrations
would more effectively drive exchange reactions and cause Na loss. Figure 3.15b shows
that many of the Group I waters have lost Na, indicating exchange processcs may have
been active. Both Group II and III waters show enrichment rather than removal of Na.
This is likely because these waters are dilute, resulting in Ca being removed from solution
(Fig. ?.14b) and replaced by Na. Figure 3.10 clearly illustrates that Group 11 waters are all
~ 80% diluted, with Group I being much more concentrated. This difference in jonic
strength may be sufficient to divide the ion-exchange processes.

A strong linear relation between Group I and Group 1 is observed in Figs. 3.10,

3.11, and 3.12, and maintained on lincar molar scales. Plotting log Cl versus CF (Fig.
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3.13) more clearly demonstrates a distinct break between Group I and Group IL. Group I
waters plot predominantly under the S-E-T providing additional evidence that these waters
are concentrated seawater that has been diluted by meteoric water. Group II plot above the
S-E-T, confirming a depletion in divalent cations and exhibiting a strong meteoric
component responsible for altering the original seawater composition of the ‘&eposited
sediments. Samples of Group III are distinct from the trend established by the other two

groups.

Mixing_Relations-El tal Relati

Figures 3.10 through 3.15 strongly suggest a mixing relation between Group I and
Group II waters, while Group III waters appear unrelated to them. The principles
govemning mixing systematics are reviewed by FAURE (1986). Briefly, when a brine of
constant composition is mixed with dilute meteoric water, concentrations of elements (Na,
Ca, K, Mg, Sr) on an x - y plot form a linear array directed toward the origin. When two
brines of differing composition mix, a similar relation is observed on an x - y plot, but with
a non-zero intercept. When the two-brine mixture is diluted with meteoric water, a triangle
of mixing is introduced encompassing a scatter of points, with the three end-member
components forming the apices of a triangle (LOWRY et al., 1988). However, these
relationships occur only during closed systefn behavior and do not consider diagenetic
disturbance of any kind.

Cation cross-plots were constructed to determine whether mixing relations could be
distinguished among Alberta Basin waters. Figure 3.16a is such a plot of Ca versus K and
exhibits a linear array directed toward the origin. Waters of Group II plot closer to the
origin than Group I; Group III waters are so dilute relative to the otlxex" two groups that they
can barely be observed at the scale of the graph. This behavior suggests that Alberta Basin

formation waters are composed of a single brine of constant composition diluted by
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meteoric water. Most elemental plots are similar to Fig. 3.16a, with correlation coefficients
>0.91, both with and without plotting the two most concentrated waters. However, if Na
is plotted versus other elements (¢.g. K, Mg, Ca, Sr), a somewhat different relationship is
observed (Fig. 3.16b). A linear relation between Group I and Group II is apparent with a
non-zero intercept; Group III is completely removed from the trend. A mixing triangle is
not indicated. Rather, mixing between two brines, Group I and Group Il is observed, with
Group III waters apparently acting as an independent, much more dilute system. Plots of
Na versus other elemental concentrations provide a more accurate indication of the mixing
relations because Na is the most abundant cation in the waters, and the least likely to be
masked by diagenetic reactions, and it is a very conservative element in sedimentary
systems.

Diagenetic reactions affect water chemistry in the Alberta Basin (Figs. 3.12 and
3.13), but linearity of all x-y plots for major clements of the waters (Na, Ca, K, Mg, Sr)
suggests that mixing occurred subsequent to these reactions. Many of the diagenetic
reactions, particularly in the clastic rocks, were driven by meteoric recharge in response to
Laramide tectonism. Because Group I and II waters appear to have mixing relations, this
suggests that mixing occurred after this major flushing event. The regional flow system
underwent dissipation and partitioning in the Pliocene (GARVEN, 1989) and this is
probably when the Group I and Group II waters became isolated from Group III
(CONNOLLY et al., 1990). K meteoric waters were still influential today in the
stratigraphically lower fluid system, all of the major element x-y plots would have

intersections at the origin.
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CONCLUSIONS

Formation waters from Devonian through Cretaceous carbonate and clastic

reservoirs in the Alberta Basin were examined for SCAs and major and minor elements.
The abundance and distribution of SCAs in Alberta Basin formation waters do not appear
influenced by or related to reservoir temperature, sampling depth or geoldgical age.
However, a strong association between SCA concentration and proximity to the Jurassic
shales is evident, with water-washing and meteoric ﬂqshing providing a contributing
influence.

Three distinct water groups are evident in the Alberta Basin: Group I waters are
dominantly carbonate-hosted and are stratigraphically the lowest; Group II waters are
primarily from clastic reservoirs; and Group III waters are completely clastic-hosted and
comprise the stratigraphically highest zone. Group Iand II form a distinct hydrochemical
regime, which is decoupled from the dilute waters of Group IIL

Group III water chemistry is dominated by Na and HCOs- (alkalinity) and there is

no evidence of a seawater or an evaporated brine end-member. Reservoirs containing these
waters were primarily deposited in seawater; however, the dilute nature of these Na - HCO;-

waters argue for complete flushing of any residual marine waters in these reservoirs by
meteoric waters.

Formation waters from Group I and Group II form two component mixtures of (i) a
residual evaporite brine and (ii) post-Laramide but pre-present day meteoric water. The
brine end-member was formed by evaporation of seawater beyond the point of halite
saturation and was not influenced by congruent dissolution of evaporite deposits. These
carbonate-hosted waters were subsequently influenced by silicate hydrolysis and clay-
carbonate reactions in surrounding shales and ankeritization reactions of Teservoir

carbonates. The clastic-hosted waters of Group II were affected by feldspar-clay mineral
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leaching reactions initiated by gravity driven flow of meteoric waters, resulting from
Laramide orogenesis. Both Group I and Group II waters may also have been altered by
ion exchange processes. Grbup I and Group II waters define a two component mixture,
which was established subsequent to hydrochemical isolation in the Pliocene. At this point
cross-formational flow began to become significant relative to lateral flow.

110



REFERENCES

- AMAJOR L.C. (1978) Some Viking bentonites, south-central Alberta. Unpub. M.Sc.
Thesis, Univ. Alberta, Edmonton, Alberta.

AMAJOR L.C. (1980) Chronostratigraphy, sedimentary environments, of Lower
Cretaceous Viking Sandstones, Alberta. Unpub. Ph.D. Diss., Univ_. Alberta,

Edmonton, Alberta.

AYALON A. and LONGSTAFFE F.J. (1988) Oxygen isotope studies of diagenesis and
pore-water evolution in the western Canada sedimentary basin: Evidence from the

? x so(siretaceous Basal Belly River sandstone, Alberta. J. Sediment. Petrol. 58,

BEAUMONT C. (1981) Foreland basins. Geophys. J. Roy. Astron. Soc. 65, 291-329.

BERNER R.A. (1981) A new geochemical classification of sedimentary environments. J.
Sediment. Petrol. 51, 359-365.

BETHKE C.M. (1986) Hydrologic constraints on the genesis of the Upper Mississippi
Valley mineral district from Illinois Basin brines. Econ. Geol. 81, 233-248. .

BILLINGS G.K., HITCHON B. and SHAW D.R. (1969) Geochemistry and origin of
mel t‘i‘onzwau:rsll zzsmmewesm&nadasedlmen' tary basin, 2. Alkali metals. Chem.
eol. 4, 211-223.

BJGRLYKKE K. (1984) Formation of secondary porosity: How important is it? In Clastic
Diagenesis (eds. D.A. McDONALD and R.C. SURDAM), pp. 277-286. Am.
Assoc. Petrol. Geol. Mem. 37.

BOLES J.R. (1978) Active ankerite cementation in the subsurface Eocene of southwest
Texas. Contrib. Mineral. Petrol. 68, 13-22.

BOLES J.R. and FRANKS S.G. (1979) Clay diagenesis in Wilcox sandstones of
southwest Texas: Implications of smectite diagenesis on sandstone cementation. J.
Sediment. Petrol. 49, 55-10.

BUSENBERG E. and PLUMMER L.N. (1982) The kinetics of dissolution of dolomite in
CO; - H,0 systems at 1.5 to 65°C and 0 to 1 atm Pcoz. Am. J. Sci. 282, 45-78.

CAROTHERS W.W. and KHARAKA Y K. (1978) Aliphatic acid anions in oil-ficld waters -
‘ izrgg;icaﬁons for origin of natural gas. Am. Assoc. Petrol. Geol. Bull. 62, 2441-

CARPENTER A.B. (1978) Origin and chemical evolution of brines in sedimentary basins.
Okla. Geol. Surv. Circ. 79, 60-77.

CERLING T.G., PEDERSON B.L. and VON DAMM K.L. (1989) Sodium-calcium ion

exchange in the weathering of shales: Implications for global weathering budgets.
Geology 17, 552-554.

111



CLAYTON R.N., FRIEDMAN L, GRAF D.L., MAYEDA T.K., MEENTS W.F, and
SHIMP N.F. (1966) The origin of saline formation waters, 1. Isotopic
composition. J. Geophys. Res. 71, 3869-3882.

CONNOLLY.C.A, WALTER LM., BAADSGAARD H. and LONGSTAFFE F.J. (1990)
Origin and evolution of formation waters, Alberta Basin, Western Canada
gmtary Basin. II. Isotope systematics and water mixing. Appld. Geochem S,

CREANEY 8. and ALLAN J. (in press) Hydrocarbon generation and migration in the
Western Canada Sedimentary Basin. In Classic Petroleum Provinces. Geol. Soc. of
London Spec. Pub.

DEMIR 1. (1988) Studies of smectite membrane behavior: Electrokinetic, osmotic and
xssgto%gl %glﬁonation processes at elevated pressure. Geochim. Cosmochim. Acta

DEROO G., POWELL T.G., TISSOT B. and McCROSSAN R.G. (1977) The origin and
migration of petroleum in the Western Canada Sedimentary Basin, Alberta. A
geochemical and thermal maturation study. Geol. Surv. Can. Bull. 262.

DICKINSON W.R. and SNYDER W.S. (1978) Plate tectonics of the Laramide Orogeny.
In Laramide Folding Associated with Basement Block Faulting in the Western
United States (ed. V. MATHEWS III), pp. 355-366. Geol. Soc. Am. Mem. 151.

DOMENICO P.A. and ROBBINS G.A. (1985) The displacement of connate waters from
aquifers. Geol. Soc. Am. Bull. 96, 328-335.

FAURE G. (1986) Principles of Isotope Geology (2nd Ed.). John Wiley & Sons.

FISHER J.B. (1987) Distribution and occurrence of aliphatic acid anions in deep
subsurface waters. Geochim. Cosmochim. Acta 51, 2459-2468.

FISHER R.S. and KREITLER C.W. (1987) Geochemistry and hydrodynamics of deep-
basin brines, Palo Duro Basin, Texas, U.S.A. Appld. Geochem. 2, 459-476.

GARRELS R.M. (1967) Genesis of some g-ound waters from some igneous rocks. In
Researches in Geochemistry, 2 (ed. P.H. ABELSON), pp. 405-420. New York,
John Wiley and Sons.

GARRELS RM. and MACKENZIE F.T. (1967) Origin of the chemical compositions of
some springs and lakes.In Equilibrium Concepts in Natural Water Systems, pp.
. 222-242. Washington, D.C., Am. Chem. Soc. 67.

GARVEN G. (1985) The role of regional fluid flow in the genesis of the Pine Point
deposit, western Canada sedimentary basin. Econ. Geol. 80, 307-324.

GARVEN G. (1989) A hydrogeologic model for the formation of giant oil sands deposits
of the western Canada sedimentary basin. Am.J. Sci. 289, 105-166.

112



GIESKES J.M. and ROGERS W.C. (1973) Alkalinity determination in interstitial waters
of marine sediments. J. Sediment. Petrol. 43, 272-2717.

GRAF D.L. (1982) Chemical osmosis, reverse chemical osmosis, and the origin of
subsurface brines. Geochim. Cosmochim. Acta 46, 1431-1448.

GRAF D.L., MEENTS W.F., FRIEDMAN 1. and SHIMP N.F. (1966) The origin of
Csalme.' ;'otma” tion waters - II. Calcium chloride waters. Illinois State Geol. Survey
irc. . .

HANOR J.S. (1979) Sedimentary genesis of hydrothermal fluids. In Geochemistry of
Hydrothermal Ore Deposits (ed. HL. BARNES), pp. 137-168. Wiley.

HANOR J.S. (1987) Origin and Migration of Subsurface Sedimentary Brines. Soc. Econ.
Paleon. Mineral. Short Course 21.

HANOR J.S. and WORKMAN A.L. (1986) Dissolved fatty acids in-Louisiana oil-field
brines. Appld. Geochem. 1, 37-46.

HATTON R.S and HANOR 1.S. (1984) Dissolved Volatile Fatty Acids in Subsurface
Hydropressured Brines: A Review of Published Literature on Occurrence,
Genesis, and Thermochemical Properties. Technical Report for Geopressured
Geothermal Activites in Louisiana, DOE Report No. DOE/NV/10174-3.

HELGESON H.C. (1969) Thermodynamics of hydrothermal systems at elevated
temperatures and pressures. Am. J. Sci. 267, 729-804.

HELGESON H.C., DELANY J.M., NESBITT H.W. and BIRD D.K. (1978) Summary
f‘}% czitk}u; ggf the thermodynamic properties of rock-forming minerals. Am. J. Sci.

HEM J.D. (1970) Study and interpretation of the chemical characteristics of natural water.
U.S. Geol. Surv. Water - Supply Paper 1473.

HITCHON B. (1969a) Fluid flow in the Western Canada Sedimentary Basin, 1. Effect of
topography. Water Resour. Res. S, 186-195.

HITCHON B. (1969b) Fluid flow in the Western Canada Sedimentary Basin, 2. Effect of
geology. Water Resour. Res. 5, 460-469. ]

HITCHON B. (1984) Geothermal gradients, hydrodynamics, and hydrocarbon
occurrence, Alberta, Canada. Am. Assoc. Petrol. Geol. Bull. 68, 713-743.

HITCHON B. and FRIEDMAN L. (1969) Geochemistry and origin of formation waters in
the western Canada sedimentary basin, 1. Stable isotopes of hydrogen and oxygen.
Geochim. Cosmochim. Acta 33, 1321-1349. :

HITCHON B., BILLINGS G.K. and KLOVAN J. E. (1971) Geochemistry and origin of

formation waters in the western Canada sedimentary basin, II. Factors controlling
chemical composition. Geochim. Cosmochim. Acta 38, 567-598.

113



HOLLAND H.D. (1984) The Chemical Evolution of the Atmosphere and Oceans. Princeton
University Press.

HOLYSH 8. (1989) Regional groundwater flow and petroleum related geochemical
signatures, Chauvin area east-central Alberta. Unpub. M.Sc. Thesis, Univ.
Alberta, Edmonton, Alberta.

HURST A. and IRWIN H. (1982) Geological modeling of cla diagenesis in sandstones.
Clay Min. 17, 5-22. e g y '

HUTCHEON 1. (1989) Application of chemical and uo(glc analyses of fluids to lems
in sandstone diagenesis. In Burial Diagenesis (ed. L. HU;;%;IEON). pp. 279-310.
Min. Assoc. Canada Short Course 15.

HUTCHEON L, OLDERSHAW A. and GHENT E. (1980) Diagenesis of sandstones of
the Kootenay Formation at Elk Valley (southeastern British Columbia) and Mount
Allan (southwestern Alberta). Geochim. Cosmochim. Acta 44, 1425-1435.

JORDON T.E. (1981) Thrust loads and foreland basin evolution, Cretaceous western
United States. Am. Assoc. Petrol. Geol. Bull. 65, 2506-2520.

KASPER H.F. and WUHRMANN K. (1978) Kinetic parameters and relative turnovers of
g%mel ix7npomnt catabolic reactions in digesting sludge. Appld. Environ. Microbiol.

KEHLE R.C. (1971) Geothermal survey of North America; 1971 annual progress report.
Am. Assoc. Petrol. Geol. Bull. unpublished report, 37p.

KHARAKA Y.K., HULL R.W. and CAROTHERS W.W. (1985) Water-rock interactions
in sedimentary basins. In Relationships of Organic Matter and Mineral Diagenesis
(eds. D.L. GAUTIER, Y.K. KHARAKA and R.C. SURDAM), pp. 79-124.
SEPM Course No. 17.

KHARAKA Y.K. and CAROTHERS W.W. (1986) Oxygen and hydrogen isotope
geochemistry of deep basin brines Chap. 2. In Handbook of Environmental
Isotope Geochemistry, 11 (eds. P. FRITZ and J.C. FONTES), pp. 305-360.

KHARAKA Y.K., MAEST A.S., CAROTHERS W.W,, LAW LM, LAMOTHE P.J. and
FRIES T.L. (1987) Geochemistry of metal-rich brines from central Mississippi
Salt Dome basin, U.S.A. Appld. Geochem. 2, 543-561.

KNAUTH L.P. (1988) Origin and mixing history of brines, Palo Duro Basin, Texas,
U.S.A. Appld. Geochem. 3, 455-474.

KNAUTH L.P. and BEEUNAS M.A. (1986) Isotope geochemistry of fluid inclusions in
Permian halite with implications for the isotopic history of ocean water and the
origin of saline formation waters. Geochim. Cosmochim. Acta 50, 419-433.

KROUSE H.R. (1980) Stable isotope geochemistry of non-hydrocarbon constituents of

ggtural gas. In Storage, Transport, Processing, World Petrol. Congr. Proc. 4, 85-

114



KROUSE HR., VIAU C.A., ELIUK L.S., UEDA A. and HALAS S. (1988) Chemical
and isotopic evidence of thermochemical sulphate reduction by light hydrocarbon
gases in carbonate reservoirs. Nature 333, 415-419. ,

LAND L.S. and PREZBINDOWSKI D.R. (1981) The origin and evolution of saline
formation water. Lower Cretaceous carbonates, south-central Texas, U.S.A. J.
Hydrol. 54, 51-74.

LONGINELLI A. and CRAIG H. (1967) Oxygen - 18 variations in sulfate ions in
seawater and saline lakes. Science 156, 56-69.

LONGSTAFFE F.J. (1986) Oxygen isotope studies of diagenesis in the basal Belly River
sandstone, Pembina I- Pool, Alberta. J. Sediment. Petrol. 56, 78-88.

LOWRY R.M., FAURE G., MULLET D.I and JONES L.M. (1988) Interpretation of
chemical and isotopic compositions of brines based on mixing and dilution,
*Clinton" sandstones, eastern Ohio, U.S.A. Appld. Geochem. 3, 177-184.

MACHEL H.G. (1987) Saddle dolomite as a by-product of chemical compaction and
thermochemical sulfate reduction. Geology 15, 936-940. ‘

MACHEMER 8.D. and HUTCHEON 1. (1988) Geochemistry of early carbonate cements
in the Cardium Formation, Central Alberta. J. Sediment. Petrol. 58, 136-147.

McNUTT R.H., FRAPE S K. and DOLLAR P. (1987) The strontium, oxygen and
hydrogen isotopic composition of brines, Michigan and Appalachian basins,
US.A. Appld. Geochem. 2, 495-505. '

MEANS J.L. and HUBBARD N.J. (1987) Short-chain aliphatic acid anions in deep
subsurface brines: A review of their origin, occurrence properties and importance
and new data on their distribution and geochemical implications in the Palo Duro
Basin, Texas. Org. Geochem. 11, 177-191.

MOSHIER S.0. and WAPLES D.W. (1985) Quantitative evaluation of Lower Cretaceous
%d:lr;nzigllelgiol 2as source rock for Alberta's oil sands. Am. Assoc. Petrol. Geol.

NELSON 8.J. (1970) The Face of Time, the Geologic History of Western Canada, pp. 56-
67. Alberta Soc. Petrol. Geol.

NESBITT H.W. (1980) Characterization of mineral-formatibn water interactions in
muggg sandstones and shales of the Illinois sedimentary basin. Am. J. Sci.

NESBITT H.W. (1985) A chemical equilibrium model for the Illinois Basin formation
waters. Am. J. Sci. 285, 436-458.

PALCIAUSKAS V. and DOMENICO P.A. (1976) Solution chemistry, mass transfer, and

the approach to chemical equilibrium in porous carbonate rocks and sediments.
Geol. Soc. Am. Bull. 87, 207-214.

115



PLUMMER L.N., WIGLEY T.M. and PARKHURST D.L. (1978) The kinetics of calcite
dissolution in CO; - water systems at 5 to 60°C and 0.0 to 1.0 atm CO2. Am. J.
Sci. 278, 179-216. :

PLUMMER L.N., PARKHURST D.L. and WIGLEY T.M. (1979) Critical review of the
kinetics of calcite dissolution and precipitation. In Chemical Modeling in Aqueous
Systems (ed. E.A. JENNE), pp.537-573. Am. Chem. Soc. Symp. Ser. 93.

PORTER J.W., PRICE R.A. and McCROSSAN R.G. (1982) The Western Canada
Sedimentary Basin. Roy. Soc. Phil. Trans. 3085, 169-192.

PRICE R.A. (1973) Large scale gravitational flow of supra-crustal rocks, southern
Canadian Rocky Mountains. InGravity and Tectonics (eds. K.A. DEGONG and
R.S.CHOLTEN), 491-502. Wiley.

SHOCK E.L. and HELGESON H.C. (1988) Calculation of the thermodynamic and
transport properties of aqueous species at high pressures and temperatures:
Correlation algorithms for ionic species and equation of state predictions to 5 kb
and 10000C. Geochim. Cosmochim. Acta 52, 2009-2036.

SKIPPEN G. and TROMMSDOREFF V. (1986) The influence of NaCl and KCl on phase
relations in metamorphosed carbonate rocks. Am. J. Sci. 286, 81-104.

SPENCER R.J. (1987) Origin of Ca-Cl brines in Devonian formations, Western Canada
Sedimentary Basin. Appld. Geochem. 2, 373-384.

STOESSELL RXK. and CARPENTER A.B. (1986) Stoichiometric saturation tests of
NaCl; <Bry and KCl;xBrx. Geochim. Cosmochim. Acta 50, 1465-1474.

SURDAM R.C., BOESE S.W. and CROSSEY L.J. (1984) The chemistry of secondary
porosity. In Clastic Diagenesis (eds. D.A. McDONALD and R.C. SURDAM), pp.
127-149. Am Assoc. Petrol. Geol. Mem. 37.

SURDAM R.C. and CROSSEY L.J. (1985) Mechanisms of organic/inorganic interactions
in sandstone/shale sequences. S.E.P.M. Short Course Notes 17, 177-232.

TAYLOR R.S., MATHEWS W.H. and KUPSCH W.O. (1964) Tertiary. In Geological
History of Western Canada (ed. R.G. McCROSSAN and R.P. GLAISTER), pp.
190-194. Alberta Soc. Petrol. Geol.

TIZZARD P.G. and LERBEKMO J.F. (1975) Depositional history of the Viking
. Formation, Suffield area, Alberta, Canada. Bull. Can. Petrol. Geol. 23, 715-752.

TOTH J. (1980) Cross-formational gravity flow of ground-water: A mechanism of the
transport and accumulation of petroleum (the generalized hydraulic theory of
petroleum migration). In Problems of Petroleum Migration (cds. W.H. ROBERTS
III and R.J. CORDELL), pp. 121-167. Am. Assoc. Petrol Geol. Studies in
Geology 10.

WHITE D.E. (1965) Saline waters of sedimentary rocks. In Fluids in Subsurface

116



Environments (eds. A. YOUNG and J.E. GALLEY), pp. 342-366. Am. Assoc.
Petrol. Geol. Mem. 4.

WILLEY L.M., KHARAKA Y.K., PRESSER T.S., RAPP J.B. and BARNES I. (1975)
Short-chain aliphatic anions in oilfield waters and their contribution to the measured
alkalinity. Geochim. Cosmochim. Acta 39, 1707-1711.

WOLERY T.J. (1983) EQ3NR: A computer program for geochemical aqueous speciation-
solubility calculations, users guide and documentation, UCRL - 53414. - Lawrence
Livermore Lab., Univ. Calif.

WORKMAN A.L. and HANOR J.S. (1985) Evidence for large-scale verticle migration of

dissolved fatty acids in Louisiana oil field brines: Iberia field, south-central
Louisiana. Trans. Gulf Coast Assoc. Geol. Soc. 38, 293-300.

117



Table 3.1. Stratigra
collected from

SYSTEM  STRATIGRAPHIC
UNIT

Upper Cretaceous

Lower Cretaceous

Middle Jurassic

Lower Jurassic

Mississippian

Upper Devonian

Middle/Lower
, Devonian

Cambrian

Precambrian

phic ¢

Basal Belly River

Lea Park -
Cardium

Viking

Glauconitic

Ostracod

Basal Quartz

Rock Creek

Poker Chip Shale
Nordegg

Fernie

Wabamun

Nisku

Elk Point

GENERAL LIT
DEPOSITIONA

Carbonaceous sandstone interbedded with shale and
sandstone.

Shales becoming more marine toward base.

Three sandstone members by dark shales.
Sandstone members may have conglomerate at the
top and be interspersed with shale lenses.

Vaﬁaﬁomﬁnesaltandpeppersmdsmﬁew
silistone to silty shale; sandstone generally
interspersed with shale.

Very fine to medium sandstone mixed with

quartz
coarser salt and pepper sandstone. Clay and
calcareous cement vary.

Predominantly shale that is partly calcareous,
containing bands of argillaceous limestone.

H¢
SETTING

Essentially sandstone varying greatly in colour and
texture. Upper beds are more calcareous. Contains
lenses of shale.

Calcareous sandstone and rusty weathering shale;
argillaceous limestone lenses.

Black calcareous shales with thin limestone beds.

Black limestone and black calcareous shales with
abundant chert fragments; top highly fossiliferous.

Shale; commonly sandy, in places calcareous, and
occasionally bituminous.

Massive coarse-grained limestone, altemating with
beds of black fine-grained limestone; may contain
chert nodules.

Limestone dominant in the upper part of the group
and dolomite in the middie and lower parts;
however, may consist of all one litholgy or the
other.

Dolomite, variably silty and anhydritic.

Semi-fragmental and reeflike; crystalline dolomite
with scattered vugs.

Anhydritic dolomite, fossiliferous
Calcareous grey to black shale.

Buff to glauconitic sandstone; shale partings.
Crystalline basement.

olumn for the study area in the Alberta Basin. Waters were
Upper Devonian - Upper Cretaceous formations.
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Table 3.3. Alkalinities and organic acid content of Alberta Basin brines. Ar = titrated
alkalinity; AR = reverse alkalinity; Ac = carbonate alkalinity; ORG ACIDS =
total short chain aliphatic acids; FORM = formate; ACE = acetate; PROP =

SYSTEM

Upper Cretacecus

Lower Cretacecus

Upper Devonisn

propionate; BUT = butyrate. The alkalinities are presented in meq/l and the

organic acids in mg/l and meq/L. nd= below detection limit; (-) not analyzed.

FORMATION

Bolly River
Bolly River
Bolly River
Belly River

FeesEs e fHE

LOCATION

4-38-40-4W3S
12.16-814WS
14-4-31-29W4

16-2040-3W3S
5-53-40-3W3

10-29-56-24W4
13-21-54-24W4
14-25-62-2¢W4¢
15-33-51-23W4
2-25-82-:MW4
16-34-40-5WS

10-25-54-13W85
16-24-84-13WS

8-34-40-8WS
34-40-8WS

14-13-40-5W5
1-18-62.8WS
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14-30-80-4W8
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$.7-57-1W8
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| G 2-00MW4

023
0.10
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Fig. 3.4. a) Distribution of total SCA versus the
coefficient of total SCAs versus acetate is 0
acetate concentration. (b) Total SCA versus weight % acetate. Acetate 15
anion as shown in Fig. 3.4a, but at lower total SCA

generally the dominant
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individual species. The correlation
0.996, illustrating the dominance of
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Fig. 3.8. Saturation index (S.I. = log (IAP/K)) vs total dissolved solids. Quartz is on
plots (a) and (b) for reference. (a) Depicts saturation states of the carbonate
minerals for Alberta Basin waters assuming pH is set by calcite phases in the
host lithology. (b) Depicts saturation states of sulfate minerals in Alberta Basin

waters.
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Fig.3.10. Log Cl vs log Br for Alberta Basin formation waters with the seawater

evaporation trajectory for reference (CARPENTER, 1978). None of the
samples plot above the S-E-T indicating salinity was not achieved by dissolution
of halite. Group I brines plot to the right of the S-E-T indicating they have a
seawater component that reached halite precipitation and was subsequently
diluted with meteoric water. Isopleths showing remixing proportions of 20, 40,
60, and 80% are given for reference. Most of the brines for Groups I and II plot
between 50 and 80% dilution. Group IIl waters are all more dilute than seawater.

Inset provides a graph of the molality of Cl versus the molality of Br.
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Fig.3.11. (a)Log K vs log Br for Alberta Basin brines. Fluids which show the greatest

enrichment in NaCl from seawater evaporation plot closest to the S-E-T in this
figure. Note that Group I waters plot closest to the S-E-T. (b) Log Navs log

Br for Alberta Basin brines.
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Fig.3.14. a) Plot of log Mg vs log Br for Alberta Basin waters. Note a depietion of Mg

relative to the S-E-T for all formation water groups. b) Plot of log Ca vs log Br
for Alberta Basin welers. Thereis a significant increase in Ca relative to S-E-T,

for Group I waters. _
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Fig.3.15. (a) Plot of (mCl-mNa) vs (mCa + mMg) for Alberta Basin brines. (b) Plot of
(mC! - mNa) vs Cl. Line SGH shows the evaporating seawater trajectory: S =
seawater, G = start of gypsum precipitation, H = start of halite precipitation.
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Fig.3.16. (a) Plot of Ca vs K which form a linear array intersecting close to the origin. A
least squares fit to the data yields r=0.91. (b) Na vs K in Alberta Basin brines.
A linear array is observed between Group I and Group II; however, Group III

belongs to a separate system.
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CHAPTER 4. ORIGIN AND EVOLUTION OF FORMATION WATERS,
ALBERTA BASIN, WESTERN CANADA SEDIMENTARY BASIN.
| IL ISOTOPE SYSTEMATICS AKD WATER MIXING

INTRODUCTION
Many formation water studies have focused on the Western Canada Sedimentary

Basin. The pioneer work establishing the character of groundwater flow is reported by
I—IITCHON (1969a, 1969b) and recently, further evaluation has been completed by the
hydrogeological modelling of GARVEN (1985, 1989). Preliminary isotopic and chemical
characteristics are reported for 78 formation waters from oil and gas fields in the basin
(BILLINGS et al., 1969; HITCHON and FRIEDMAN, 1969; HITCHON ez al., 1971).
Although these studies provide an excellent reconnaissance of the whole Western Canada
Sedimentary Basin, they do not address separate aquifer systems or interformational
variation throughout the basin.

Formation waters may originate as meteoric water recharged through and reacting
with the rock column, or as connate water trapped during sediment deposition. Subsequent
isotopic changes to formation waters may result from dilution by meteoric water, mixing of
brines with contrasting chemical and isotopic composition, and/or water-rock interaction.
The use of Sr isotopic measurements of formation waters, in conjunction with stable
isotopes, can constrain the extent of water-rock interaction and clarify migration pathways.
Oxygen and D values are important indicators for the origin of the water, whereas
87Sr/86Sr ratios reflect sources of dissolved Sr and can provide information regarding
water mixing and migration, the extent and nature of water-rock interaction, and the
chemical evolution of waters. CHAUDHURI (1978) was the first to apply 87S1/86Sr ratios
to the investigation of oil field brines in sedimentary basins in his study of brines in central
Kansas. Since then this technique has been applied to many other oilfield waters, including
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those in Ohio (SUNWALL and PUSHKAR, 1979), Isracl (STARINSKY et al., 1983),
Arkansas (STUEBER er al., 1984), Mississippi (RUSSEL and COWART, 1985), Illinois
(STUEBER et al., 1987), southern Louisiana (POSEY et al., 1985) and the Michigan and
Appalachian basins McNUTT er al., 1984, 1987). No Sr isotopic analyses have yet been
reported for the Alberta Basin.

The work reported here is the second of a three part study on the isotopic, chemical
and equilibrium thermodynamic properties of a suite of oil field waters from the Alberta
Basin. The purpose of this research is to determine, independent of hydrological models,
the extent of interformational water mixing and the significance of water-rock interaction in
a spatially restricted area of the Alberta Basin. Forty-three formation waters were sampled
from different geographical locations and formations (Fig. 4.1). The stratigraphic and
structural framework of the basin has been described in CONNOLLY et al. (1990).
Briefly, the study area is part of the Western Canada Sedimentery Basin and comprises a
wedge of unfolded sedimentary rocks that thicken toward the west-southwest and rest
unconformably on Precambrian basement. The wedge of sedimeatary rocks is composed of
thick units of: (1) Cretaceous shale and siltstone interbedded with thin lenses of sandstone;
and (2) eroded Jurassic and Paleozoic carbonates, shales and evaporites. The Cretaccous
clastic rocks are separated from stratigraphically lower units by a major regional
unconformity. Upper Mississippian, Pennsylvanian, Permian, Triassic and most Jurassic
strata are not found in the Central Plains of Alberta.

All of the brine samples were analyzed chemically (CONNOLLY etal., 1990) and
for 87§rﬁ68r ratios; isotopic compositions of D and O were determined for a representative
subset of brine samples. Isotopic analyses of mineral phases and rock samples from
various stratigraphic units have also been determined to establish the extent of isotopic
equilibration with the formation water. Thermodynamic modelling of the aqueous species
was applied to the waters in a scparate third study, in an attempt to elucidate the importance
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of water/rock interactions in controlling water compositions and mineral precipitaticn.

SAMPLE COLLECTION AND ANALYSIS

Procedures for brine collection are described in CONNOLLY et al. (1990). A total
of 43 core samples representative of the stratigraphic units in the study area from which
waters were sampled, were obtained from 14 different locations. Mineral compositions of
the whole-rocks and diagenetic cements were studied petrographically and by X-ray
diffraction. Whole rock samples and diagenetic cements were obtained for isotopic
analyses (C, O, Sr), using a slow-speed, hand-held drill. |

Untreated 125 ml aliquots of formation water for O and D analyses were collected
in glass bottles filled to overflowing and capped with air-tight lids. Oxygen isotope ratios
were determined by the CO; equilibration method (EPSTEIN and MAYEDA, 1953), but
the equilibration period was extended to 7 to 10 days to overcome kinetic effects inherent in
isotopic equilibration of CO2 with saline brines. The equation of SOFER and GAT (1972)
was used to convert the O isotope analyses. from activity to concentration units. The D
isotopic values were determined by the method of COLEMAN et al. (1982). Deuterium

and O isotopic ratios were measured by conventional gas-source mass-spectrometry.

Results are reported in concentration units using the usual § notation with respect to the
SMOW standard (CRAIG, 1961). The precision is 30.13%o and +2.3%o for 5180 and oD,

respectively.
. Stable isotope analyses of carbonate minerals were obtained by reacting organic-
free, powdered rock samples (<44 jum) in phosphoric acid using the method of WALTERS

et al. (1972), modified after McCREA (1950) and EPSTEIN et al. (1964). All 813C values

are given in permil notation relative to the Peedee belemnite (PDB) standard. Carbonate
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content and mineralogy were confirmed by XRD prior to isotope analyses; replicate
isotopic analyses of carbonate minerals were better than  0.2%.

A 125 ml aliquot of formation water, acidified to pH<2 using HNO3, was collected
for determination of the 87S1/86Sr ratios. The 87S1/86Sr ratios in formation waters and
mineral phases were measured on a VG-MM 30 mass spectrometer, follov;ing separation
by standard ion exchange techniques. Dissolution of carbonate, both whole-rock and
isolated diagenetic phases, was performed using dilute (2N), ultrapure HNO; at room
temperature; dissolution of shales was accomplished using ultrapure HF and HNO; and
gentle heating. The within-run precision of a single analysis of the ratio was $0.00003;
repeated runs of the NBS-987 standard gave 0.71022 (+ 0.00005). The Sr concentration
was determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES);
the exact conditions of analysis are described in CONNOLLY et al. (1990). '

RESULTS AND DISCUSSION

General

Sample locations, temperatures, depths and isotopic compositions of Alberta Basin
formation waters are summarized in Table 4.1. Complete chemical analyses for these
waters are reported and discussed elsewhere (CONNOLLY e¢ al., 1990). In brief, the
principal ionic species of Alberta Basin waters are Na and Cl, with Ca becoming more
significant in the waters from the Devonian reef strata. Although the average total
dissolved solids (TDS) is relatively low (80 + 47 g/l), the range in total concentration is
large' (4 to 235 gl). Temperatures in the study area range from 35 to 750C (average =
530+100C) and depths range from 680 to 1970 m (average = 13331312 m). The samples
cover a large stratigraphic interval, but the depths and temperatures are relatively similar
because of the dip of the basin and availability of sample locations for specific formations.
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Dilute waters extend to greater depths in the western part of the basin, closer to the
Canadian Cordillera, a potentiometric high.

The water samples from the Alberta Basin have been divided into three groups
based on chemistry and reservoir lithology (see discussion in CONNOLLY er al., 1990).
Group I waters are from Devonian, Mississippian and lowermost Jurassic (Nordegg
Formation) carbonates and the lowermost Cretaceous (Basal Quartz Formation) clastic
assemblage. Group II waters are hosted by the Middle Jurassic carbonates and the
Cretaceous Ostracod, Glauconitic, 5 lastic assemblages. Group I includes
waters in the clastic rocks of the Rock - 'd:um, and Belly River stratigraphic units.
Group I and Group II waters ar: scpar:: - zum those of Group III by the Second White
Speckled Shale, a regional transgressive shcle. The results discussed below demonstrate
that the division of waters into these three groups is further suggested by the brine isotopic

compositions.

0 { Deuterium Isoto
Basic Relations
Oxygen and D isotopic analyses for the Alberta Basin formation waters are plotted

in Fig. 4.2. Most samples from Group I and Group I have very similar 8D values. Group
III waters have 80 values which are more negative and slope toward the meteoric water line
(MWL). A least squares fit to all data intersects the meteoric water line ;t oD = -
121%qsMow) and 5180= - 16.3%qsmow), close to the current weighted mean annual values

for present day rainfall in Edmonton, Alberta (8D= - 125%o(sMowy; 5180= - 16.3%asmowy;

DANSGAARD, 1964) (see Fig. 4.1 for location). Regression of the isotopic data from
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HITCHON and FRIEDMAN (1969), results in a meteoric water intercept of 8D= -

144%qsmow) and 3180= - 19.3%asmow). This is actually in reasonably good agreement

with the data presented here given that (i) the samples of HITCHON and FRIEDMAN
(1969) covered a broader geographical range, and (ii) techniques for determining D isotopic
values in saline waters have evolved and are more accurate than those in use in the 1960's
(HORITA and GAT, 1989).

Waters from the Jurassic Rock Creek Formation from Group III are relatively dilute
and plot closer to the MWL than many stratigraphically higher samples. These samples,
Jocated in the middle of the stratigraphic section (Fig. 4.1), are the deepest and most
westerly waters sampled (Table 4.1). Salinity contours increase in dip toward the west
with proximity to the Canadian Cordillera (CONNOLLY et al., 1990). Thus, dilute,
meteoric waters extend to greater depths in the western part of the Alberta Basin and the
position of the Jurassic samples on Fig. 4.2 may be attributed to increased meteoric water
influences resulting from the location of the reservoir from which the waters were sampled.
Similar values for Jurassic waters from southern Albeqa have been reported by HITCHON
and FRIEDMAN (1969); however, these were ascribed to meteoric recharge from the
Sweetgrass Hills.

Significance of Water-Rock Interactions

The distribution of stable isotopes in waters from the Alberta Basin can be
interpmted in several ways. Simple mixing of meteoric water and ocean water will form a
mxxmg line joining surface rainwater and SMOW (standard mean ocean water). However,
the brines from the Alberta Basin fall to the right of such a line, showing a large 180
enrichment relative to meteoric water, but a comparatively small enrichment in D. Water-

rock interactions have often been called upon to explain the isotopic composition of waters
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in sedimentary basins. Albitization (LAND and PREZBINDOWSKI, 1981) and
equilibration with calcite (CLAYTON et al., 1966; HITCHON and FRIEDMAN, 1969) can
alter the O isotopic composition of waters, and processes such as membrane filtration can
affect both O and H isotopes (GRAF et al., 1966; KHARAKA et al., 1973).

Of these phenomena, O isotopic equilibration between the formation waters and the
carbonate rocks, as a function of temperature, can be most readily tested, using the
approach of CLAYTON et al. (1966). Oxygen and carbon isotopic analyses for the
reservoir carbonate samples are given in Table 4.2. The carbonate samples were usually
obtained from cores within several kms (<3) of the location of the comparable water
samples.

Most of the Devonian carbonates are dolomites with the exception of the Wabamun
Group, which is composed of calcite in the study aree (Table 4.2). Although no watérs
could be sampled from the Middle Devonian Elk Point Group, rock samples were collected
and analyzed because they lie beneath the Leduc Formation and potentially could have
interacted with overlying formation waters. Diagenetic minerals drilled out of Devonian

whole rock samples were generally characterized by 8180 values similar to, but at the low
end of the range of isotopic values for whole-rock samples. In contrast to the Devonian
rocks, the Jurassic and Mississippian show a pronounced discrepancy between §180

values for whole-rock samples and diagenetic calcite cements, with the cements being as

much as 5% lighter for some samples. |
Authigenic carbonate cements are the only carbonate phases within the clastic rocks,

with the minor exception of detrital dolomite grains in some units. Some of these rocks

contain more than one generation of cement, with each generation having a distinct isotopic

composition. For example, the Viking Formation contains siderite (5180 = +18 -

143



+26%asMow))s calcite (8180 = +14%qsmow)) and ankerite (5180 = +16.3 - +16.7%qsMOW))
cements (see Chapter 2) and dolomite grains (8180 = +19.3 - +22.1%o0 (smow)) - Many of

the values reported here for the authigenic carbonates in the Cretaceous clastics disagree
with those reported by HITCHON and FRIEDMAN (1969) for similar formations.
However, their values are within the range of values reported here and the variation
between the two data sets is probably because HITCHON and FRIEDMAN (1969)
obtained whole-rock carbonate isotope values for sandstones without isolating cement
generations.

The calcite-water fractionation factor of FRIEDMAN and O'NEIL (1977) and the
dolomite-water fractionation factor of MATTHEWS and KATZ (1977) were used to
calculate the O isotopic composition of formation water in equilibrium with calcite and
dolomite, respectively, as a function of subsurface temperature. Figure 4.3 a-c shows the
isotopic composition of watere in the Alberta Basin relative to the carbonate values at the
present temperature of each water sample for the different water groups - .

Group I waters are plotted in Fig. 4.3a. These waters are dominantly from
carbonate reservoirs (Devonian), but also include waters from a clastic unit (Basal Quartz
Formation). One water sampie plots slightly above the Dol 26%o curve, suggesting it is in
equilibrium with doicmsze. However, most of the waters from dolomitic reservoirs are
depleted in 180 relative to O isotopic equilibrium values. In general, waters from calcitic
reservoirs are also not equilibrated isotcpically with the carbonate host at present
temperatures, but are variably enriched or depleted in 180 relative to equilibrium values.
Enrichment felative to calcite likely indicates reaction with dolomitic limestone and
depletion suggests remnants of the effect of the regional influx of fresh water through the
basin, subsequent to the Laramide Orogeny. The waters from = clastic reservoirs in

Group I (small solids dots) are enriched in 180 relative to the carvonate cements present.
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Waters from Group II reservoirs are dominantly clastic, but contain reservoir
waters from one carbonate unit (Jurassic). These waters are plotted in Fig. 4.3b. Most of
the waters from this group have isotopic compositions which are in equilibrium or slightly
enriched relative to the cement compositions. HITCHON and FRIEDMAN (1969) suggest
that because extensive volumes of carbonate are only found at depth, enrichment of 180 in
shallower formation waters probably results from exchange with carbonate cements or less

likely, from exchange with CO3-2 or HCOj3- in water. However, as in the case of D
isotopes, the 5180 signatures of the Group II waters are similar to those of Group I and

thus are not consistent with separate sources of 180. Furthermore, the carbonate cements
in Group II reservoirs were predominantly formed subsequent to the pervasive influx of
low-180 meteoric water after the Laramide Orogeny (LONGSTAFFE and AYALON,
1987), indicating that water reactions with stratigraphically lowr r carbonate rocks may
better explain the slight enrichments.

Waters from the low salinity clastic reservoirs of Group Il are shown in Fig. 4.3c.
Half of the waters are depleted in 180 relative to equilibrium values, and half are near
equilibrium with the authigenic calcitc cements at present reservoir temperatures.
Considered in the context of the tectonic history of the basin, the data suggest that the low
180 waters are largely influenced by local meteoric waters and and have not reacted
significantly with earlier formed calcite cements.

In summary, most of the waters in the Alberta Basin do not appear to be ia isotopic
equilibrium with the carbonate phases present in the reservoir in which they reside.
Farthermore, the waters are not biased toward 180 depletion or enrichment but exhibit both
traizs, suggesting some communication between the waters of diffezent stratigraphic units.
Enrichment relative to equilibrium values likely results from waters derived from

stratigraphically lower carbonate rocks in the basin (Devonian carbonates); depietion
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relative to equilibrium is probably the result of regional flushing of meteoric waters
subsequent to the Laramide Orogeny. In addition, the data suggest that the waters are, of
were in the recent past, actively moving in the basin. If not, a greater degree of
equﬂibxaﬁmwmxldheobsuveipmﬁcMuIywimmeurbmnwphaseswhichamgmmuy
aar'e reactive than silicate miinerals. Enriched isotopic values of formation waters have
been attributed to the effects of inembrane fitnition (HITCHON and FRIEDMAN, 1969);
however, the chemice! data (COXINOLLY et dl., 1990) and shale abundance and
composition in the Albert: Sasin dispute this. Albitization is also unlikely to have been a
significant influznce on the isotopic composition of the waters, because carbonate phases
are mare abundant an rare reactive than albite, and carbonate equilibration is not obvious.
Furthermore, albitization is not a very significant process in the Alberta Basin (Appendix
I).

Relations With Conservative Chemical Constituents

Although the data are not conclusive, extensive rock buffering of 8180 values in

Alberta Basin waters is not apparent from equilibrium modelling presented above.

Alternatively, D is less prone to diagenetic alteration. The 8D values of formation waters

plotted against geochemical constituents which largely behave conservatively (Na, Cl) is a
useful technique to distinguish chemical variations in subsurface waters which might result
from mixing of subsurface brines, as opposed to thuse explainable by water/rock
interactions. Formation waters, clay minerals, and hydrocarbons are the main reservoirs of
Hin .a sedimentary basin; howe?r, hydrocarbons do not tend to readily exchange H. If
the amount of H in clay minerals is large in a sedimentary basin relative to the amount of

formation water, then H-isotope exchange with clay minerals could significantly affect the

water 5D values. However, the amount of exchangeable H in clay minerals, relative to
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water H, is generally small. Furthermore, the effective water-rock ratio is also increased if
formation waters mainly flow through aguifers (KNAUTH, 1988), which is likely the case

in the Alberta Basin (MAJOROWICZ et al., 1985; TOTH, 1989). Therefore, 8D is largely

conservative and well suited for distinguishing elmgiiital variations. The 8180 composition
of a water is more ambiguous because it may be influenced by both water and rock
reservoirs. However, when used in conjunction with 8D data, 8180 values can be used to
indicate the relative proportion of water-rock interaction.

Figure 4.4 illustrates a series of plots of Cl and Na vs 8D, and Cl and Na vs 5180.
On both 8D plots (Figs. 4.4a and 4.4c) a good linear relation is observed; regression of the
data results in x-intercepts similss to the 8D value indicated on Fig. 4.2, with the Cl vs 8D

= -118%qsmow) and the Na vs 8D = -120%qsMow). Separation of the waters into the 3
groups recognized from chemistry alone (CONNOLLY ez al., 1990) is very pronounced.
Comparing Figs. 4.4a and 4.4c with the 5180 vs 8D plot (Fig. 4.2), a meteoric water
influence can be logically inferred. Group I is the most saline and euriched in deuterium in
Fig. 4.4, with some samples showing some deviation from the main cluster. Many of the
Group I samples are from variable Devonian reefal facies (platform, pinnacle), with fluid
movement differing in these two environments. The pinnacle reefs (Leduc Formation)
direct porewaters from surrounding compacting shales upwards through the reef resulting
in vertical brine movement and permeability zoning (DAVIS, 1972), whereas fluid
movement in the platform reefs have a more dominant lateral component. This variation

may cause some of the scatter observed on the plots (Fig. 4.4). Group II waters have

lower Na and Cl concentrations, but have similar 8D values to Group I. Group III is by far
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the most dilute, with a significant gap separating it from Group I and II. Group III waters
also have the lowest 5D values; several samples have 8D values very similar to present
rainfall.

The Na and C1 vs 5180 graphs were plotted to assess the impact of water-rock
interaction (Figs. 4.4b and 4.4d). The x-intercepts, determined by regression of the data,

for both the O graphs are notably greater than on Fig. 4.2, with the Cl vs 5180 plot = -
14%osmow) and the Na vs 8180 plot = -15.5%o(sMow). These values deviate from
meteoric water values slightly more than the 8D values, when the amount of errer

associated with the two analyses (i.e. 0.13%o for $180 and 2.3%o for 8D) is ~onsidered.

This is likely because of some O-isotope exchange between the water and rock, particularly
the cerbonate phases. Thus, Figs. 4.4b and 4.4d corroborate the lack of 180 equilibration
in host carbonates (Fig. 4.3). Although processes such as albitization and O-isotope
exchange with carbonate minerals have likely occurred to some degree in the basin, they

have not significantly affected the §180, 5D isotope systematics of the preseni ivimation

waters.

Evaporated Seawater Component

If water-rock interaction is not shown to dominate the stable O and H isotopic
composition of the waters in a sedimentary basin, mixing of evaporated brines with

meteoric water can, in many cases, account for the isotopic compositon of the formation
waters (KNAUTH and BEEUNAS, 1986). Highly evaporated seawster can have negative -

values similar to some meteoric waters, given the hooked-shaped isotope trajectory of
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evaporated brines (Fig. 4.5; KNAUTH and BEEUNAS, 1986). DOMENICO and
ROBBINS (1985) also show that meicoric waters do not completely flush out dense,
residual brines, but rather mix with these brines. Such behavior will produce linear mixing
trends on a 8D - 5180 diagram similar to those observed ezrlicr by CLAYTON ez al. (1966).

In the Alberta Basin, the D and 8180 values of formation water increase with increasing
salinity, indiceting a meteoric or mixed meteoric-marine origin. Because a residual seawater
component associated with marine evaporite deposits iz consistent with formation water
chemistry (CONNOLLY ez al., 1990) the possibility of a hocked-shaped seawater
evaporation trajectory should be evaluated.

During seawater evaporation, residual waters at first become enriched in 180 and
D, but then become depleted as evaporation proceeds, resulting in a hooked-shaped
trajectory (Fig. 4.5). Two seawater evaporation trajectories are shown on Fig. 4.5: the
curve of HOLSER (1979), which is based on laboratory data; and the curve of PIERRE et
al. (1984) which is based on the evaporation of the Ojo de Licbre waters. The curve
proposed by PIERRE et al. (1984) closely approximates the evaporation curve of the Black
Sea (GUTSALO, 1980), and both curves show a more rapid and pronounced decrease in

3D than the curve of HOLSER (1979), for equivaient increases in concentration.

Furthermore, the PIERRE et al. (1984) curve closely parallels the meteoric water line after
it recurves. This parallelism likely reflects conditions close to equilibrium which exist after
the isotope evaporation curve hooks around when phase transitions in hydration spheres
are occurrisig {GUTSALO, 1980).

Even the most saline Alb:iia Basin formation waters have very negative 5D values.
If an evaporits brine is an end-member, an extremely negative 8D value is required to

produce a mixing line between a brine and mietecric waters with the orientation of the
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trajectory for Alberta Basin formation waters on a 8D vs 5180 plot (Fig. 4.5). Halite

precipitation begins at 11X and continues to 65X evaporated concentration of seawater
(CARPENTER, 1978). CONNOLLY ez al. (1990) have shown that waters in Group I
have experienced extensive evaporation and gone beyond halite precipitation. Their data
indicate that the more concentrated waters could have evaporated to acomemmién of 45X.
However, extrapolation of the PIERRE et al. (1984) curve to 45X concentration does not

produce sufficiently negative 8D values representative of the Alberta Basin waters.

Measured 8D values for the Black Sca (GUTSALO, 1980) are close to the curve of
PIERRE et ai. (1984) and come close to a likely evaporite brine ¢nd member composition
for the Alberta Basin formation waters. However, this SD value for the Black Sea (Fig.

4.5) represents 80X concentration, which exceeds the field of halite precipitation and the
degree of concentration likely experienced by Group I fluids.

Most likely, the isotopically heavy end member of the brine had a more complicated
origin. One scenario would involve an evaporating brine subjected to intermittent
incutsions of meteoric water. The various marine incursions in the Devonian were
separated by periods of uplift, during which the hydrodynamic situations allowed the influx
of fresh water (GORRELL and ALDERMAN, 1968). The influence of episodic meteoric
recharge into an evaporated pan is shown in Fig. 4.6. Here, sea water cvaporates along a
positive slope towards point A and is subsequently subjected to mixing with meteoric
water. This process drives the isotopic composition of the brine from point A downward
back toward the MWL, with the amount of displacement depending on the relative
proportions of the waters being mixed. During the Devonian the study arca was
progressively migrating toward higher latitudes and lower temperatures, SO that recharging

meteoric water would have had an increasingly negative stable isotopic composition. In
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addition, uplift to the west would have caused a decrease of the isotopic values of meteoric
waters, because of altitudinal effects. The zig-zag pattern on Fig. 4.6 depicts hypothetical
incursions of progressively isotopically depleted waters into the basin. Although the exact
path over which the water evolved is highly speculative, the end membezs, an evaporated
seawater component (CONNOLLY: et al., 1990) mixing with a meteoric ‘water, is

reasonably well constrained and compatible with the tectonic history. Thus, the very

negative §-values of Alberta Basin waters do not rule out an evaporated seawater

component.

8D Homogei:zity Between Water Groups

Previous arguments suggest that all of the rocks in the Aiberta Basin have been
affected by meteoric recharge, and that Group 11T waters are chemically and isotopically
distinct from those of Group I and Group II. The waters in Group I and Group II have

relatively constant 3D values (-82.2 1 6.3%o) regardless of depth or stratigraphic unit; a
regression iine of the stable isotope results for these two groups intersects the MWL at 8D
= -96%o(sMow) and 5180 = -13.3%o(smMow). These values are greater than modem rainfall
3D ard 5180 values by 25%0 and 3%o, respectively.

Group I and Group IT waters have a large lateral and vertical extent over which 8D

values are consistent. The lack of significant variation in the 5D values of watzzs from

Group I and II (Devonian-Lower Cretaceous), and the fact that they differ from present
meteoric values, indicate minimal influence from the overlying flow subsystems which are
flushed with moder meteoric waters. GARVEN (1989) has suggested that gravity driven
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flow in the Western Canada Sedimentary Basin, initiated by the Laramide Orogeny, was
probably active until dissipation of the regional flow system in the Miocene-Pliocene.

To evaluate whether the Group I and Group II waters represent formations waters
retained since the Neogene, conditions at that time must be examined. Paleolatitude studies
Mmmnﬁﬂythesamehﬁnﬂeﬁmaﬁmfmmn&mdadﬁnghepoﬁ&umﬂde
period (HITCHON and FRIEDMAN, 1969); however, the mean annual temperature in the
Neogene was approximately 9oC (WGLFE, 1980). This is at least 4°C warmer than the

present average surface temperature of 5oC (HITCHON, 1984) for the study arca.

DANSGAARD (1964) has shown that current meteoric waters change in 8D by 5.6%o0 and

5180 by 0.7%o for every 1°C change in temperature. Deviations from these values resulting

from kinetic éffects such as altitude and lateral migration of weather inland across the
continent should not have been any different then than they are today. Topographic relief
of the Rocky Mountains was at 8 maximum in carly Eocene time (BEAUMONT, 1981;
HITCHON, 1984), with uplift and erosion being the strongest during the Oligocene and
Miocene. However, towards the end of the Miocene and in the Pliocene, the altitude of the
Rocky Mountains was similar to the present day (BEAUMONT, 1981). The lawral
distance of rain and weather castward across Canada was also similar in the Pliocene to

present day. Thus, the changes in D and 5180 values for meteoric waters resulting solely
from temperature may be applicd in this situation. The Pleistocene glaciations were not
considered to be a contributing influence to the isotopic composition of the Group I and
Group II waters because these events occurred subsequent o the proposed time of
dissipation of the regional flow regime (GARVEN, 1989).

Considering the temperature effect, 5D and 5180 values of rainwater in the

Neogene would have been higher by 22%o and 2.8%e, respectively, relative to modern
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meteoric waters. Both values are similar to the differences noted above between the actual
Group I and Group II intersection with the MWL and the present rainfall values.
Therefore, the isotopic composition of Group I and Group II waters indicate that meteoric
waters in the Pliocene are one end member of a two component mixing system, with an
evaporated brine component being the other member. Hydrochemical isolation 'of Group I
and Group I waters since the Neogene would be required to preserve the mixing relations.
This isolation was likely a result of the dissipation of the regional flow system into local
flow systems (GARVEN, 1989).

Strontium Isotopes
General Stratigraphic Trends
The 87Sr/86Sr ratios for formation waters and diagenetic cements from the Alberta

Basin are shown in Fig. 4.7 as a function of age of the reservoir rock (as opposed to the
age of a given diagenetic cement which could be much younger) relative to the Sr isotope
age curve for seawater-(BURKE et al., 1982). This curve reflects a balance between the
input of Sr with low 87Sr/86Sr ratios from mid-ocean ridge basalts and of Sr with high
87Sr/86Sr ratios from continental erosion, for a given time period. Strontium has a long
residence time in the ocean; therefore, its concentration and isctopic composition is uniform
throughout the world's oceans at any given time (VEIZER and COMPSTON, 1974).
Thus, Sr is a useful indicator of the changes that occur in water chemistry during the
diagenesis of marine sediments.

. Deviation of formation water 87Sr/86Sr ratios from the Burke curve indicates a
contribution of Sr from sources other than seawater or marine minerals (carbonates or
evaporites) in the host rock. Most of the waters are more radiogenic than coeval seawater

values until the Upper Cretaceous. Waters extracted from Upper Cretaceous reservoirs
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have significantly less radiogenic signatures than Upper Cretaceous scawater. The large
excursion in brine 87Sr/86Sr from the seawater age curve precludes a Sr source from
seawater of any age and indicates water-rock interaction must have altered the formation
water chemistry in the Alberta Basin.

All of the formation waters are more radiogenic than the corresponding diagenetic
cements for a specific stratigraphic unit until the upper Lower Cretaceous to Upper
Cretaceous reservoirs, when their values begin to overlap. The 87Sr/86Sr values for the
waters and mizierals in the oldest Devonian formation (Leduc) sampled are also reasonably
close to each other. The general lack of comparable water-rock 87Sr/8Sr ratios indicates
thatthediageneticcarbonatwweteformedearlia'inthcbm'inlhistoryandthatd\ewaterSr
isotopic composition subsequently evolved, with little Sr-isotope re-equilibration between
the waters and the cements. This is consistent with some relatively rapid changes in basin
configuration, hydrodynamics and geothermal gradients induced by the Laramide Orogeny.

Whole-rock and diagenetic fractions from all stratigraphic units in the study area
have been analyzed for 87Sr/86Sr, except for the Devonian shales (Table 4.2). The only
stratigraphic units that have 87S1/86Sr ratios greater than any of the formation waters are
Cambrian shales and the Precambrian basement. Most of the other units in the stratigraphic
column, particularly the shales (c.g. Poker Chip Shale), have 87Sr/86Sr ratios similar to the
highest 87Sr/86Sr values from the waters. However, rock Sr ratios must be higher than
those of the waters in order for the former to raise the Sr isotopic ratio of ' the latter.
Strontium is more mobile during weathering than Rb, and the §7S1/865r ratio of the Sr that
goes into solution is generally lower than the 87Sr/86Sr ratio of the rock (STANLEY and
FAURE, 1979). STUEBER ezal. (1987) conducte:] leaching experiments on shales with
whole-rock values of 0.75472, where the leachate yielded values of only 0.7 1229 and
0.71178, depending on the leaching reagent. It is apparent, then, that the clastic and
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carbonate rocks are in hydraulic communication because the 87Sr/86Sr ratios of some
waters in the Jurassic and Lower Cretaceous contain highly radiogenic Sr. However,
Devonian and/or Cambrian shales are the only apparent source for these more radiogenic St
isotopic ratios.

There appears to be a discrepancy between the degree of water-rock interaction
indicated by the stable O versus the radiogenic Sr isotopic data. This may be explained by
considering the differences in relative concentrations of O and Sr in water and solid phases.
A large reservoir of O is present in both the rock and water i:hase. resulting in the O
isotopic composition of the water changing toward equilibration with the rock at relatively
low water-rock ratios. However, owing to low Sr concentrations in waters relative to
rocks, the Sr isotopic composition of the water is reset at a water-rock ratio an order. of
magnitude higher than that required to reset its O isotopic composizion (BANNER et al.,
1989) and a variation in the apparent degree of equilibration occurs.

Mixing Relations
The linear trends observed in the Na and Cl vs 8D and 6180 plots (Figs. 4.4a-d)

suggest possible mixing relations among waters of the Alberta Basin which may be best
described by the processes of diffusional upward flow (HANOR, 1984) or density
stratification (LAND, 1987). Linear relations observed for these waters on seawater
evaporation curves and elemental plots (CONNOLLY ez al., 1990) suggest that'the waters
in different stratigraphic units composing Group I and Group II are in contact with one
another and are not behaving as isolated hydrological systems.

Potential mixing relations can also be tested using a plot of 87Sr/86Sr ratios vs
reciprocal Sr concentrations (Table 4.1). The goodness of fit of the data points to a
straight line tests the strength of the mixing hypothesis and the assumption that the waters
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were not altered in some way after mixing (FAURE, 1986). A plot of 87Sr/86St vs 1/Sr
(Fig. 4.8) for all of the Alberta Basin formation waters displays several trends or groups.
First, the extremely dilute samples from the Cardium and Belly River units in Group Il are
also extremely depleted in Sr. As with other chemical components (CONNOLLY et al.,
1990), the St isotopic systematics of the Group III waters attest to their lack of association
with the rest of the brines in the basin. Second, with the exception of a couple of Group Il
brine samples, most Group I and II water samples form a near-vertical array with a slightly
negative slope. The dominantly carbonate hosted brines of Group I generaily have higher
87Sr/86Sr ratios than formation waters from the clastic rocks of Group II, but Sr
concentration of both groups is quite similar. This behavior is unusual because carbonate
rocks generally have high average Sr concentrations (610 ppm; FAURE, 1986) and
relatively low isotopic ratios (0.708-0.709), whereas shales and sandstones gerierally have
much lower average Sr concentrations (sandstone 20 ppm; shale 300 ppm; FAURE 1986)
and much higher 87Sr/86Sr ratios; these characteristics result in the positive slope usually
observed on 87Sr/86Sr vs 1/Sr plots.

The contribution of Sr from the rock to the fluid phase is controlled by mineral
reactivity and solubility, both of which tend to be greater for carbonates than for clastic
rocks. Carbonate minerals, plagioclase and volcanic ash are important sources of Sr.
Clay, microcline, mica, apatite and ferromagnesium minerals contribute less Sr, cither
because they are more resistant to chemical weathering, have low Sr concentrations, or
both (STANLEY and FAURE, 1979).

. When waters have interacted with rocks of two completely different lithological
compositions, (e.g. carbonate and clastic rocks) and two completely different Sr
concentrations and 87Sr/86Sr ratios, two end member components can frequently be

observed. In the Alberta Basin two different rock groups are present, the Paleozoic
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carbonates and the Cretaceous clastic rocks. From previous discussion it has been
determined that the waters from these units, Group I and Group II, are in coinmunication;
therefbre, a two component mixing line is expected. However, Fig. 4.8 indicates that the
clastic rocks have high Sr concentrations, similar to the carbonates, and that a vertical trend
is generated rather than a mixing line with a definable slope. When Fig. 4.8 is enlarged, a
non-random mixing trend becomes definable with a negative slope. This negative slope is
unique; a mixing line with such an orientation has not been previously published, although
low 8"’Sr/l“isr values similar to those from the Alberta Basin have been reported in the San
Joaquin Basin (BOLES, pers. comm.).

The positive slope on the right side of Fig. 4.8 between soe Group II and Group
I waters represents waters sampled from the Rock Creek Formation and Middle Jurassic
units. Both of these waters, particularly that from the Rock Creek, have been shown by
stable #=~topes and chemical concentrations to have been diluted by meteoric waters. The
Middle }~rassic was sampled reasonably close to the Rock Creek sampling locations and
may be affected by downward flow from the Rock Creek unit. Both waters are displaced
to the right because of dilution, which would affect their Sr concentration but not their
87Sr/86Sr ratios.

In summary, the watersinGmupsIgndI[appcartobe an open chemical system
with each other, with the Group II waters in stratigraphically higher units having lower Sr
concentrations than those from Group L. It would appear that diffusional flow has been an
active process between the high 87Sr/86Sr, carbonate-hosted waters and the low-87Sr/86Sr
clastic-hosted waters; a tentative density stratification has been established. Density
stratification is characterized by a regular increase in salinity commonly observed in
sedimentary basins. Barring forced flow or hydrothermai convection, which are unlikely
processes in the study area, basins become stratified in their salinity distribution until
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displaced by meteoric recharge. This corroborates the previous argument that waters from
Group { and IT have not experienced meteoric recharge since at least the Pliocene.

Provenance of Clastic Sedimentary Rocks

The concentration of St in sandstones and waters may be directly proportional to
the abundance of a given mineral phase. STANLEY and FAURE (1979) show that 88.5 -
98.5% of the Sr in authigenic cements from the High Plains sequence of Nebraska and
tVyoming originated from sources having low 87Sr/86Sr ratios (0.706 - 0.709). The
concentration of Sr in the sandstones from this sequence is directly proportional to the
abundance of plagioclase, suggesting it is the principal source of Sr in the formation water
and the control on formation water 87Sr/86Sr ratio. The study emphasized the dominance
of plagioclase and volcanic ash, both of which are characterized by low §7St/86Sr ratios, as
prevalent sources of Sr dissolved in porewaters.

Petrographic analysis of rocks in the study afea in the Alberta Basin indicate that
igneous and sedimentary terrains have contributed detritus to the Lower Cretaceous
formations, with minor contributions from metassorphic sources. Previous studies dealing
with Cretaceous rocks in the Alberta Basin have suggested that the sediment source was the
Precambrian Shield to the east (CAMERON, 1965; ORR et al. ,1977), the Cansdisn
Cordillera to the west (MELLON, 1967; VIGRASS, 1977), or 2 combinasion of these two.
In contrast, PUTNAM (1982) and SUTTNER (1969) have suggested a more soatherly
source of sediment for the basin.

. Toward the end of the Lower Cretacecus, the regional dip of the Alberta Basin was
to the north or northeast because of the rising mountain chain to the southwest. The
Cretaceous river systems were draining toward the north (Fig. 4.9y (WILLIAMS and
STELCK, 1975; PUTNAM, 1982). This inferred stream orientation and flow direction
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contrasts with sediment dispersal patterns previously proposed for the upper Lower
Cretaceous in the study area. The distribution of sediments has been interpreted as having
eruanated eastward from the Canadian Cordillera in response to mountain building triggered
by the Columbian Orogeny (EISBACHER ez al., 1974; MIALL, 1978). However,
EISBACHER et al. (1974) also inferred a northward paleoflow direction subparallel to the
mountain front. This theory eliminated high 87Sr/86Sr constituents from th' Tanadian
Shield as a major source of detritus to the Alberta Bzsin during Cretaceous time and pointed
tc: the northwest U.S.A. as a likely source of sediment.

The Rocky Mountains of western Montana and Idaho, which were either present or
forming during Lower Cretaceous (PUTNAM, 1982; GARVEN, 1989), ase the main
highlands to the southwest of the study area. Associat<” with these units was ant eastward
migrating volcanic regime. This volcanic belt was associated with regional orogenesis
which originat-d in Oregon during the Middle to Late Jurassic and migrated as far east as
western Montana during the Late Cretaceous and Early Tertiary. Culmination of this .- iod
of continuous mobility occurred in west-cc—:ntral Montana with the onset of Laramide
tectonism. Thus, the decrease in 87S1/86St of both rocks and waters of the study area
throughout the Cretaceous may be accounted for by the increasing influence of volcanic
sediments, as the locus of deposition move: closer to the Alberta Basin in response to the
migration of orogenic movements. Plagioclase and volcanic #sh are dominant constituents
of these volcanics, both of which could have contributed considerable Sr to-the water
because of their reactivity, regardless of the fact that they were not the most abundant
mineral constituents present. The 87Sr/86Sr ratios of volcanic recks in continental
environmeits tend to range from 0.703 - (0.708 with a mean of 0.70577 (FAURE, 19£6).

Detritus from these volcanic rocks, plus 87Sr-poor sedimentary rocks from the same

region, may be the origin of the low and Gecreasing 87Sr/863r ratios in the waters,
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particularly if these solids provide >80% of the Sr to the waters, as is the case in other
basins (STANLEY and FAURE, 1986

A volcanic contributior: to the Cretaceous sediments would help to explain the
negatively sloped mixing t-* . ~:erved betwecn the dominantly carbonate (Group I) and
clastic ks {(Grow= T) 5+ ?). Volcanic rocks have an average St concentration of
465 ppm (FAURE, 1986) which is relatively similar to the average carbonate conceatration
of 610 ppm for carbte«:-s. If the former minerals release slightly less Sr than the latter,
with different 87Sr/36Sr ratios, the negative slope in Fig. 4.8 could result.
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CONCLUSIONS

Formation waters in the Alberta Basin form three hydrochemical groups: (1) Group
I is composed of waters from the Devonian and Mississippian carbonates aﬁd the
Cretaceous Basal Quartz Formation: (2) Group 1I is composed of waters from Cretaceous
clastic rocks of the Ostraccd, Glauconitic, and Viking Formations, together with the
Jurassic waters; (3) Group II is compr:3ed of waters from the Eelly River, Cardium and
Rock Creek stratigraphic units.

Plots of stable isotopes (81 vs §180), combixzZ stable isotope and elemental data

(Cl vs 8D; Ci vs 8180) and 87Sr/86Sr vs 1/Sr, sugzes: (.. 1w hydrological regimes are

present in the basin. One regime is dominated by flushing of moderp meteoric waters
through ihe upper pertion of the sedinentary succession and is represented by Group 1
waters. The second regime is isolated from ihe first and is characterized by association
between Group I and IT wateis. This regime is composed of a mixture ~f metsoric waters
that flushed ti:cough the basin s a result of Laramide tectonism and original connate brines.
Group I and IT formation waters became isolated from present day meteoric water recharge
during the Pliocene; upward diffusional flow and densir- stra.i..cation followed, resulting
in stratigraphically lowsr formation; becoming more saline than the formations located
stratigraphically highet /¢ section.

Variation in water 87Sr/86Sr ratios indicate that different water-rock interactions
and changes in provenance have occurred in the basin. The 87St/86Sr ratios in Group I
water's (0.7076 - 0.7129) are strongly influenced by Devonian and Cambrian shales. The
87Sr/86Sr ratios for waters and diagenetic minerals in the upper Lower and Upper
Cretaceous are relatively low (0.7058) suggesiing that a volcanic source to the southwest

(Montana) was a significant source of detritus for the study area.
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Table 4.1. Sample locations, depths, temperatures and isotopi ”
Basin brines; — = not mympem pic compositions of Alberta

SYSTEM  STRATIGRAPHIC LOCATION DEPTH TEMP §'60 gp 078¢/868r /8¢
UNIT (m) (C)
Upper Cretacsous Belly River 6-5-49-0WS 1078 386 103 94 070834  6.05E-02
Belly River 8-20-49-0N5 1000 49 -104 X0  0.70628  4.08E-02
Belly River 2-28-48-8W5 1078 45 - - 0.70618  4.75E-02
Belly River 18-22-47-4WS 98¢ 48 -100 -101 0.70578 6.52€-02
Cardium 3-24-49-5W5 1245 43 = -— 0.70738  1.53E-01
Cardium 14-2048-8W5 1426 54 158 127  0.70890  9.07E-01
Cardivm 16-3040-0W5 1304 47 158 116 0.70830  ©.62E-01
Lower Crataceous Viking 12-2040-21W4 909 41 -8.0 -8 0.70787  9.00E-03
Viking 15-2156-24W4 1050 47 0.4 88 0.70768  5.49E-09
Viking 8-32.55-20W4 703 46 95 92 070852  4.35E-02
Viking 6-7-56-20W4 676 44 — - 0.70894  4.80E-03
Gilaucontic 4-38-49-4NS 1630 59 55 82 070758  4.28E-03
Glauconiiic 1216-514W5 1574 65 — 82 - -
Glsuconilic 14-4-51-25W4 1203 — @ — - 0.7102¢  2.78£-03
Ostracod 162049-3W5 1609 65 8.7 85 070821  3.79E-03
Ostracod. 5-30-49-3W5 1640 67 — 82 070850 6.84E-03
Basal Qusrz 10-20-56-24W4 1087 48 -~ -85 070888 S.57E-03
Besal Quarz 13-21686-24W4 1060 — 69 8 071008 S.02E-03
Basal Quarz 14-2352.26W4 1283 -~ 46 118 0.71131  2.68E-03
Basal Quat 75-33-51-25W4 1350 56 55 <74 071137  2.66E-03
Basal Quarz 2.25-52.26W4 1297 52 -89 84 071081  3.46E-09
Basel Quarz 16-34-40-5WS 1700 63 — - 0.70045 -
Misste Judesic Rock Cresk 10-2554-13W5 1969 75 104 103  0.71220 3.79E-02
Rock Creek 16-24-54-13W5 1964 64  — - 0.71168  2.06E 12
Middie Jursssic 8-34-49-5W5 1699 57 4.0 <77 070008  1.86E-02
Middle Jurassic 6-3448-5W5 1708 681 - - 0.7¢978  1.88E-02
Lower Jurassic Nordegg 14-1348-5W5 1708 — 33 49 071170  4.18E-03
Nordegg 1-18-52.6W5 1647 67 4.0 78 071037 2.18E3
Mas'ssippian 6-31-50-4WS 1621 58 — - 0.71031  3.00E-03
1430-804WS 1840 62 34 125 070968 4.81E-03
Upper Devonian 9-16-57-3Ws 1340 S0 56 $2 071072  3.08E-09

2-4-57-3W5 193¢ S0 82 75 0.71082  2.78E-09
13-20-56-3W6 1389 82 -~ ~73 0.71235  2.24E-08
3-757-1W8 1247 44 50 81 9.71128  2.58E.0%

15-20-49-20W4 1508 €9 — -58 0.71208  2.74E-03
14-3-56-24W4 1179 48 -— - 0.70000  ~.35E-03
16-10-86-24W4 1970 45 63 4 0.71005  5.43E-03

11-14-87-21W4 972 4 5.4 -88 07004 4.57€E.03
6-20-67-21W4 978 39 .72 82 0.70%76  S5.04E-03
7-8-58-21W4 979 42 &1 -82 0.70037 S5.34E-03
11-12-58-22W4 985 42 48 S8 0.700590  S5.08£-03
11-15-50-20W4 1623 63  +24 -104  0.70972 B.43E-04
6-23-82-26W4 153¢ 65 88 -87 070881  2.52£-03

pEEess e Bf00 o
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Table 4.2. Zisot%;ic composition of Alberta Basin carbonates. Abész~jations on the table
gra: D = diagenetic; DET = detrital; WR = whole-rock, - + not analyzed.

SYSTEM STRATIGRAPHIC LOCATION DEPTH (m) MINERAL / TYPE $15C §1680 87gr/888 ¢
UNIT ROCK TYPE

Upper Cretaceois Baily River §-32-484WS 984
8-32-48-4WS 088
6-32-484W5 992
8-32-48-4WS 994
8-92-48-4WS 995

0.51 +15.13 0.70804
4.71 +12.98 0.70508
-4.968 +13.34 0.70580
-5.24 +12.83 0.705878
034 +13.99 0.70815

Los Park 8-32-48-4WS 9668 - - 0.70745
Cardium 8-32-484WS 1309 - - 0.71838
Lower Cretaceous Vking 3-17-40-4WS 2180 -1.74 +20.14 0.70778

-2.81 +23.85 -
213 +21.20 0.70762
223 +24.24
<718 +14.00
1.60 +28.27
-8.50 +22.10
-2.43 +16.30

11-21-36-2WS 1803
2-30-38-7W5 2537
13-8-35-8W/5 2727
18-1-48-4WS 1734
1-16-50-20W4 1149
6-16-35-5WS 2488
8-25-40-2W5 1778

-0.44 +18.29 0.71094
-2.52 +14.90 0.70803
-1.72 +15.41 0.70679

Giauconitic 14-12-50-26W4 1298
4-32-484WS 1758
4-32-43-4WS 1759

Boabe ERORGEEE & ¢ BRBM

$% o333 3% 53 $ 5% £3 %o 3 $of oFo o ooo aaoouoou § § ocoooo

Ostracod 4-32-48-4WS 1764 -2.51 +17.78 0.70885
Blaimore 1-16-50-26W4 1338
14-12-50-26W4 1303
14-12-50-2IW4 1304

4alcke

~ 52 +15,05 -
. - 0.7117%
~ 0 +18.76 -

£ +20.81  0.70795
-1.40 +10.77 0.70842
0.9 +10.82 0.70892

Lower Jurassic Nordegg 8-91-484W5 1777
8-31-48-4WS 1780
8-31-484WS 1782

Poker Chip 8-4-42-5W5 2350 shale - - 0.71167

Juressic 8-32-48-4W3 1008 caiclle .18 +22.24 0.70844

ceiche «1.32 +17.00 0.70874

8-32-48-4WS 1808 ceicke -2.90 +10.80 0.70903

Mississippian Banftf 4-32-48-4WS 1776 caiche 2.2 +18.¢ 0 M350

8-31-48-4WS5 1784 ceickte -1.00 +21.49 W, JuA8E

Upper Devonian Wabamun 1-16-50-26W4 1370 caiche -1.27 +22.09 0.70002

1-16-50-20W4 1374 caiche -2.83 +18.08  0.70837

Nisiw 1-16-60-20W4 1584 dolomite -2.87 +20.68 0.70842

Leduc 8-17-80-26W4 1832 dolomie ;.88 4259 -0. 70850

8-17-50-26W4 1833 dolomite 1.61 +28.71 0.70819

Middie Devonian Ek Point 8-17-50-26W4 2252 dolomite N +29.59 0.70822
8-17-50-26W4 2254 dolomite 1.51 +27.30 -

Cambrian Cambiien 8-17-50-26W4 2635 shele - - 0.74307

’ 8-{7-50-26W4 2638 shale - - 0.77670

8-17-50-23W4 2643 shele - - 0.73827

8-17-50-26W4 2648 sst/caicke - - 0.75038

Precambrien Precambrian 0-17.50-26W4 2739 greenstone - - 1.00317

8-17-50-28W-4 2740 greenstone - - 1.30872
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Fig. 4.1. (a) Geological cross section from SW to NE through the Alberta Basin showing
the major stratigraphic units and unconformities. The study area is highlighted in
the reference map. (b) Same geological cross section as (4.1a) illustrating the
division of the formation waters into Groups I, IT and ITI.
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formation waters with the trajectories
is the estimate of HOLSER, (1979) of

superimpoéed on them. Curve A is t
evaporating seawater through a concentration of 10X. Curve B is given by

PIERRE ef al. (1984) and is based on field evidence from the Ojo de Liebre
waters. Halite facies corresponds to approximately 11X - 65X. (modified from
KNAUTH and BEEUNAS, 1986). The thick black line represents the Black

Sea trend after it has hocked around to a concentration of 80X (GUTSALO,

1980).
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CHAPTER 5. ORIGIN AND EVOLUTION OF FORMATION WATERS,
ALBERTA BASIN, WESTERN CANADA SEDIMENTARY BASIN
III. GEOCHEMICAL EQUILIBRIUM MODEL

INTRODUCTION

Diagenetic processes in sedimentary basins are most commonly investigated using
the textural, mineralogical and compositional aspects of basin rocks. However, to fully
understand diagenetic processes, information regarding mineral precipitation, dissolution,
and ion transport is required. Equilibrium thermodynamics provides the necessary
theoretical framework to establish the importance of water/rock interactions in coatrolling
water compositions and mineral precipitation under the temperatures and pressures of
interest (ABERCROMBIE, 1989). Porewater composition is one of the main controlling
factors in diagenetic reactions, particularly in sandstones, and has two possible contrasting,
primary sources; 1) meteoric (dilute and acidic); and, 2) seawater (concentrated and
alkaline) (HURST and IRWIN (1982). During burial unstable minerals equilibrate with
these porewaters. As a result, diagenetic processes are reflected in the composition of the
formation waters. Comparison of fluid and mineral compositions obtained from natural
systems with thermodynamic stability data from experiments, strongly indicates the degree
of water/rock interaction that has occurred during diagenesis because of the independent
nature of the two data sets (NESBITT, 1980, 1985; ABERCROMBIE, 1989). .

The study of rock/brine interaction in sedimentary basins using a thermodynamic
equilibrium approach has been successfully applied by KRAMER (1969), MERINO
(1975), PALCIAUSKAS and DOMENICO (1976), NESBITT (1980, 198S),
HUTCHEON (1981), and LAND and PREZBINDOWSKI (1981). Recently, the
understanding of water/rock interactions during burial diagenesis has been enhanced by the
study of processes at in situ recovery sites, where artificial diagenesis caused by cyclic
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steam injection provides an environment analogous to that of burial diagenesis
(ABERCROMBIE, 1989; ABERCROMBIE et al., 1989).

Thepmposeofthispaperiswapplybothmamodymmicpﬁnciplesmddmmme
gexhemicdaspecsofdiagemﬁ&fsiﬁmﬁngminmﬁmofﬂuchenﬂalmvhomm
during diagenesis. No studics have yet applied thermodynamic modelling to the waters in
the Alberta Basin. In this study, water compositions from 13 formations in the Alberta
Basin are examined in an attempt to identify important mineral-solution interactions that
have occurred in the subsurface. Forty-three oil-field waters, that were previously
analyzed chemicaily (CONNOLLY et al., 1990a) and isotopically (CONNOLLY et al.,
1990b) are examined using chemical thermodynamics to calculate the distribution of
aqueousspeci&satinsitutempmﬂnuandpmm The calculated distributions are used
toexaminethemofdlewawrsamplewimmpecttoanequilihiummundaidenﬁcd
conditions. Previous work (CONNOLLY et al., 1990, 1990b) has suggested that many
of the formaﬁmwaminthcAlbamBasinminoommunimﬁonandanﬁﬁngmgimchas
been established. Furthermore, many chemical reactions, such as mineral transformation
and cation exchange reactions, were identified as potentially influential to the Alberta Basin
waters (CONNOLLY et al., 1990a). The use of equilibrium phase diagrams will help
indicate which of these reactions are currently active. Therefore, all of the aqueous species
and diagenetic and detrital phases present in a vertical section in the basin were examined
because water/rock interaction is not confined to one formation but involves cross-
formational fluid flow and mixing. This involves the modelling waters hosted in both
carbonate and clastic stratigraphic units which has not been previously done.

GEOLOGICAL SETTING
Location and Stratigraphy
The Alberta Basin is a foreland basin within the Western Canada Sedimentary Basin
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in south-central Alberta, Canada (Fig. 5.1). Undeformed, southwesterly dipping Paleozoic
and Mesozoic sedimentary rock are represented, with the exception of eroded Upper
Mississippian, Pennsylvanian, Permian, Triassic and most of the Jurassic strata (Figs. 5.2
and 5.3). mCmbﬁmsandmnemtsunconfamablymtthmmbﬁanbamtand
the sandstone gives way to shale in the Upper Cambrian. Carbonate rocks, interspersed
wi&shabfamaﬁonsdominawmeDewniamwimsomefmmaﬁmswnminingsubmnﬁal
anhydrite. Mississippian and Jurassic rocks are dominantly carbonates. These rocks are
overlain unconformably by the Cretaceous clastic succession, which dominated by shales
with intercalated sandstones.

The tectontic history of the Westermn Canada Sedimentary Basin and its present day
morphology are a result of orogenic forces active during Jurassic through Tertiary time.
At the end of the Jurassic, during the Columbian Orogeny, subduction of the Pacific Plate
beneath the North American piate caused shortening across the orogen resulting in the
formation of the Rocky Mountains (PRICE, 1973; DICKINSON and SNYDER, 1978;
BEAUMONT, 1981; JORDON, 1981). Slow epeirogenic uplift and thrusting along the
eastern Cordillera heralded the first pulse of the Laramide Orogeny during the Late
Cretaceous. Culmination of the Laramide Orogeny occurred in Late Paleocene or Early
Eocene and resulted in downwarping and burial of the foreland basin (PRICE, 1973;
DICKINSON, 1974; KAUFFMAN, 1977; PORTER et al., 1982, HITCHON, 1984).
Subsequent erosion of accumulated Tertiary and Upper Cretaceous rocks has occurred.

ﬂemthydrodynamicmgimewasiniﬁmdbymesecmdpulseofdlemnﬁde
Orog'eny. The uplifting and thrusting of the Canadian Cordillera is seen as the mechanism
responsible for generating the deepest penetration of meteoric water that the basin has ever
experienced (HITCHON and FRIEDMAN, 1969). Dissipation and partitioning of this
regional flow system, with younger shallower formations developing smaller flow sub-
systems, has been suggested (GARVEN, 1989; CONNOLLY et al,, 1990a, 1990b).
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Petrography of Formations

All of the formations shown in the stratigraphic column of Fig. 5.3 have been
examined petrographically and by X-ray diffraction. Twenty-six individual cores were
exannnedﬁoma'inﬁwdhwraleantintheAlmeasin,deﬁnedbymemdy area in Fig.
5.1. From these core samples, more than 150 thin secions representative of formations
fmumcambmnmUppaCmtaceouswaeexannned. These observations are augmented
by other peu'ographlc studies in order to obtain a good average composition of the total
mineral assemblage for each formation over the study area (Appendix I). Furthermore,
forty-three water samples hosted in thirteen formations from Upper Devonian to Upper
Cretaceous were obtained. A description of units stratigraphically lower than the studied
waters and of the shales dividing the reservoirs has been included to better assess all
possible water/rock interactions. The petrography of the Alberta Basin formations is
described in Appendix I, with a brief summary/overview given below.

Altered muscovite biotite granites of the Precambrian basement are unconformably
overlain by the basal Cambrian sandstones (~40 m thick) and shales (~185 m thick). The
sandstones are mature quartz arenites and the shales/siltstones overlying the basal unit
contain highly altered authigenic chlorite, which is succeeded by less altered kaolinite
followed by illite/smectite (I/S) and illite. Cambrian lithologies are unconformably overlain
by Middle Devonian evaporites, which are succeeded by the Upper Devonian carbonates
(~975 m thick). These carbonate units are typically dominated by one of two end member
hthologxes, limestone or secondary dolomite (ANDRICHUK, 1958). Intervening shale
formations are composed of alternating carbonate and quartz/illite horizons. Mississippian
(~30 m thick) carbonates and Jurassic carbonate/clastics (~40 m thick) overlie the Devonian. -
Authigenic phases in the Devonian through Jurassic carbonate/shale formations include
carbonate (calcite, dolomite and ankerite) and ﬂhte The Cretaceous clastic rocks (highly
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variable thickness, increasing toward the southwest) unconformably succeed the Jurassic in
the western part of the study area and the Devonian in the east, and are composed of shale
horizons with interspersed sandstone lenses. Authigenic components in the Cretaceous are
variable in abundance, even within a single formation, but similar phases are generally
found throughout the Cretaceous. Diagenetic clay minerals include Fe-rich chlorite,
kaolinite, dickite, smectite, illite and interstratified expandable phases including
chlorite/smectite (C/S), smectitefillite (S/I) and illite/smectite (I/S); diagenetic carbonates
include calcite, dolomite, ankerite and siderite. There is a paucity of feldspar in the
Cretaceous formations of the study area, with the exception of the Viking and Belly River
Formations, where albite/oligoclase plagioclase feldspars are much more abundant (6-26
%) and altered than K-spar (1-8%). Paragenetic sequences for the main reservoirs of
Cretaceous are illustrated in Appendix L

Formation Waters

Sample collection, analytical procedures and chemical and isotopic data for the
formation waters are discussed and reported in CONNOLLY et al. (1990a, 1990b). The
principal ionic species of Alberta Basin waters are Na and Cl, with Ca becoming more
significant in the waters from Devonian reef strata. Variations in the content of major and
minor elements in the waters are illustrated by examining changes in Na/Cl, Ca/Cl, Mg/Cl
and K/Cl ratios with increasing correlative Cl concentrations (Fig. 5.4). Figure 5.4a is a
plot of Na/Cl vs Cl and illustrates that for very dilute fluids Na/Cl is greater than 1, but
appn?aches values of 0.4 at 100 000 mg/l CL. Figure 5.4b, 5.4c and 5.4d show that Ca/Cl,
Mg/Cl and K/Cl ratios respectively, increase with increasing Cl; however, the K/Cl versus
Cl plot displays considerable scatter. The total dissolved solids in waters from the Alberta
Basin range in concentration from 4 to 235 g/l (avg. = 80 £ 47 g/l), with the resulting ionic
strengths ranging from 0.1 to 2.4 (avg. = 1.3).
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Pressures and measured formation temperatures were obtained from the Energy
Resources Conservation Board. Pressm'edatarepmentanamgevalueofmeasmemem
taken over a two year period at three month intervals, disregarding the first three month
period to allow for equilibration of formation pressure. Measured bottom-hole
temperatures in the study area range from 40'to 80°C (average = 580 £ 12¢C).

A variety of chemical geothcrmometers incorporated into .the program
SOLMINEQ.88 PC/SHELL (WIWCHAR et al., 1988; KHARAKA et al., 1988) were also
used to provide independent values of subsurface temperatures. These geothermometers are
based on geothermal systems, but modified versions are incorporated into the program 5o
that they are relevant to the higher water salinities and hydraulic pressures found in
sedimentary basins.

FOURNIER et al. (1974) have suggested three basic requirements for the use of
aqueous geothermometers: 1) the chemical species involved must be present; 2) equilibrium
between these species and the minerals controlling their abundance must be attained; and,
3) re-equilibration between the minerals and aque&us species cannot occur prior to
sampling. Numerous geoiicrmometers exist and most are based on cation concentrations
that have been empirically fit to systems where temperatures have been measured directly
(KHARAKA and MARINER, 1988); however, most of these geothermometers are useful
only in higher temperature reservoirs (>75¢C). Magnesium-Li geothermometers and
chalcedony geothermometers are considered to render the most accurate temperature
estimates for reservoirs ranging from 30°C to 700C (KHARAKA et al., 1988; KHARAKA
and MARINER, 1988). The chalcedony geothermometer was selected because: 1)
chalcedony gives the most reasonable values correlative with measured values; 2) the
activities of silica for all of the formation waters are log normally distributed and exhibit

negligible variation between formations; the cation concentrations exhibit a more scattered
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distribution; 3) the Mg-Li geothermometer is based on the premise that Mg+2 and Li+3
commonly substitute for each other in amphibole, pyroxenes, micas and clay minerals;
such a geothermometer may not be widely applicable to both colomite/carbonate and clastic
formations; and 4) the predominance of clays in the basin, particularly within the
Cretaceous units, suggest that more than one exchange reaction may control cation
concentrations. With the exception of a few samples from the Devonian, the chalcedony
geothermometer was within 100C, usually 5¢C, of the measured temperature. The
geothermometer consistently gave higher temperatures than the measured temperature,
likely due to inaccuracies inherent in the direct measurement of bottomhole fluids (i.e.,
circulation of drilling mud). The measured bottomhole temperature is a function, in part, of
the time lapse between the cessation of drilling and time of logging (HANOR, 1987),
whereas chemical geothermometers reflect the reservoir temperatures at the time of
sampling. “As there are uncertainties associated with both methods of obtaining
temperature, the temperature value used for the thermodynamic modelling represents an
average of the chemical ;nd measured temperatures. |

The water samples from the Alberta Basin have been divided into three groups
based on chemistry and isotopic composition of the formation fluids, and reservoir -
lithology (CONNOLLY et al., 1990a, 1990b). Group I waters are from Devonian,
Mississippian and lowermost Jurassic (Nordegg Formation) carbonates and the lowermost
Cretaceous (Basal Quartz Formation) clastic assemblage. Group II waters are hosted by
the Middle Jurassic carbonates and the Ostracod, Glauconitic, and Viking clastic
assemblages. Group III includes waters from the clastic rocks of the Rock Creek, Cardium
and Belly River stratigraphic units. The above classification is adhered to in this paper
based on the aforementioned characteristics and to be consistent with the other two studies
(CONNOLLY et al., 1990a, 1990b). Furthermore, the division of the formation waters

into these groups is reflected in the distribution of jonic strengths in the waters (Fig. 5.5).
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Group I and II are reasonably distinct, but do overlap; these two Groups have previously
been described in terms of a mixing regime (CONNOLLY et al., 1990a; 1990b). Group Il
fiuids have much lower ionic strengths than Group I and II, reflecting the diluting meteoric

component in these waters.

EQUILIBRIUM BETWEEN MINERALS AND FORMATION WATERS

Prior to meaningful watet/rock calculations, three requirements must be met. First,
reliable chemical data for the waters being examined must be available. Second, an
appropriate conceptual model of solution behavior is required for the types of waters being
studied, one which allows the calculation of thermodynamic activities of dissolved species.
Third, thermodynamic data are needed for the water/rock reactions of interest at the
temperatures of interest. Furthermore, interpretation of the speciation-solubility
calculations is dependent on a thorough knowledge of basin-rock mineralogy.

The chemical data used in this study are available in CONNOLLY et al. (1990a) and
include a complete representation of most chemical species found in formation waters in
sedimentary basins. The waters and data were obtained using the most modern techniques
available at present (modified from LICO et al., 1982). The speciation solubility
calculations were accomplished using the computer codes EQ3NR (WOLERY, 1983;
WOLERY et al., 1984) and SOLMINEQ.88 PC/SHELL (WIWCHAR et al., 1988;
KHARAKA et al., 1928). EQ3NR computed aqueous speciation and mineral saturation
states using ion pair assumptions and the B equation (an extended Debye-Huckel equation)
to approximate activity coefficients (HELGESON, 1969). Calculations provided by
EQ3NR were not the primary values used in the study but provided a comparison for the
speciation calculations computed by SOLMINEQ.88 PC/SHELL. SOLMINEQ.88
PC/SHELL is based on a PC version of the computer code SOLMINEQ.88 (KHARAKA
et al., 1988) and advanced versions of SOLMINEQ (AGGARWAL et al., 1986;
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KHARAKA and BARNES, 1973), and provides the option of using either the B equation
or Pitzer equations to compute the activity coefficients of aqueous species. The model used
was dependent on the ionic strength of the formation water. The B equation
(HELGESON, 1969), the same as used in the EQ3NR code, was considered preferable for
waters with ionic strengths <1 molal. Assumptions employed by the B equation are
maintained up until 1 molal; however, the equation yields significantly lower activity
coefficients than the true values at ionic strengths >1 molal. Hence, for these more
concentrated waters Pitzer equations were employed. '

Pitzer equations (PITZER, 1973, 1981; SILVESTER and PITZER, 1978; HARVIE
et al., 1984) were used to compute the activity coefficients of aqueous species in solutions
greater than 1 molal. These equations are based on an ion interaction or virial coefficient
model that assumes no ion associations or complexing. Tests of the Pitzer coefficients in
concentrated brines (HARVIE et al., 1984) have shown that second virial coefficients give
reliable results up to ionic strengths of about 4 and the use of higher coefficients can give
reliable results up to ionic strengths of 6. However, there are drawbacks that should be
considered when using Pitzer equations in SOLMINEQ.88 PC/SHELL. First, the program
distributes aqueous species based on ion association; a set of mass balance and mass action
equations are built which are iteratively solved to yield the distribution of species that best
satisfies the constraints of the ion-association model under in situ conditions. This
discrepancy between the ion-interaction equations in the Pitzer model and the distribution of
species by ion association is resolved by incrementing ion activity coefficients obtained
from Pitzer equations for these species. The second problem associated with using Pitzer
equations is the lack of completely reliable data for some key components, such as CO3-2.
As there are drawbacks with both models, both l..’» and Pitzer equations were used to
provide complementary insights into the chemical nature of Alberta Basin waters.

Both EQ3NR and SOLMINEQ.88 PC/SHELL were used to calculate speciation
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solubility calculations. The EQ3NR program used was not written with Pitzer equations,
so data calculated using it is not presented here. However, EQ3NR was used as a basis for
comparison because the two speciation models use differeat iteration techniques and have a
slight variation in the complexes contained in their data bases. The two programs gave
approximately the same distribution of data. Activities, saturation states, and distributions
on activity phase diagrams were very similar, with more scatter being exhibited by the
EQ3NR generated data. This is to be expected as the ion association model breaks down at
higher ionic strengths. |

Input for SOLMINEQ.88 PC/SHELL consisted of in situ temperatures (avg.
chalcedony and measured temperatures), pressure, carbonate alkalinity, the concentrations
of major and minor ions and pH. However, rather than use the measured pH value, a pH
option was invoked. Credible pH values representative of in situ formation waters are
required to study sub-surface reactions between agueous solutions, carbonate and silicate
minerals (NESBITT, 1980). Field measurements yield spurious data because of degassing
due to pressure release during sampling and/or oxidation of Fe. Consequently, in situ pH
values were obtained by calculating the pH values of individual waters from carbonate
equilibria using the following equation ( NESBITT, 1980):

CaCO3 +H+ & Cat2+ HCO, (1)

This was accomplished by assuming saturation of the formation waters with respect to
primarily calcite, but dolomite was used when it dominated the formation mineralogy.
Only for the Cardium Formation was saturation with respect to siderite implemented to
calculate pH because siderite is a dominant and relatively late phase in the paragenesis of
the Cardium (Fig. 5.3) and siderite was the only carbonate phase to yield realistic pH
values in this formation. The use of carbonate minerals to set pH was considered

reasonable because: 1) carbonate minerals and groundwater exhibit rapid equilibration
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(PALACIAUSKAS and DOMENICO, 1976; PLUMMER et al., 1978, 1979;
BUSENBERG and PLUMMER, 1982); 2) carbonate cements are principal constituents
throughout most paragenetic sequences (Appendix I) and solutions have most likely
maintained continual contact with carbonate; and 3) saturation of formation waters with
respect to cﬂdw and dolomite was achieved even when pH values were manipulated to

very low values. The pH values calculated with respect to carbonate saturation are realistic

for these waters.
‘The concepts of buffer intensity and infinite buffers have been presented by

STUMM and MORGAN (1981) and are discussed by ABERCROMBIE (1989) as
possible mechanisms for controlling pH. Candidates for pH buffers include aqueous
carbonate species, aqueous organic species, carbonate minerals and silicate hydrolysis,
with the last two mechanisms being the most significant to the Alberta Basin. However, the
reservoirs discussed in this study are characterized by much lower temperatures than those
present where these processes are active (i.e., cyclic steam injection sites). Furthermore,
the relative volume of carbonate relative to phases involved in silicate hydrolysis reactions

makes the asumption of pH based on carbonate saturation reasonably accurate.

Stability Relati
Stability relations between subsurface waters and various mineral phases can be

evaluated by calculating the ion activity product (IAP) of the minerals in each analyzed
water and comparing this value to the equilibrium constants of the mineral (Kr) at a specific
temperature. This is referred to as the saturation index (S.L) and is technically defined as
S.I. = log (IAP/K7). A positive log S.I. value indicates supersaturation of the solution with
respect to the mineral, a negative log S.I. value undersaturation, and zero indicates
equilibrium. The degree of under- or supersaturation is indicated by the magnitude of the
logarithm.,
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Preliminary results of the saturation state of Alberta Basin formation waters with
respect to various minerals have been reported in CONNOLLY et al. (1990a) but are
reviewed here for those cases where Pitzer equations were used to speciate >1 molal

solutions.

Halite ‘
Halite is not saturated in any of the waters examined (Fig. 5.6a); however, with
increasing ionic strength (>1.5), saturation indices are concentrated between -1 and -2 for

Alberta Basin formation waters.

Sulfates

The ion activity products for the sulfate minerals were not calculated for all of the

Alberta Basin waters as the concentration of sulfate in some waters hosted by Cretaceous

sedimentary rocks were below detection limits. Saturation with respect to sulfate was
presented in CONNOLLY et al. (1990a), but the activities were determined using the B
equation. Because this method is very inaccurate when modelling sulfate in solution, there
are in fact significantly more sulfate minerals approaching saturation than was originally
indicated by CONNOLLY et al. (1990a).

Of the waters with measurable sulfate, those with increasing ionic strength
approach saturation with respect to gypsum and anhydrite (Fig. 5.6b). The two phases
have very similar S.I values for a specific sample, with anhydrite generally more saturated
than gypsum. Plotting the gypsum - anhydrite equilibrium relations in a manner analagous
to HARDIE (1967) and NESBITT (1980), Alberta Basin waters span the stability fields of
gypsum and anhydrite (Fig. 5.7). This explains the variable saturation state with respect to
gypsum or anhydrite between samples and the roughly equal S.I values. Most of the

samples plot relatively close to the line of gypsum/anhydrite equilibrium when
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consideration is given to the scale at which temperature is plotted. The temperature of
gypsum/anhydrite equilibrium is near 56°C (LANGMUIR and MELCHIOR, 1985), but
this temperature of transition is lowered considerably by the presence of NaCl and
increased pressure, two characteristics typical of Alberta Basin waters. These arguments
suggestthatwatersindxeAlbutaBasinshouldgmllybemomsatmatedwitlimpectm
anhydrite. Anhydrite, but not gypsum, was the only phase observed in the reservoir rocks.

Two different processes may be responsible for the approach toward saturation of
anhydrite and gypsum with increased ionic strength (NESBITT, 1980): 1) the
concentrations of Ca and SO increase and approach saturation levels in waters of
increasing ionic strength; or, 2) successively more concentrated brines approach anhydrite
and gypsum saturation through anhydrite and gypsum dissolution. The latter explanation is
most likely for Alberta Basin waters, as the fluids approaching or exceeding saturation with
respect to anydrite and gypsum are only from Leduc and Nisku reservoirs. These
formations contain the highest content of anhydrite in the Alberta Basin and although these
fluids are among the most concentrated in the- basin, there are other waters of equal ionic
strength (i.c. Wabamun Group) that are not saturated with respect to gypsum or anhydrite
and correspondingly contain no observed sulfates in their mineral assemblage.

Figure 5.6(c) illustrates the saturation state of Alberta Basin formation waters with
tespect to barite and celestite. These minerals form a complete solid solution series with
one another; however, barite is more insoluble (LANGMUIR and MELCHIOR, 1985).
Most of the waters are supersaturated with respect to barite, with the waters of greater jonic
strength being less so. An opposite trend is established by celestite, where the S.I.
increases with increasing ionic strength. These distributions may be explained by the fact
that barium is much more abundant in dilute solutions and seizes most of the sulfate
available in solution. However, there is less barium and more strontium in solutions of

higher ionic strength, as these solutions generally indicate a longer residence time whereby
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barite would have already precipitated, resulting in increased celestite saturations and the
observed trends. In addition, KUSHNIR (1982) has shown that dehydration of primary
gypsumtoanhydriteatdepthexpels Sr which supasamtud:ewaterofdehydmionwiﬁl
respect to celestite. Ihexeisevidenceofgypmdehydnﬁonpmoessesind\ebevonianof
the Alberta Basin (GORRELL and ANDERSON, 1968) and such a process may also be
partially responsible for the observed trends.

Carbonates

The stability of dolomite has been obtained using pH values calculated with respect
1o calcite saturation, except for the Nisku and Leduc Formations for which dolomite
saturation was used and the Cardium Formation, for which used siderite saturation was
used. All of the waters exhibit supersaturation with respect to dolomite (Fig. 5.7d),
regardless that some of these stratigraphic units, particularly the Mississippian and
Jurassic, contain little to no observable dolomite. The distribution in Fig. 5.7d indicates
cither: 1) concentration of the brines and precipitation of dolomite; or, 2) dissolution of
dolomite with successively more concentrated brines approaching dolomite saturation. The
lattermechanismisthemostlikely,asmereisnotrendobsavedwidlionic strength for the
Alberta Basin waters and dolomite is a dominant phase in the Devonian formations of the
Alberta Basin. Since the fluids of Group I and Group II form a mixing relationship
(CONNOLLY etal., 1990a, 1990b), the effects of dolomite dissolution, if prevalent in
Group I, are likely to be observed in Group II. In addition, dolomite is consistently
obsu:ved in Cretaceous sequences, although present as only a minor, normally detrital
phase.

Although the waters are supersaturated with respect to dolomite, relatively little
authigenic dolomite has been observed in the stratigraphic column, although ankerite of

very dolomitic composition is found in some of the formations (i.c. Viking Formation,
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Basal Quartz Formation; see Chapter 2). The lack of dolomite formation is likely the result
of kinetic inhibition of dolomite crystallization at the lower temperatures common in
sedimentary basins (LAND, 1982; HARDIE, 1987). Dolomite is well known for its
reluctance to nucleate and grow, thus supersaturation of dolomite without crystallization is
common in sedimentary basins, as it is in seawater (BROECKER and PENG, 1982).

The supersaturation of dolomite may imply that pH values should have been set
with respect to this phase in many cases rather than calcite. However, as stated, dolomite
is commonly supersaturated in waters saturated with calcite. On a plot of temperature
versus log acs/aMy, an equilibrium line between disordered dolomite and calcite can be
drawn (Fig. 5.8). All of the Alberta Basin waters plot on the calcite side, suggesting
calcite is the mineral phase with which the waters are in equilibrium. However, the waters
do plot close to the equilibrium line between disordered dolomite and calcite.

Siderite is variably saturated but predominantly undersaturated in Alberta Basin
waters. Iron is very difficult to measure accurately and although the waters were collected,
filtered and acidified to a pH<2 immediately at the wellhead, some iron may have
precipitated from solution during collection. Furtha‘fnore, iron is difficult to model

thermodynamically. Hence, these data are not considered further.

Silicates

Silica activities are reported for all of the samples (Table 5.1). The daia for as;02()
are log normally distributed and regardless of ionic strength, the silica activites are
relatiyely constant, with Group I exhibiting slightly more variability than the other two
groups (Table 5.1). This regular distribution is reasonable because quartz is found in all of
the stratigraphic sequences, even the carbonate megasequence. RIMSTIDT and BARNES
(1980) have shown that the precipitation rate of silica is identical for three different silica

phases, quartz, cristobalite, and amorphous silica. This would suggest that the time
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required to reach equilibrium silica concentrations is independent of the silica polymorph
controlling precipitation but is dependent on the precipitation rate and the ratio of the
effective mineral surface area to fluid mass. This provides a large number of possible
sources of silica that would yield similar equilibrium concentrations. Approximately one
month is required for silica to reach equilibrium at 100°C for fine- to medium-grained
candstones (RIMSTIDT and BARNES, 1980; ABERCROMBIE, 1989). |

The logarithm of the ratio of cation activity (Na, Ca, Mg, and K) divided by the
hydrogen activity is another important variable with respect to mineral/clay stability.
Examination of the data for the Alberta Basin (Table 5.1) indicates that the controls on
8cation/H+ values are disparate for Group I versus Group II and T, except possibly for
K+/H+ activity ratios. Thus, it would appear that separate reactions/exchange processes arc
responsible for the cation content in Group I as opposed to those in Group II and T, This
corresponds to a pronounced variation in lithologies between the groups, with primarily
carbonate reservoirs hosting Group I waters as opposed to the dominantly clastic hosted
waters of Group II and IIl. The clustering of Group II and III activity ratios and their
variation from Group I differs from the mixing patterns and groupings established in
CONNOLLY et al. (19902), based on trends of major ion chemistry. Group M was
removed from Group I and II mixing relations because of its extremely low clemental
concentrations and high content of meteoric water. However, when ion activities are
calculated and the cation activity divided by the hydrogen activity, it can be observed that
the mineral reactions/exchange processes influencing the water composition are very
different between the carbonate (Goup T) and clastic reservoirs (Groups II and III).

Transient behavior in a diagenetic system preciudes the attainment of time invariant
equilibrium. Mincrals equilibrate with porewaters very quickly, on the order of days or
weeks, at temperatures as low as 700C (HUTCHEON, 1989). Conversely, mixing
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processes, which result in similar trends of major ionic species, are established over a
relatively long peried of time. However, the analyzed concentrations of the major elements
present in the produced waters used to determine mixing regimes do not account for the
distribution of each element among all potential species in solution (H{UTCHEON, 1989).
Therefore, differing equilibrium states may be established over short periods within the
immediate reservoir, while maintaining the overall mixing zones reflected in the trends for
the major ion chemistry. This would result in differing clusters or trends of data depending
on the process being examined.

The capacity of a given rock to control the water composition is dependent on the
mass of the reacting material, both water and rock, and the form of the equilibrium constant
for potential buffering reactions. Other variables infiuencing the capacity of minerals to
control water composition are temperature, fluid flow rates, and mineral dissolution and
precipitation rates.

The composition of the system under consideration can be represented by the
components Na20-K20-CaO-MgO-8iO2-A103-H,0-CO,. The component FeO was not
included in the system because the thermodynamic properties of iron bearing minerals are
not well known, although HUTCHEON (1989) has suggested that Fe in chlorite does not
affect the thermodynamics of this phase substantially. The evaluation of silicate stabilities
in formation waters in the above system requires a large body of information regarding the
composition of various aqueous and mineral phases. Some mineral saturation states were
determined by the program SOLMINEQ.88 PC/SHELL using congruent dissolution
reactions; however, aluminosilicate saturation states could not be determined in such a
manner because aluminum was not measured in the formation waters. This problem was
resolved by making equilibrium phase diagrams on which all of the reactions were written
to conserve aluminum. These diagrams are used to establish the state of the formation

waters with respect to in situ conditions and were constructed using the program PTA-
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system, part of the GEOCALC software package (BROWN et al., 1987, 1988).
Thermodynamic data used for minerals, water and aqueous species involved in the
reactions described in this study aze from BERMAN and BROWN (1985), BERMAN et al.
(1985), HELGESON et al. (1981) and HARR et al. (1984). Absent from these
cmnpﬂaﬁmsarethethamodynanﬁcmpaﬁcsfmcuymimkmdwminodﬂnimds
(chalcedony) characteristically formed in low temperature sedimentary environments.

Clay minerals are generally not present in thermodynamic data bases because they
are not considered to be thermodynamically homogeneous. This is a result of their : 1)
micrometre to sub-micrometre size; 2) two dimensional habit; and, 3) heterogeneity
resulting from interlayering and variations in chemical composition (ABERCR! CROMBIE,
1989). The difficulties in determining the thermodynamics of clay minerals has resulted in
two contrasting models to describe mixed layer smectite/illites solid solution (AAGAARD
and HELGESON, 1983) or two distinct phases (GARRELS, 1984). In this paper the
latter model is used. GARRELS (1984) has shown that illite and smectite behave as
separate phases in terms of their stability with respect to coexisting solutions at low
temperatures andatwophasesystemappemwbenaaplainmecalculatedchmmisﬁcs
of equilibrium aqueous solutions.

A number of methods are available for estimating the thermodynamic properties of
clays (TARDY and GARRELS, 1974; TARDY and FRITZ, 1981). ABERCROMBIE
(1989), using the free energies for the lattice oxide clay components and interchangeable
cations from BERMAN et al. (1985), estimated the thermodynamnic properties of real clays.
Thesemthevaluamcmpomedmwthxssmdy

SmecuwxsmclmdasaseparatephaseandhasbeenmodelledusmgNa,K.Ca
and Mg beidellite components. Iron may also be a very dominant constituent in such clays;
however, it is not included in the system for the reasons already mentionsd. Following

NESBITT (1980), HUTCHEON (1981) and ABERCROMBIE (1989), smectites arc
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modelled without interlayer or hydration waters, as the amount of this water under
diagenetic conditions is unknown. Beidellite is the smectitic phase modelled
thermodynamically, but the mineral phase will also be referred to as smectite. Activities of
individual smectite components were estimated, through necessity, because compositions
and activity-composition relationships are unavailable. However, estimation of the
activities of individual smectite componénts considered the following: 1) the XRD
observations ¢ ABERCROMBIE (1989), whereby the position of collapsed smectite peaks
indicates that smetite in the Clearwater Formation is dominated by Ca and Mg varieties.
ABERCROMBIE's (1989) study was east of the study area examined here, but both areas
had similar sources of sediment during Clearwater time; 2) the chemical analyses of
MAIKLEM (1962) in which Cretaccous smectites ‘from various locations in the Alberta
basin, were analyzed by XRF; 3) the source and precursor phases of smectite in the Alberta
Basin; and, 4) the most common exchangeable cations, their order of abundance and their
valence. Based on these observations, Ca and Mg varieties of beidellite were considered to
be dominant with the activities of Ca- and Mg- beidellite set at 0.4. The activities for Na-
and K- beidellite were set at 0.1. In addition to the smectite, the thermodynamic propertics
of illite were calculated by ABERCROMBIE (1989) and chalcedony was added to the data
base.

Equilibrium Activity Diagrams. Stability relations between silicates and aqueous
phases are best shown on activity diagrams (GARRELS and CHRIST, 1965). Phase
diagrams have been constructed in terms of Na+/H*, K+H+, Ca+2/(H+)2, and Mg*2/(H*)2
activity ratios versus silica activity, in order to establish the minerals most likely involved in
water/mineral interactions (Figs. 5.9a-d). All of the phase diagrams were calculated at 100
bars pressure and 60°C temperature, the average in sifu values for the waters. Because of
the low original dip of the Alberta Basin and the location of the sampling sites, deviation
from these average values for specific water samples is insignificant.
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Figure 5.9a illustrates Alberta Basin water compositions superimposed on phase
relations for the Na system. Gibbsite, kaolinite, smectite (Na-beidellite) and albite are the
mineral phases considered in the system and all of the Alberta Basin waters plot in the
smectite stability field, toward the boundary with kaolinite and albite. HELGESON et al.
(1969) and EBERL (1984) have calculated reaction paths of solutions when reacting with
minerals and have found that dilute groundwater generally equilibrates first with gibbsite,
then kaolinite and a second clay mineral before equilibrating with feldspars, and during
these reactions it is conceivable to have conversion of one phase tr a second Gi.c. gibbsite
to kaolinite, kaolinite to montmorillonite). Providing these conversions are rapid, the
solution composition may be controlled by clay reactions, as has been shown for the
Tllinois Basin in the study by NESBITT (1985). Importantly, all of the waters from the
Alberta Basin, even those from Group III, which have demonstrated a strong meteoric
component, indicate mineral-fluid interactions have been significant and are reasonably
evolved in their reaction paths.

Some waters from the Alberta Basin display distinctive trends which correspond to
theoretical slopes on the phase diagram. Group I waters do not exhibit such a trend or
slope on Fig. 5.9a, becaase illite is the only clay mineral found in many of the systems of
Group I and the waters are not dominated by phases in the Na system. The high carbonate
content in Group I waters suggest that they should be dominated by carbonate reactions.
Groupllandl]lformmomdxsnncnvemdsinFig 59a,particularlythe(}touplll. Both
trends are parallel to the slope corresponding to the smectite/albite equilibrium reaction,
consistent with the mineral assemblage in the reservoirs in this group.

The trends exhibited by Group II and TII also show increasing Na+/H¢+ activity
ratios with decreasing silica activities (Fig. 5.9a). This trend of decreasing silica activities
corresponds to one of decreasing temperatures. As described by ABERCROMBIE (1989},
such a distribution would be expected for isothermally invariant equilibrium between
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kaolinite, albite and smectite with decreasing temperature, and such a system may be
partially controlling the composition of Group II and Group III waters.

Figure 5.9b illustrates Alberta Basin formation waters with respect to equilibrium K
phase relations. All of the waters plot near the phase boundaries of K-spar, illite and
smectite, and relatively close to kaolinite, but are in the illite field. In this figure, none of
the water groups have well defined slopes or trends suggesting that possibly the activity of
potassium for all of the waters 1s being controlled by more than one reaction.

Figures 5.9c and 5.9d augment the other activity diagrams by showing phase
diagrams of Ca+2/(H+)2 and Mg+2/(H+)2 versus silica activities, respectively. With the
large volume of carbonate rock characterizing the Devonian through Jurassic formations in
the Alberta Basin, it may seem relatively impractical to construct plots such as in Fig. 5.9¢
and 9d when carbonate units may be acting as open system donors of Ca and Mg to the
formation waters. However, CONNOLLY et al. (1990b) have shown through the use of
Sr ratios and concentrations that the formation waters hosted in these reservoirs appear to
be dominated by reactions other than carbonate reactions, such as ion exchange with clay
minerals. Therefore, it was considered advantageous to examine the waters with respect to
silicate diagenesis/thermodynamic equilibrium models. Phase relations for the Ca system
illustrate that all of the fluids plot in the smectite ficld, except one Group III water. The
Alberta Basin waters are very much removed from the anorthite stability field because all
the plagioclase feldspars in the basin contain Na. Incorporation of Na into the anorthite
component (i.c., toward albitic composition) would tend to enlarge the anorthite stability
field, shifting it down toward the Alberta Basin waters. The Mg activity diagram shows
that most of the Group II and III waters plot in the chlorite region while most of the Group
I waters plot in the smectite zone. Group II and IIl reservoirs contain increased chlorite
contents in stratigraphically higher formations, corresponding to waters farther within the

chlorite field. Group I waters have much higher magnesium contents than the other two
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groups; however, they plot in the smectite field and contain no chlorite in their mineral
assemblage. This may attest to a strong carbonate component controlling equilibrium in

. Group L

CONTROLS ON FORMATION WATER COMPOSITION

Single cation activity ratios versus silica activity plots indicate which minerals are
most influential in controlling the water composition in the Alberta Basin. All four activity
diagrams (Figs. 5.9a-9d) have some notable similarities. All show a slight increase in
cation/H+ activity ratios with decreasing silica activities for Groups II and III, which is
accompanied by a decrease in temperature. The observed trends and location of water
samples with respect to equilibrium mineral phases on the activity-activity diagrams are
corroborated by similar trends and locations on activity ratio-temperature diagrams.

Examination of the separate groups shown Figs. 5.93-5.9d illustrates that Group I
exhibits no significant trends on the phase diagrams, but is a clustering of points, Group II
displays a slight trend and Group I exhibits a well defined trend. The high degree of
correlation demonstrated by Group III as opposed to the poor correlation shown by Group
I may reflect the relative complexity of the system(s) involved and the relative importance
of carbonate mineral reactions. Group III waters do not contain a component of the
original seawater that may have been present when the reservoirs were deposited
(CONNOLLY et al., 1990a). The relatively early waters with which the sediments hosting
the Group III waters originally cquilibrated have been subsequently flushed from the
system by gravity-driven modern meteoric water. Thus, all previous records of reactions
held by early waters have been eliminated, yielding a very simple system. Group II and
particularly Group I have maintained an original seawater component in their systems
(CONNOLLY et al., 19902) and their overall water chemistry is likely the result of a series

of equilibrium reactions, rather than one dominating reaction. The complexity of these
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systems detracts from a well defined trend for one reaction, but represents a current
equilibrium state that is a culmination of previous systems and reactions. Furthermore,
carbonate mineral reactions are likel)" important to Group I waters which would not be
reflected on Figs. 5.9a-5.9d.

Sodium concentrations in the Alberta Basin waters are controlled either by
plagioclase feldspar or sodic-clay minerals. It is observed in Fig. 5.9a that clay minerals
control the Na+/H+ ratios, although plagioclase is present in most of the formations, from
trace amounts in the carbonate sequehce to relatively abundant in the Upper Cretaceous
units. Feldspar has been observed to react rapidly with groundwaters and is one of the first
species to alter completely in a weathering environment (i.e., meteoric waters) (GARRELS
and MACKENZIE, 1967), indicating that kinetic inhibition is not a likely explanation for
the feldspar solution disequilibria. Rather, the lack of feldspar solution equilibria may be a
result of two other factors. First, plagioclase is not very abundant in some formations,
such as the carbonate megasequence. Clay minerals are much more prevalent in these units
and likely have more control on the aqueous species. Second, in formation waters from
reservoirs where plagioclase is abundant, such as the upper Lower to Upper Cretaceous,
the waters have likely evolved beyond the point of plagioclase equilibrium in their reaction
paths, to the point where plagioclase is altered and the waters are in equilibrium with the
resulting sodic clay. This hypothesis is supported in the stratigraphically higher formations
of the Upper Cretaceous, where plagioclase rock fragments exhibit significant alteration.

The potassium concentrations of the formations also appear to be controlled by clay
minerals. Potassium feldspar may also be contributing to the K concentration; however, K-
feldspar is less reactive in a weathering or leaching (meteoric water) environment than
plagioclase (GARRELS and MACKENZIE, 1967) and does not show any significant signs
of alteration in the mineral assemblage. Farthermore, K-spar is present in such small

amounts relative to clay minerals that the clay minerals more likely control K+/H +activities.
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The lack of equilibrium with K-spar may result from both low abundances and kinetics.
ilite is a much moré reactive mineral and appears to be controlling K concentrations (Fig.
59b).

The Ca+2/(H+)2 and Mg*2/(H+)2 activity diagrams both indicate that Alberta Basin
waters are controlled by a Ca- and Mg-beidellite respectively, with the latter diagram
showing the waters extending into the chlorite field. Importantly, if ideal mixing had not
been invoked, and the activitics of beidellite not set as they were (i.c. Ca and Mgat 0.4
and Na and K at 0.1), all of the waters on both graphs would have plotted in the kaolinite
stability field, causing misleading interpretations with regard to equilibrium relationships.
Although kaolinite is a very prevalent phase in the rock column, particularly in the
Cretaceous, if these rocks are examined petrographicaily (Appendix I) and by SEM
(Chapter 4), kaolinite is not the last phase formed in the paragenetic scquences
(LONGSTAFFE, 1986; LONGSTAFFE and AYALON, 1987; AYALON and
LONGSTAFFE, 1988). Petrographic investigations suggest kaolinite is undergoing some
alteration or transformation. This combined with the fact that the waters often plot in the
fields corresponding to the last observed phase in their respective paragenetic sequence
gives credence to the manner in which the beidellite activities were divided. Furthermore, 2
strict division between most of the Group I fluids plotting in the smectite field with most of
the Group II and III plotting in the chlorite field corresponds to the authigenic mineralogy
in the reservoir rocks. -

The Group I waters show equilibration with respect to smectite on all of the activity
diagrams, except Fig. 5.9b; however, smectite has not been observed in the reservoir rocks.
This is likely a result of the absence of illite on the other phase diagrams and the similarity

between illite and beidellite. The idealized formulas chosen for illite

(KosAl 98i4010(0H)2) and beidellite ((Men+)o3Al1 9514010(0H)z), are comparable,
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particularly since beidellite is modelled without any interlayer water. Thus, as modelled in
this study, K-beidellite and illite are almost the same thermodynamically except that
beidellite has a lower layer charge per formula unit resulting in fewer interlayer cations.
Thus, when illite is not present, the Group I waters plot within the field closest
thermodynamically to illte and are metastable within the smectite fields.

In summary, the formation waters of the Alberta Basin appear to segregate into the
three groups indicated. Group I is very much different from Group II and Group III,
suggesting the variation in lithologies is likely the cause. Formation waters from Group I
are equilibrated with smectite, illite, calcite and dolomite, with gypsum and anhydrite
becoming more significant for waters with ionic strengths >2.0. Group II and Group III
are equilibrated with respect to calcite, dolomite, illite, smectite and chlorite. Carbonate
minerals appear to control equilibrium reactions in Group I waters, with some moderation
by potassic clay (illite) minerals. Feldspars and micas are variably abundant in all the
formations, but exert little control on basin water compositions (see also Chapter 4). Clay
minerals appesr to have a significant control on the formation water composition within the
Cretaceous clastic units (Groups II and IIf). Clay minerals have been shown to control
groundwater compositions in other sedimentary basins (BRICKER and GARRELS, 1966;
GARRELS, 1967; NESBITT, 1977, 1980, 1985; ABERCROMBIE, 1989).
Significantly, kaolinite was not involved in .any of the reactions that control the water
compositions. Kaolinite is a large component of many of the clastic reservoirs but
examination of the paragenetic sequence suggests kaolinite alteration is occurring and
kaolinite is no longer dominant in mediating water compositions. This supports the
conclusions of CONNOLLY et al. (1990a; 1990b), in which they suggest, based on the
chemistry and isotopic compositions of the formation waters, that a mixing zone has been
established between Devonian through Lower Cretaceous hosted watersl which is

unaffected by meteoric waters, allowing for the establishment of density stratification and
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the formation of illite.
mmacﬁonsbywhichcaﬁonlﬂncﬁviﬁesmconmlledisunoamin. It may be by

the conversion of one mineral to another (i.c. kaolinite to illite) or may result from cation

exchange reactions. The importance of these reaction types will be evaluated in the next

section.

MECHANISMS AFFECTING THE COMPOSITION OF ALBERTA BASIN
BRINES

A wide variety of interpretations have been generated to explain the composition of
waters in sedimentary basins, with most discussions focusing on: 1) dissolution of
evaporite deposits; 2) complete or partial flushing by meteoric waters; or, 3) interaction of
formation waters with enclosing sedimentary rocks. These processes may be investigated
using some of the techniques described by NESBITT (1985). The preliminary
investigation addressing the provenance of Alberta Basin waters (CONNOLLY et al.,
1990a; 1990b) can be further clarified by a thermodynamic evaluation.

Dissolution of Evaporites

High Cl contents in the Alberta Basin have been attributed to the dissolution of
soluble chloride salts (HITCHON e¢ al., 1971). Halite is the most common soluble
chloride salt and upon dissolution, equal molar proportions of Na and Cl are released to
solution, resulting in Na/Cl = 0.65g/g. The dissolution of halite into solution can be
calculated such that as consecutively greater amounts of halite dissolve in solutions, N&/Cl
values change toward the value of 0.65g/g. Dissolving halite into Alberta Basin formation
waters of differing concentrations (i.c. the starting point of curves A, B and C) produces
the various hypothetical trends (A, B, C) shown on Fig. 5.4a. Regardless of the starting

concentration of the formation water, none of these produced trends are compatible with the

203



overall distribution shown by Alberta Basin formation waters. Thus, dissolution of

evaporites is not a viable explanation for the current chemistry of the formation waters.

Mixing of Dilute Meteoric Groundwaters with Formation Waters

Gravity driven flow of meteoric water has dominated many of the diagenedic
reactions that have occurred in the Alberta Basin (LONGSTAFFE, 1986; LONGSTAFFE
and AYALON, 1987; AYALON and LONGSTAFFE, 1988). GARRELS (1967) and
GARRELS and MACKENZIE (1967) have shown that dilute meteoric waters are
dominated by Na, Ca and HCO3, and contain very little Cl. Examination of groundwaters
(HOLYSH, 1989) and meteoric waters (CONNOLLY et al., 1990a) in the Alberta Basin
verify this observation and show that these waters often have Na/Cl , Ca/Cl and HCO;3 +
CO; / Cl values greater than 1.0. Thus, meteoric groundwaters are compositionally distinct
from dilute formation waters and mixing of the two compositions should result in a
characteristic orienfation on a graph.

Curve D on Fig. 5.4a illustrates a mixing relationship between dilute meteoric
groundwaters and Alberta Basin formation waters with 20 g/l Cl. Some formation waters
from Group III have a Na/Cl ratio greater than 1 and plot extremely close to the y-axis.
These waters were sampled from the Cardium Formation and contain a high content of
meteoric water (CONNOLLY et al., 1990a; 1990b). Following trend D, intersection of
three points occurs, prior to intersection with the formation waters. All of these points are
from Belly River Formation reservoirs, confirming the strong meteoric component attested
to these Group I waters. Two Group III points plot just below the Belly River Foramtion
samples, representing the Rock Creek Formation waters. These also have a strong
meteoric component but were likely of higher concentration(~30 g/l) prior to the influx of

meteoric waters, as indicated by their location on the graph. Besides the Group III waters,
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mixingoffonnationwataswithdilutemodernmeteoricwamdounotexplaind\emds
ofGtoupIandGmuplllendingsuppontothehypothesisthanhesewamswmisolated
from meteoric influence since the Pliocene (CONNOLLY et al., 1990b).

Ion Exchange Versus Dissolution | Precipitation Reactions

The transient behavior of temperature, fluid flow, and water cor_nposition is typical
of sedimentary basins and precludes the attainment of time invariant equilibrium.
Nevertheless, equilibrium thermodynamics allows the state of the system under
consideration a: any one time to be compared to an equilibrium state under the same
conditions. ¥ is understood that original scawater and depositional waters in sedimenatary
basins interact with the surrounding mineral assemblage, modifying the original water
composition. Depositional waters in the Alberta Basin were altered by early diagenetic
reactions; however, it is likely that equilibrium has been upset numerous times since. For
example, the second pulse of the Laramide Orogeny cast the sediments and fluids of the
Alberta Basin into disequilibrium. This would have resulted in variable reactions between
minerals and fluids, providing they were kinetically favorable.

Whereas cation/H+ activity ratios versus silica activities indicate the minerals most
likely involved in water/mineral interactions, phase diagrams of cation/H+ activity ratios
versus cation/H+ activity ratios provide more information on the types of reactions that
might be occurring between the various minerals and aqueous phases. Figures 5.10aand b
llustrate some cation/H + versus cation/H+ activity diagrams with the waters of the Alberta
Basin superimposed on them. Once again the activity diagrams are plotted at 100 bars
pressure and 600C temperature.

| A unit slope for the activity ratios on the diagrams implies that mineral reactions are

controlled by exchange reactions between minerals of similar composition. The slopes of
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the boundaries in Fig. 5.10 are controlled by the stoichiometry of the minerals involved and
a unit slope requires that both minerals have the same stoichiometric coefficients for the

species involved in the exchange. Two such reactions are bossible for K+/H+ and Na+/H+
activity ratios in Fig. 5.10a: Na+and K+ exchange between albite and K-feldspar or Na+
and K+ exchange between smectite components. Any other reaction likely results from the
conversion of one mineral phase to another. Fig. 5.10a illustrates the location of the
various water groups with respect to the equilibrium mineral phases. Regression analysis
through Group I waters yields a slope of 0.92 at a correlation coefficient of 0.93,
suggesting that exchange processes are dominating the composition of these waters.
Plotting these same fluids on Fig. 5.10b for Ca+2/(H+)2 and Mg +2/(H+)2 activity ratios, a
similar relationship is observed between the smectites. Because Group I waters exhibit
identical behavior on both graphs, it appears that the cation activity ratios in these waters
are likely controlled by exchange processes between smectite components.

Examining the phase relations for Na+ and K+ on Fig. 5.10a, the water
compositions for Group I reflect exchange reactions involving Na- and K- beidellite
components; however, almost all of the samples lie within the illite field. A similar
situation exists on Fig. 5.10b for Ca+2 and Mg+2, in that exchange reactions between Ca-
and Mg-beidellite components appear to be controlling the water chemistry, although illite
is the only clay mineral phase that has been identified in these reservoirs. This would
suggest that smectite controls these activity ratios, but is metastable with respect to illite.

Group II and Group III trends on Fig. 5.10a are not as well correlated as Group I
and have slopes which dismiss ion exchange as being the sole processes controlling the
activity ratios for Na+/H+ and K+/H+ for Alberta Basin waters. Separate regression
analyses for each of these groups indicates a reasonably close parallelism with the

regression line representing the reaction between smectite (Na-beidellite) and illite, with
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most of the wawrs plotting in the illite field. These observations corroborate those for
mineral phases observed in the basin, where paragenetic sequences (Appendix I) reflect
litization of smectite and kaolinite is currently active, particularly in the Cretaccous. It has
been demonstrated by HURST and IRWIN (1982), that a hydraulic head that causes
meteoric water to penetrate deep into sedimentary basins typically generates kaolinite
cements, while a decrease in hydraulic head causes concentrated brines to rise within the
basin, generating an environment conducive to the formation of illitic cements. The Alberta
Basin documents an analogous history. Meteoric waters flushed through the basin as a
result of the hydraulic head generated by the Laramide Orogeny. Abundant kaohmte was
formed.particularlyintheCamhrianunits and the Cretaceous sequence. Dissipation of the
hydraulic head subsequently occurred (GARVEN, 1989; CONNOLLY esdl., 1990b), likely
resulting in the conversion of kaolinite to Na-beidellite, to illite, with Na-beidellite being an
intermediary phase.

Figure 5.10b indicates that different types of reactions are controlling the
Ca+2/(H+)2 and Mg+2/(H*)2 activity ratios for Group II and Group III waters than are
controlling Na+/H+ and K+/H+ activity ratios. Group II and TII have slopes of 0.85 and
0.82 respectively on Fig. 5.10b and these fluids plot in the chlorite stability field. The
waters are probably dominantly controlled by metastable smectite exchange reactions;
however, other reactions are also affecting ti:e waters to a lesser degree, preventing the
attainment of a unit slope.

Numerous reactions were referred to in CONNOLLY et al. (1990a) as possibilities
for providing an excess of divalent cations to the formation waters of Group I. These
processes, such as silicate hydrolysis reactions and clay carbonate reactions may once have
been active, particularly

Kaolinite + K+ ¢ Hllite + H+  (2).
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Kaolinite may have been very abundant in these stratigraphic units after the Laramide
Orogeny, but has been subsequently illitized. This process could have yielded the current
excess of divalent cations. However, at present the formation waters do not indicate that

these phase changes are active, but are shown to be dominated by cation exchange

processes.

Exchange reactions were not as prevalent in Group I and Group IIL. Initially,
meteoric recharge resulted in the formation of kaolinite, as observed by petrographic
relationships and isotope analyses (LONGSTAFFE and AYALON, 1987), then the
alteration of plagioclase feldspar and equilibration with Na-beidellite likely occurred as
shown in the following equation:

7NaAlSi3Og + 6H* > NaAl3Siy1039 + 10Si02 + 6Na+  (3)

Subsequently, illite was probably formed from the conversion of smectite. Either of the
commonly accepted illitization reactions (transformation - HOWER et al., (1976);
cannibalization - BOLES and FRANK, (1979)) would result in excess cations, particularly
Na+, being released. Combining either illitization reaction with that of (3) would explain
the excess of Na+ Alberta Basin waters, particularly in the Cretaceous units and the
observed mineral assemblage.

The linear relationship maintained between Group I and Group II waters on mixing,
elemental, and isotopic plots shown in CONNOLLY et al. (1990a, 1990b) is not repeated
here on activity phase diagrams (Figs. 5.9 and 5.10). This suggests that dtﬁough ona
large scale, Groups I and II are mixing and have possibly established density stratification,
currennt chemical reactions occurring in the different groups are defined by the surrounding
lithology. Because Group II and Group II are characterized by clastic reservoirs, they plot
and form similar trends on the activity diagrams as the distribution of each element among

potential species in their waters is similar, whereas waters from Group I are from
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those in clastic reservoirs.
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CONCLUSIONS

Equilibrium thermodynamics was used to establish the importance of water/rock
interactions in controlling water compositions and mineral precipitation in the Alberta
Basin. Three distinct formation water groups, which were previously established based on
chemical (CONNOLLY et al., 1990a) and isotopic (CONNOLLY et al., 1990b)
compositions, were similarly used in this study based on ionic strength (Fig. 5.5) and
major ion/Cl1 versus Cl plots. These groups are: Group I, which are dominantly carbonate-
hosted and are stratigraphicaliy the lowest; Group II, which are primarily from clastic'
reservoirs; and Group III, which are completely clastic-hosted and comprise the
stratigraphically highest zone.

Stability relations and activity diagrams of cation/H* activity ratios versus silica
activities for the formation waters of the Alberta Basin show distinct trends for the three
water groups. Group I are equilibrated with smectite, illite, calcite, and dolomite, with
gypsum and anhydrite becoming increasingly significant for waters with ionic strengths
>2.0. Carbonate minerals appear to dominate the equilibrium reactions with moderation by
illite. Group II and III waters are equilibrated with respect to calcite, dolomite, illite,
smectite and chlorite, with the distribution of Group II waters indicating a more complex
origin (i.c., more reactions contributing to the water chemistry) than those for Group Im.
Clay minerals dominate water/rock reactions in these groups, distinguishing them from
Group L.

Potential mechanisms for altering the composition of Alberta Basin waters are: (1)
dissolution of evaporites; (2) flushing by meteoric waters; and/or, (3) interaction of
formation waters with enclosing sedimentary rocks. The first mechanism is not currently
active and only Group III waters are affected by modern meteoric flushing. Water/rock
interaction is a predominant mechanism affecting the current composition of basinal fluids.

Ion exchange reactions between smectite phases, metastable to illite, characterize Group [
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waters. Gtodps 1I and III waters are controlled by the conversion of beidellite to illite, but
are partially controlled by ion exchange reactions between Ca- and Mg-beidellite,
metastable to chlorite.

Equilibrium mineral reactions/exchange processes responsible for aqueous
speciation are different for Group I waters when compared to Groups I and III, suggesting
lithologic variation (i.e. clastic vs carbonate rocks) is the likely canse. This distinction
indicates the various reactions contributing to the overall mixing regime established
between Groups I and II in the Alberta Basin (CONNOLLY e al., 1990a; 1990b), as
equilibrium thermodynamics considers the distribution of each species among potential

species in solution. All of the water groups indicate relatively evolved reaction paths

(kaolinite — montmorillonite — illite), despite being part of a basin thought to be

dominated, as recently as the Pliocene, by gravity-driven flow.
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Table 5.1. The minimum, maximum, mean and standard deviation values for the activities
of silica, Na+/H+, Ca+2/(H+)2, Mg+2/(H+)2, and K+/H*. For each activity, 2
value is given for all of the groups combined, in addition to values for the
individual groups, which are based on the ionic strength of the water sampies
from the Alberta Basin.

ACTIVITIES GROUPS MINIMUM MAXIMUM MEAN  STANDARD

DEVIATION
SO (ag) Al 3.7 -3.02 3.25 0.14
I 334 311 322 0.09
i -3.44 312 3.28 0.10
II 371 -3.02 327 0.24
Na+/H+ Al 5.16 6.85 5.97 0.45
1 5.16 6.16 5.63 0.32
i 5.90 6.81 6.34 0.30
m 5.80 6.85 . 6.18 0.37
Cx?/(H+)2 Al 8.81 11.80 10.29 0.86
I 8.81 10.79 9.72 0.66
I 9.80 11.80 10.82 0.71
I 9.84 11.75 10.74 0.71
; Mg2fH+2 Al 8.59 12.05 10.07 0.91
I 8.59 10.53 9.47 0.62
I 9.40 11.64 10.59 0.83
I 9.61 12.05 10.60 0.84
K+/H¢ Al 3.35 4.40 3.91 0.30
I 3.35 4.40 3.80 032
i 3.86 438 4.13 017
m 3.52 438 3.86 0.28
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CHAPTER 6. STRONTIUM AND STABLE ISOTOPIC
CHARACTERIZATION OF CLASTIC AND CARBONATE ROCKS IN THE
ALBERTA BASIN, WESTERN CANADA SEDIMENTARY BASIN:
DIAGENETIC AND DETRITAL PHASES

INTRODUCTION

The study of Rb/Sr systematics in sedimentary rocks helps constrain the diagenetic
history of sedimentary units by: (1) providing a chrondlogy of diagenetic events through
dating of diagenetic phases; and (2) indicating elemental mass transfer and the source of
diagenetic pore fluids, providing information on mixing relationships and cross-formational
fluid dynamics. |

Clay minerals are the most ubiquitous constituents of sedimentary rocks. These
minerals are of major interest in Rb-Sr studies of sedimentary systems because they
ethbrate with the po:ewatei' environment during neoformation and transformation and
can subsequently remain as closed systems. Furthermore, clay minerals, particularly illite
and glauconite, are enriched ia Rb, resulting in a sufficient spread in Rb/Sr ratios for
obtaining geologically valid isochrons. Such isochrons have been obtained for diagenetic
illite (CLAUE: ., 1979, 1982; MORTON, 1985a), allowing inferences to be made
regarding the scale of diagenesis and whether it was a gradual or episodic event
(MORTON, 19852). Because waters/solutions are the chief agents of mass transfer and
chemical change during diagenesis and changes in porewater compogaition often result in
almgtionlprecipitation of the mineral assemblage, dating the diagenetic component may
provide constraints on porewater evolution. Moreover, the extent t¢ which orogenic
activity was influential to porewaters and resulting authigenic phases may be discerned. For
example, foreland basins are generally dominated by gravity-driven flow of meteoric

waters. The timing of this influx and the scale over which it was significant may be
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discriminated by dating the authigenic component of the formations.

The isotopic composition of Si in carbonate and silicate cements from non-marine
and marine sandstones can prov:de information about the source of Sr in aqueous solutions
from which authigenic mir<zals precipitate during diagenesis. To be present in circulating
fluids, St must be released from mineral constituents by processes such as dissolution
(feldspars, carbonates), mineral alteration (albitization of plagioclase, recrystallization of
smectite to illite) and ion exchange reactions (largely involving clay minerals). Diagericuc
studies of mineralogiéal relationships through observations of progressive
paragenesis/authigenesis in a sedimentary unit have been used to imply the occurrence of
these reactions (HOWER et al., 1976; BOLES and FRANK, 1979 LAND and
MILLIKEN, 1981; BOLES, 1982; LAND, 1984). However, whether these reactions
actually occur and the scale over which they are significant has only been hypothesized, zot
actually demonstrated usifiz a geochemical tracer. Strontium provides an excellent
geochemical tracer as it is not measurably mass fraciionated during chemical reactions and
its isotopic composition changes because of the radioactive decay of 87Rb to 87Sr; variable
87S1/86Sr ratios occur due to diverse Rb contents in different minerals. This variability can
result in authigenic phases with very different isotopic signatures depending on their source
or precursor phases. Hence, if the paragenetic history has been determined and the
diagenetic phases characterized isotopically (87Sr/86Sr), it is possible to define the
evolution of basinal/formational porewaiers and the scale to which the processes defining

them are homogeneous.

. In this paper, diagenetic and detrital phases for clastic and carbonate formations
from the Alberta Basin, Western Canada Sedimentary Basin were analyzed for radiogenic
isotopes (87Sr/36Sr), stable isotopes (C and O), and elemental (Rb and Sr) concentrations.
The primary goals are: (1) to date diagenetic clay minerals; (2) to establish water mixing
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and water-rock interaction processes by examining the diagenetic phases that crystallized
from or were altered in thess waters; (3) to determine the degree of bpen versus closed
systembehaviorin'the’basinwiﬂlmpecttocross-formaﬁoml fluid flow and water mixing;
and, (4) to establish the sequence of diagenetic mineral formation and the scale over which
it occurred. 4 the epecific zones to which it has been restricted. Focus is placed on clay
mineriis, pesticulacly illite, as they are prevalent and the only datable primary alkali silicates
able to groiv, equilibrate and stay in equilibrium during sedimentary processes. Combined
with previocusly obtained data on the carbonate minegals (Chapter 2), whole rocks (Chapter
2) and formation fluids (Chapters 3, 4 and 5 in the Alberta Basin, water/rock interaction
and fluid mixing processes are demonstrated.

GEOLOGIC BACKGROUND

TheAlbamBasinispanofﬂermCmadaSedimentaryBasinandisbmdaed
to the northeast by the Precambrian Shield, to the west by the Rocky Mountzin Thrust Belt
and to the southeast by the Sweetgrass Arch (Fig. 6.1). This study examines an
assemblage of sedimentary rocks which form a vertical section from the Precambrian
basement to Upper Cretaceous in the Alherta Basin, The basin is & foreland basin
comprised of a wedge of essentially undeformed sedimentary rocks that dip and thicken
towards the southwesi, resting unconformably on the Precambrian basement (Fig. 6.2).
The basin may be subdivided into three general lithologic units: (1) Cambrian shales
overlying a basal Cambrian sandstone; (2) Jurassic and Paleozoic carbonates, shales and
evapc?rites; and (3) Cretaceous clastic rocks composed of thick shale and siltstone units
interbedded with thin sandstone lenses. Upper Mississippian, Peansylvanian, Permian,
Triassic, and most of he Jurassic have been eroded from the Central Plains of Alberta (Fig.
6.3). \

Present day morphology of the Western Canada Sedimentary Basin was initiated
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Auring the Jurassic-Cretaceous period Toward the end of the Jurassic, subduction cf *ie
Pacific Plate beneath the wester edge of the North American Piate occurred as - Of
the Columbian Orogeny (PRICE, 1973; DICKINSON and SNYDER, 1978;
BEAUMONT, 1981; JORDON, 1981). Shortening across the Columbian Orogen
generated thrust sheets toward the cast initiating the formation of the Rocky Mountains.
Northeasterly and easterly movements progressed from Early Jurassic to mid-Lower
Cretaceous, with deformation being confined to the core orogenic zone and western ranges.
During the Late Cretaceous, slow epeirogenic uplift along the castern Cordillera was
initiated by the first z:ilse of the Laramide Orogeay (TAYLOR ez al., 1964; DICKINSON
and SNYDER, 1978). Consequently, during the Paleocene a thick sequence of continental
clastics were deposited in the Foothills and across Alberta causing maximum downwaiping
in the basin. IntheEarlyEocene,thcswondpulseoftheLanmichmgenyoccmed
creating a period of maximum subaerial relief and subsequent burial (PORTER et al., 1982;
HITCHON, 1984). Positive movement of the continen:a: plate ensued, resulting in erosion
and additional southwest tilting of the sedimentary column in the foreland basin. It has
been estimated that approximately 1900 m of overburden in x> western part of the Alberta
Basin and 900 m in the east have been eroded since ma::imum burial (NURKOWSKI,
1984; BEAUMONT et al., 1985; LONGSTAFEE, 19/86).

During the 600 Ma history of the Wester: Canada Sedimentary Basin, the
hy¢mdynamicmgimehuﬁkdychmgedsevaﬂﬁme&lomuymdbasinwide,inrespmsc
to various tectonic movements. The current hydrodynamic regime in the Alberta Basin
originated subsequent to the second orogenic pulse of the Laramide Orogeny. Associated
overthrusting created & large hydraulic head in the eastern Foothills, creating a mechanism
for deep penetration of cool, meteoric waters which discharged eastward (HITCHON,
19602, 1984). It is doubtful that a hydraulic head greater than that generated by the present
Canadian Cordillera ever existed prior to the Laramide Orogeny, (HITCHON and

242



FRIEDMAN, 1969). It has been suggested that the Upper Devonian - Carbonirerous
carbonate rocks of the Alberta Basin channel flow throughout the basin toward the
northeast, and act as a low fluid potential drain for the basin (HITCHON, 1969b, 1984,
DEROO et al., 1977). Alternatively, GARVEN (19%9) suggests that the regional flow
system has undergone dissipation, at least since the Pliccene, with younger, shallower
formations developing smaller flow sub-systems. This latter hypothesis is'suppomd by
the chemical and isotopic composition of the waters (CONNOLLY et al., 1990a, 1530b).

Shifts in the geothermal gradieat of the Alberta Basin, as a result of the second
pulse of the Laramide Orogeny, have been postulated by HITCHON (1984) using the data
of HACQUEBARD (1977). HITCHON (1984) suggests that during the Late Paleocene,
the gradient decreased from ~300C/km in the western Alberta plains to ~23°C/km in the
easgbutthatthismndwasmvasedaﬁameseoondpulseofmcLﬁmmichmgeny. ﬁy
the Eocene the geothermal gradient increased from ~210C/km in the west to ~27oC/km in
the east, a similar but subdued pattern to that which exists today. BEAUMONT et al.
(1985), in their lithospheric flexure model, demonstrated that the palcogeothermal gradient
has probably increased systematically northeastward from the Foothills at least since the
early stages of the major Laramide Orogeny. However, their studies suggest that the
gradients in the past were higher than those estimated by HITCHON (1984), and
approximated those of present day (27°C/km in the Foothills to 40°C/km in the Edmonton
area). The heat flow pattern has not changed since the Eocene (HITCHON, 1984;
MAJOROWICZ et al., 1985).

STRONTIUM IN SEDIMENTAKY ROCKS

Sources of Strontium

The concentration and isotopic composition of Sr in pore fluids migrating through a
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sequence of basinal sediments is controlled by the mineral or rock particles with which the
solution interacts (STANLEY and FAURE, 1979). The fraction of Sr in sviution derived
from a particular mineral is dependent upon the abundance of that mineral, its Sr
concentration and its relative susceptibility to dissolution and chemical weathering. When
present, carbonate minerals, volcanic ask and plagioclase are important sources of Sr.
Microcline, mica, clay, apatite and ferromagnesian minerals are less important because of
their lower Sr concentrations and/or greater resistance to weathering. Important sources of
radiogenic St are those minerals which contain significant amounts of Rb, such as micas,
K-feldspar, certain clays and some evaporite minerals.

Variations in 87S1/86Sr determined for porewaters and diagenetic minerals indicate
variations in Sr sources to interstitial waters, because Sr does not fractionate isotopically
under conditinns prevailing in the crust. Low, unradiogenic Sr isotope ratios are generally
associated with rocks of low Rb contents, but may also occur in relatively young, high-Rb
rocks and minerals. Higher radiogenic isotope ratios are chsracteristic of older r>cks
and/or those with high Rb contents. Calcium carbonate and plagioclase have very low
Rb/Sr ratios but high Sr concentrations; therefore, they contribute substantial amounts of St
with low and time-invariant 87St/86Sr ratios. The contribution of radiogenic Sr from
velcanic ash is extremely variable, depending on whether it is of basaltic (low Rb/Sr) or
felsic (high Rb/Sr) composition. Apatite and ferromagnesian minerals are generally st
abundz=? in sedimentary Systems and have low Rb/Sr ratios and low Sr concentrations
respectively, resulting in Sie release of Sr with relatively low 87S1/86Sr ratios. Microcline
and mica are potential sources of very radiogenic 87Sr, but because these phases are
resistant to chemical weathering, with the exception of biotite, and generally have low Sr
concentzations, their contribution of radiogenic Sr to porewaters is variable depending on

the physical/chemica! conditions (temperature, acid versus basic porewaters etc.) in the
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sedimentary unit. Detrital ¢lay minerals contribute Sr predominantly through cation
exchange, but alteration of the phases can result in the release of Sr from the structure.
Ilite andsmectitedaivedﬁomwatheﬁngofoldukb-buﬁngmcks may contain mobile
radiogenic 87Sr; conversely, the exchangeable 87Sr may be unradiogenic, common Sr.

Isotopic Dating of Clays

Isotopicdaﬁngofsedimentshasbeenattemptedusingtwosepmtemethods: (1) the
whole rock method (COMPSTON and PIDGEON, 1962; HART and TILTON, 1966;
OBRADOVICH and PETERMAN, 1968; BOFINGER et al., 1968, 1970); and, (2) the
separated fine fraction method (BONHOMME et al., 1965; BONHOMME et al., 1968;
BONHOMME and CLAUER, 1972; CLAUER and BONHOMME, 1974; CLAUER et al.,
1975; CLAUER, 1981). The dates determined from the whole rock method are difficult to
interptetbecauseisotopichomogeneitYandclom- f.=fthesystemtolossorgainofkband
Sr cannot be inferred. Isotopic homogeneity is not necessarily associated with the time of
deposition and the initial isotopic heterogeacity inherited at the time of deposition may be
entianced or diminished by later diagenesis, structural deformation, recrystallization during
incipient metamorphism or & combination of these.

The separated fine fraction (Q pm) method relies on more specific criteria than the
whole rock method and can be applied to date and hence identify source rocks (i.c.,
provenance) or individual events (i.c., diagenesis). During diagenesis or metamorphism,
isotopic exchange and equilibration of mineral Sr with porewater may OCCur. Detrital and
diagenetic minerais of sedimeatary rocks are commonly concentrated in different size
fractions, with the diagenetic component in the finer (<2 pm) clay material. Itis this fine
fraction of pelitic rocks that may be used to date diagenetic occurrences (HOFMANN etal,,
1974; MORTON, 1985a, 1985b). The preferred phases for dating in sediments are clay

minerals, in particular illite, because they are the most common diagenetic constituents of

245



sedimentary rocks, they are readily crystallized in equilibrium with the environment and
they subsequently remain as closed systems after formation. Other clay minerals, including
the chlorite, kaolinite, smectite and mixed-layer groups, are not enriched in Rb and are not
as readily dated. GAUDETTE et al. (1966) considered illite to have a coherent core
surrounded by an incoherent shield which serves as a locus for sorption and cation
exchangs. Precipitation of illitc commences with the formation of fundamental particles
(NADEAU and BAIN, 1986) or nuclei, which grow larger by accreting additional K and
oi:minosilicate layers. Therefore, when diagenetic illite forms over an extended period, the
finest fraction (<0.2 pm) should contain the highest proportion of fundamental particles.
This fine fraction would most reliably yield the age of formation of the illite, rather thana
larger fraction whose age reflects the average effects of accretionary processes over time.

Providing mineralogical, sedimentalogical and chemical criteria formulated in
relation to requirements of Rb/Sr geochronology (CLAUER, 1981, 1982) are consistently
applied, geologically significant Rb-Sr data are more readily obtained from illitic clays.
These criteria provide a means of identifying the clay phases in the sediment, determining
the origin and genesis of the clay (detrital or authigenic), and establishing the origin and
isotopic composition of Sr from different phases. Unfortunately, the most careful sample
selection and preparation cannot remove fundamental uncertainties from Rb/Sr dating of
sedimentary rocks, such as whether isotopic homogeneity was attained at closure, possible
modification of the clay mineral, and analytical uncertainties.

When interpreting Rb-Sr data in sedimentary systems, it is important to realize the
difference between diagenesis and regional metamorphism, a distinction often not made
when studying sedimeatary rocks (MORTON, 1983). The term diagenesis signifies any
chemical and/or mineralogical change that occurs in a sediment after burial up to the onset
of metamorphism. The transition from diagenesis to metamorphism is gradational, but is
arbitrarily set at a temperature of 2000C. During metamorphism, heat is the chief agent of
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chemical change, the water/rock ratio is very small and in most instances recrystallization is
isochemical: whole rock samples remain chemically isolated (MORTON, 1983; FAURE,
1986). Because of migrating solutions, diagenesis works in the opposite sense. Waters
are the chief agents of chemical change in an environment where the water/rock ratio may
be substantial. Diagenesis may be highly selective, promoting isotopic exchange and
homogenization among particles that are spatially distant from one another, while

neighboring but mineralogically different particles in the same sample may fail to exchange.

ANALYTICAL PROCEDURES

Fifty-two conventional core samples from Precambrian through Upper Cretaceous
formations were studied (Fig. 6.3). All samples were prewashed with distilled water to
remove excess drilling fluid. Standard petrographic thin sections of core samples were
prepared after impregnating the samples with blue-dyed epoxy. Calcite was stained
according to the method of DICKSON (1965). Final core sample selection was based on &
petrographic and XRD study. Both detrital and diagenetic minerals were examined using
optical petrography, X-ray diffraction (XRD), scanning electron microscopy (SEM), stable
(O and C) isotope and radiogenic (Rb/Sr) isotope analyses.

MinerallSize Separasion

Core samples were disaggregated by gentle crushing and ultrasonication using a
high frequency probe. Care was taken 10 avoid grinding of samples to minimize the
introc}uction of clay-size feldspar and quartz. Clay mineral suspensions were washed into
individual settling columns, dispersed in distilled water and allowed to settle for the
appropriateperiodoftimerequiredtoobtain a < pm size fraction. This procedure was
repeated at least three times to ensure effective separation of clay minerals; however, if the

sample contained a high gercentage of clay, the procedure was repeated until the
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supernatant liquid was relatively clear. The mineralogical content of the <2 um size
ﬁacﬁmwasdewrmimdbeRDusingoﬁmwdsamplemoums(glasssﬁdes)andaRigahl
X-ray diffractometer with Co-Ka: radiation (30kV, 25mA).

The clay size fraction was further divided into 2.0 - 0.5 pm; 0.5-0.2 pm; 0.2-0.1
um; and, <0.1 pm size fractions by conventional slow-speed centrifugation using spin
times calculated for the settling of spherical particles (JACKSON, 1979). The centrifuge
times were maximized, within reasonable time limits (approximately one hour), to minimize
errors associated with acceleration and deceleration (CONNOLLY, 1985). The procedure
was repeated a minimum of 5 times per size fraction to ensure effective separation.

The >5ym size fraction was separated into the following size fractions: 5-30 pm; 30 -
125 pm; and 125 - 250 pm using a combination of sonication and sieving techniques in an
attempt to concentrate specific minerals (feldpar, kaolinite). The mineralogy of each size
fraction was determined by XRD using randomly oriented samples.

Authigenic Minerals

Authigenic minerals are concentrated in the finest size fraction. Following standard
chemical procedures for removal of organic matter (JACKSON, 1979) and subsequerit
thorough washing with distilled water using a high speed centrifuge, illite, chlorite and
occasionally illite/smectite (I/S) were concentrated in the <0.2 yim size fraction. Use ofa
<0.2 pm size fraction removed contaminating phases, such as carbonate, feldspar, quartz
and detrital clay phases (because of their larger sizes), so further chemical treatments to
remove these phases were not required. Other studies have shown, using scanning
electron microscopy (SEM) and transmission electron microscopy (TEM), that the clay
minerals in the <0.2 pm size fraction are almost entirely of authigenic origin (NADEAU
and BAIN, 1986; AYALON and LONGSTAFFE, 1988; GLASMANN et al., 1989).
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Scanning electon microscopy was used on selected samples in this study and cotroborates
these observations. Detrital micas and chlorite observed in these samples occur in larger
flakes, usually much greater than 2 pm.
ChloﬁwmupmwdchmkNy.Myﬁmm¢2umﬁwﬁom however, in
sampleswhaechloﬁtewasl&ssab\mdant,ahrgamgeinsiuhadwbeused. Separation
was accomplished by digesting the sample in dilute two times vapour distilled HC1 (0.6 N)
at 800C for one hour. Leaching was followed by boiling the residue in a 3 percent NaCOs

solution for ten minutes to remove silica associated with the decomposition of chlorite.
This illitic residue was then thoroughly washed with distilled water. All samples were
examined by XRD after the acid treatment/chlorite removal and were observed to be
composed entirely of illite, or occasionally I/S. No appreciable affect on the oxygen
isotope composition of the residual material (authigenic illite or I/S) results from this
treatment (LONGSTAFFE, 1986).

Illite crystallinity indices were determined for all the <0.1 pm illites by: (1)
measuring the peak width at half maximum of the diffraction peak corresponding to the

plane (001) of the illite in an oriented clay smear; (2) converting CoKa values to CuKa

values; and, (3) comparing these vaiues to known standards (Fig. 6.4; KUBLER, 1966;
THOREZ, 1976). These values are used to distinguish high temperature, well crystallized
2M illite polymorphs from the low temperature diagenetic 1M and 1Md polymorphs. All of
the samples had indices >8, well above the defined minimum of 5.5 (KUBLER, 1966;
THOREZ, 1976) for diagenetic illite. All of the <0.1jum iltites in this study are interpreted
as being diagenetic. The Devonian illites were the most crystalline, with illite crystallinity
indices of 8, and these too were confirmed to be diagenetic by SEM analysis (Fig. 6.5).
Diagenetic kaolin group minerals were not isolated. However, they are not active

participants in RbS- systematics (unpub. dats). In a manner similar to quartz, kaolinite is a
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very pure phase and does not rexdily exchange or incorporate Rb or Sr.

Apatite and Feldspars

When present, apatite always occurred with calcite and quartz. Calcite was
removed by leaching with dilute acetic acid (1:10); the resulting quartz/apatite phases were
isolated from one another using the heavy liquid tetrabromoethane.

For feldspar-containing samples, the clay component was first removed aad then
the feldspar phases were isolated using heavy liquids. Because of the small grain size of
these samples, hand-picking was not a viable alternative to heavy liquids. Aqueous sodium
polyiungstate (3NaaWO,9WO3 H20) was used in preference to the halogenated
hydrocarbons because specific densities could be schieved and casily mai~«‘~ed for
individual sampl-3. The densities of plagioclase feldspar and quartz commonly _..apped
completely and isolation of these phases was not achieved. However, K-feldspar was

separated from some samples.
The purity of apatite and feldspar fractions was confirmed by XRD analysis.

Stable Isotope Analyses
The oxygen and carbor isotope data are presented in the usual  notation relative to

Standard Mean Ocean Water (SMOW) for oxygen (CRAIG, 1961) and the Belemnitella
americana from the Peedee Formation (PDB) for carbon (CRAIG, 1957). To calculate the
oxygen isotope results for calcite and dolomite, 1.01025 and 1.01110 were used,

respectively, for the total carbonate CO; fractionation factor (o) at 25°C (modified after
SHARMA and CLAYTON, 1965). The calcite o was used in all calculations for siderite;

the dolomite o was used in all calculations for ankerite. An oxygen isotope, CO2-H,0
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fractionation factor of 1.0412 at 25°C has been employed in these calculations.

Stable isotope analyses of carbonate minerals were obtained by reacting organic-
free powdered rock samples (<44 jm) in anhydrous H3POj at 250C, following procedures
described by WALTERS et al. (1972), modified after McCREA (1950) and EPSTEIN et
al. (1964). Carbonate content and mineralogy were confirmed by XRD prior to isotope
analyses. Because of possible cross-contamination of CO; gas produced from calcite and
dolomite, results for calcite are presented only when the calcite/dolomite ratio in a sample is
greater than 0.5; results for dolomite are recorded only if the calcite/dolomite ratio ina
sample is less than 0.7. These same restrictions were applied to ankerite/dolomite saixtures.
These criteria were frequently satisfied by analyzing an isolated size fraction rather than
using a whole rock fraction. Siderite was only analyzed when it occufred as the sole
carbonate phase in the sample. COzwasobtainedﬁ'omsidaiteandankaicbymacﬁonat
250C for 21 days. Replicate isotopic analyses of carbonate minerals were better than
0.1%s for 3180,

Oxygen was extracted from silicate minerals according to the BrFs method of
CLAYTON and MAYEDA (1963), and quantitatively converted to CO, over a hot graphite
rod. Replicate analyses were better than £0.2%o. Over the period of experiments, NBS-28
was determined for every set of five samples and gave an average value of +9.65 £ 0.21%e.
Precisionandaocuracyofdatawmmonitomddailyusinganintemallabstandardandthe
carbonate standard NBS-20.

Radiogenic Isotope Analyses

Using a combination isotope dilution (ID)/ isotope ratio (IR) procedure, Srand Rb

concentrations and 87S1/86Sr ratios were determined for carbonates, both leached and
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unleached fractions of illite, chlorite removed by dilute acid leaching, feldspar, apatite and
anhydrite, In order to minimize contamination associated with ion exchange reactions with
clay minerals, illite was generally leached with dilute (0.6N) two times vapour distilled
HCl. This leaching procedure also removed chlorite from the illite phase providing a
leachate/chlorite sample for analysis. Homogeneous samples of each separated mineral
were spiked with a mixed solution of $7Rb and 84Sr, and then equilibrated by HF- HNO3
decomposition in closed vessels (carbonate samples were equilibrated with only dilute
HNO;). Strontium was separated by co-precipitation with Ba(N63)2 from a strong HNO3
sample solution and purified on a cation exchange columa. The Sr was loaded as SrCl; on
the side filament of a Re double filament. The alkalies from the supernatant liquid of the
Ba(NO;),-precipitation were concentrated and Rb was coprecipitated with KClO4 by the
eddition of HCIO4 to the aqueous extract. The (K,Rb)ClO4 was loaded on the. side
filament of a double-Re filament. Isotope ratios of both the Sr and Rb were measured on a
VG-MM 30 mass spectrometer in semi-automatic mode with on-line data collection and
processing. The within-run precision of a single analysis of the 87Sr/86Sr ratio was
+0.00003; repeated runs of the NBS-SRM 987 standard over the duration of the study

yiclded a mean 87S1/86Sr ratio of 0.7102740.00004 (1c). All measured 87S1/86Sr ratios

were normalized to 86Sr/88Sr =0.1194.

RESULTS AND DISCUSSION

General
Stable (513Ceppa); 5180(sMow)) and radiogenic (87S1/868Sr) isotope results and Sr

and Rb concentrations are shown in Table 6.1. Listed are the locations, depths and

lithologies from which the samples were obtained, and the composition of the analyzed
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samples (whole rock versus mineral separate). Some of the carbonate data listed have
already been reported in Chapter 2, but average values are given again here in order to
provide a comparison with the data obtained in this study.

Petrography
Core samples from each of the formations shown in the stratigraphic cotumn for the

Alberta Basin (Fig. 6.3) have been examined petrographically and by XRD; SEM analysis
was conducted on a representative subset of Devonian and Cambrian samples. Extensive
SEM analyses have been conducted on many of the Cretaceous formations in: the Alberta
Basin in other studies (LONGSTAFFE, 1986; LONGSTAFFE and AYALON, 1987;
AYALON and LONGSTAFFE, 1988). Detailed descriptions of the lithologic successions,
the detrital and diagenetic mineralogy and the paragenetic sequences of individual
formations are given in Appendix I; a brief overview/summary is provided heze.

Altered muscovite biotite granites of the Precambrian basement are unconformably
overlain by basai Cambrinn sandstones (~40m) and shales (~185m). The sandstones are
clean quartz arenites containing eaﬂy diagenetic chlorite which is succeeded paragenetically
by quartz overgrowths and kaolinite, all of which are overlain by illite/smectite (I/S) and
illite. The Cambrian green shales succeed the basal sandstones. The disgenetic component
in the shales consists of highly altered early chlorite, some of which is being replaced by
less altered kaolinite; I/S and illite are the last phases formed in the paragenetic sequence.
The Cambrian units are unconformably overlain by Devonian sedimzeniary anits (~975m),
whlch are composed of evaporites at the base, followed by generally one of two end
member lithologies, limestone or secondary dolomite (ANDRICHUK, 1958). Intervening
shale formations are composed of alternating carbonate and quartz/illite units. Eroded
Mississippian carbonates (~40m) and Jurassic mixed carbonate/clastic rocks (~40m) overlic
the Devonian. The principal diagenetic minerals observed in the Devonian through Jurassic
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formations are carbonate (calcite, dolomite, ankerite) and illite. The Cretaceous clastic
rocks (highly variable in thickness, increasing toward the southwest) unconformably
succeed the Jurassic units in the western part of the study area ar:. the Devonian units
toward the east (Fig. 6.2). The Cretaceous sequence is dominated by shale units with
interspersed sandstone lenses. Authigenic minerals are variable in abundance, even witlti:
a single formation, but similar phases are generally found throughout the Cretacevu:
formations. Diagenetic clay minerals include Fe-rich chlorite, kaolinite, dickite, smectite,
illite and interstratified expandable phases, :*:luding chloritefsmectite (C/S), smectitefillite
(S/T) and illite/smectite (I/S). Diagenetic carbonates include calcite, dolomite, ankerite and
siderite. There is a paucity of feldspar in the Cretaceous formations with'n the study area,
with the exception of the Viking and Belly River Formations, where - bite/oligoclase
plagioclase feldspars are much more abundant (6-26%) and alrered than K-spar (1-8%).

Paragenetic sequences for the msiz reservoirs of the Cretaccous units are illustrated in

Appendix L

Stable Isotope Constraints

The petrographic data for the formations of the Alberta Basin can be combined with
oxygen-isotope results for the diagenetic minerals to deduce changes in porewater 6180 that
occurred during deposition, burial, uplift and erosion of the formations. As has already
been discussed, maximum depths of burial and as-ociated meaximum temperatures can be
approximated using erosional and paleogeothermal gradient data from BEAUMONT et al.
(1985) and by assuming a surface temperature of +160C in the Eocene (PIEL, 1971). Such
an evaluation has already been illustrated for the Belly River (LONGSTAFFE, 1986;
AYALON and LONGSTAFFE, 1988) and Viking (LONGSTAFFE and AYALON, 1987)

Formations, whereby changes in porewater $180 values that accompanied diagenesis were
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deteropned «. <1 - wiaved to basinal tectonics, providing a relative timing of formation for

diagev.iic phast..

Cretacc.: . -Clastic Rocks
The stable isotopic data for illites is relatively consistent among the Cretaceous

formations; however, 2 wider range in valuc: is noted for the I/S minerals. The

relationshij: between the measured 5180 of diagern=tic illite, I/S and the possible

combinations of water 8130 and iemperatw: were calculated and representative curves

(i.e., isotope curves) are plotted on Fig. 6.5. Also shown is a porewater evolution curve,
which is fitted to the graph in a manner that intersects the range of possible temperatures
azd water 5180 values in an or&a consistent with the observed paragenetic sequences and
the calcalated isotope curves for individnal diagenetic phases for the Cretaceous formations
(Fig. 6.6). Tllustrated on the porewater ovoiugion curve are the various authigenic phases
comprising the general paragenetic sequence for most of th# Crctac;:ous formations.

«esent reservoir conditions in the various Cretaceous formations provide end points for
.- porewater evolution curve and ure highlighted by the different boxes for individual
formations. Figure 6.6 is a schumatic illustration eacompassing all of the Cretaceous

formations in the Alberta Basin within the ctudy erea showing the likely range of

temperatures and 3180y20 values experienced by the reservoirs. Individual formations

may have slight modifications to the porewater evolution curve of additional authigenic
phasés not illustrated here, but the general trend and paragenctic sequence of diagenetic
minerals exhibited is adhered to by all Cretaceons formations.

The initial composition for the porew.ter exhibits a wide range of 5180 values to
include all possible values compatible wich tho various depositional environments. For
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example, if a formation was deposited under seawater conditions or in a shallow marine

setting, the 5180 value may be approximated by 0%o, which is the curreat value for

standard mean ocean water. Alternatively, the water may have beer more 180 depleted
given possible early coriributions by metzctic, water or potential interaction with entrapped
bottom waters (SAVIN und YEH, 1981). WiITTAKER ¢t al. (1987) have suggested that
values as low as -4%o may have occurred “: i 3.5 140 Waters of the Cietaceous inland sea.
A brackish water environment, such as the Belly River depositional environment, would be
even more *¥)-depleted (possibly as low as ~ -8%o). Low temperature foreaation of early

disg snetic phases, such as <hloritz, occurred in these brackish to seawater eavironments.

Regardless of the 5180 values of the depositional waters, with increasing depth of burial it

is likely that the 8180 vaiue of the porewaters increased due to watet/rock interzctions (Fig.

6.6). Processes such as isotopic exchange with phases like calcite, dissolution of rock
fragments and/or contributions from the dc:~ .+~ ing of clay minerals (CLAYTON et al.,
1966; HIT" ‘ON and FRIEDMAN, 1969; SUCHECKI and LAND, 1983) would all serve

to increase 5180 values of the porewaters to values possibly as high as +4 to +6%eo, as

indicated by fluid inclusions in the Alberta Deep Basin (TILLEY and LONGSTAFFE,

1989). However, the porewater 818Q values likely did not exceed +6%o, due to the

buffering reactions of clay minerals (SUCEECKI and LAND, 1983) in the Cretaceous
shales. With increasing burial and temperature, chlorite may have continued to form and
calcite precipitation started to occur.

During maximum burial in the Early Eocene, maximum temperstures in the basin
were achieved and the isotopic composition of quartz indicates that the precipitation of this
phase was occurring prior to and during maximum burial (Fig. 6.6). Topographic relief
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attained as a result of uplift of the Canadian lordi lura at this time (Eocene; led to 2 major
regional influx of meteoric water (8120~15%0; TAYLOR, 1974) into the Alberta Basin.

The isotopic¢ composition of relatively later diagenetic calcite in the paragenetic sequences of
Cretaceous formations may only be explained by a decrease in the isotopic composition of
the rescrvoir fluids; hence, this calcite likely precipitated during this recharge event. A

decrease in reservoir temperatures accompanied the influx of meteoric waters, as illustrated
by the bend on the porewater evolution curve (Fig. 6.6); temperature and 5180 decreases

are coincident with kaolinite precipitation. The influ:. of meteoric water and post-Eocene
erosion continued, with the influence of meteoric waters becoming less pronounce:! m the
Lower Cretaceous forn::sions durin,; the Pliocene (CONNOLLY et al., 19%02; 1990b).
porewaters evolved toward present day conditions and moved into the I/S and illite fields
toward the end of the porewater evolution (Fig. 6.5). In summary, chlorite, carbonates,
quariz overgrowths and kaolinite almost always precede iilite or I/S in the paragenetic

sequences of Cretaceous formations (Fig. 6.6). Therefore, although the isstope curves for

illite, I/S on the 5180 porewater vers:s temperature graph appear to be consistent with

burial diagenetic temperatures (i.c. »1000C) and pore fluid compositions (i.e. >~1%o),
when conside:ation is given to the paragenetic sequence and isotopic curves for the other
authigenic phases in the sedimeatary units, illitic phases were miore likely formed after
flushing of meteoric waters and in a lower temperature regime. Hence, in Cretaceous
units, illite and I/S are late diagenetic phases in the paragenetic sec Jence and have likely
formed relatively recently and perhaps are still forming under present day conditions (Fig.
6.6).
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Devonian Carbonate Rocks
The stable isotopic data for the Devonian illites are consistent among the

formations, but not free from ambiguity. Constructing a porewater curve analogous to that
of Cretaseous waters (Fig. 6.7), the iilite isotopic data indicate the illite phases could have
formes ither relatively early in the history of the sedimentary units (i.e., prior to
significant lowering of porewater 5180 values) and/or very late, almost at present day

conditions; it is possible that the illite component is a result of both early and late formation.
There are fewer diagenetic phases in the carbonate dominated Devonian units th@ in the
clastic units (e.g., Cretaceous, Cambriar; saaking it more difficult to clearly establish the
relative timing of authigenic minezal formation. Furthermore, since these units are older
than the Jretaceous formations, they have likely been subject to earlier tectonic events and
have been influerted by more isotopically divergent purewater environments. Howe: - ,

the Devonian units did experience maximum burial and temperatures subsequent to the

Laramide Orogeny. Moreover, maximum 5180 values of the porefluids likely occurred at

approximately this time, due to water/rock interactions and are relatively well constrained as
a result of clay buffering reactions (SUCHECKI and LAND, 1983) and fluid inclusion data
(TILLEY aa¢; LONGSTAFFE, 1989). Asa result, the latter part of the curve is reasonably

well constrained. Thermodynamic data and high 5120 values of the Devonian reservoir

fluids (>2%o) (Fig. 6.7; RITCHON and FRIEDMAN, 1969) together suggest that present
day fluid characteristics are conducive to illite formation. Furthermore, SEM photographs
éxhibit various types of illite morphologiss (Fig. 6.5), with the smallest diagenetic
component (<0.1 pm) being filamentous, hairy jllite. These diagenetic illites exhibit no
alteration, are overlying the carbonate phases, and are the last phases growing into pore

spaces. However, XRD patterns for Devonian illites exhibit relatively sharp peaks,
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although they are still well within the diagenetic field for illite crystallinity (KUBLER,
1966; THOREZ, 1976), sugg>ting that these Devonian illites are more crystalline than
those in any other stratigraphic units. The relatively crystalline nature of Devoniar .ilites,
when compared to diagenetic illites from other Alberta Basin lithologic units, may indicate
that the <0.1 pm size fraction that enriches the diagenetic componsx: that was observed
using the SEM also incorporated some of the early, more crystalline illite phases.

The relative timing of Devonian illite formation should also be considered in the
context of the tecionic history and hydrodynamics of the Alberta Basin (HITCHON and
FRIEDMAN, 1969). The Laramice Orogeny provided the largest hydraulic head ever
experienced in the Alberta Basin. Initially during this event Devonian and Carboniferous
carbonates provided a lew fluid potential drain for these fluids (HITCHON, 1969b;
HITCHON and FRIEDMAN, 1969; DEROC et al., 1577). Although it has been
suggested, based on Devonian erosional surfices, that meteoric waters have penetrated
these reservoirs prior to the Laramide Orogeny (CARPENTER and LOHMANN, 1989), it
is unlikely that the Devonian hosted fluids ever had lower stable isotopic values than after
the Laramide flushing event. Hence, it is unlikely that illite formation occurred
progressively, subsequent to pre-Laramide incursions of meteoric fluids into the reservoir,
as the isotopic composition of the porewaters would not accommodate such a hypothesis.
Rather, the illites formed recently, toward the end of the paragenetic sequence and likely

during buria! diagenesis.

Carbrian Clastic Rocks

" The stable isotope values of ¢ Cambrian diagenetic (<0.1 pm) illites are
compatible with two stages of formation of the illite phases in the paragenetic sequence ifa
simple porewater evolution curve, analogous to the Devonian and Cretaceous, is used.

Uncertainties as to the validity of such a curve are recognized considering the Cambrian
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was deposited over 500 Ma providing a large time frame for diagenetic reactions and
porewater changes. However, the evaporite sequence at the base of the Devonian has been
shown to be a relatively impermeable barrier to fluid flow that is not contributing
significantly to the water chemistry (CONNOLLY et al., 1990a). As a result, vertical
inisiration of meteoric fluids into the Cambrian would not have been significant after the
Middle Devonian. This lack of vertical infiltration and cross-forniational fluid flow is still

consistent with the infiltration of low 5180 meteoric water that occurred subsequent to the

Laramide Orogeny, as these fluids were directed along fault systeins in the Rocky

four:tain foothills and had a southwesierly source 2nd lateral component. Prior to this, the
basinal morpholagy was such tha. meteoric waters would not likely have affected the
Cambrian porewaters (PORTER et al., 1982). In addition, as was described for the
Devonian reservoirs, maximum temperatures and burial of the Cambrian unit would have
occurred subsequent to the Laramide Crogeny and would likely have been succeeded by
flushing of meteoric waters, constraining the latter part of the porewater evolttion curve.
Thus, it is possible that the porewater evolution curve drawn for the Cambrian is valid for

most of the diagenetic reactions/phases that can be observed today.

In the shale lithologic units the 3180 values of illite indicate that these minerals may

have formed under conditions close to maximum burial and temperature in the Eocene, or
relatively late in the paragenetic sequence - after the influx of meteoric waters. Scanning
electron microscopy aaalysis indicates, by the filamentous morphology of illite and its
location in the pore (Fig. 6.5), that illite found in the fine fraction formed very late in the
paragenesis of the unit. The isotopic composition of the Cambrian shale porewaters is
unknown, but if it was higher than in the sandstones (>-2%), which is possible due to
increased water/rock interactions in shalcs;, it is reasonable that relatively late formation of

illite is occurring in the Cambrian shales. The paragenetic sequence of the Cambrian
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sandstones is better definea than that of the shales. Chlorite, quartz overgrowths, and
kaolinite formed prior to illite, narrowing the possible times of illite formation to relatively
late to almost present day formation, analogous to the timing of illite formaation in the
Cretaceous units (Fig. 6.8). Scanning electron microscopy of these sandstones shows that
very fine fraction (<0.2 jim) contains morphologically well defined hairy, filamentous illite
growing into pore spaces (Fig. 6.5); altered illite is present as well, but in the larger (>1
pm) size fraction.

Rb-Sr_Geochronology

Most of the illite samples were leached with 0.6 NHCI, both to extract chlorite and
to rid the illite of common Sr zenerally found in exchangeable sites in clay minerals. Illite
tends to fix relatively largs ;... suss Sydrated ions, such as K and Rb, tightly in interlayer
sites, making them less readily exchangeable, wihereas illite holds smaller, more hydrated
jons, such as Ca and Sr weakly in these sites, rendering them more readily exchangeable.
The difference in size and hydration energy between Rb and Sr ions results in variable -
Rb/Sr ratios in exchangeable sites. Furthermore, the isotopic composition of Sr from
exchangeable sites is strongly mﬂuenced by the isotopic composition of Sr from circulating
formation water, with this common Sr generally lowering the total Rb-Sr 1:.dos in illitic
phases (MORTON, 1985b). Removs? of Sr 2nd Rb from exchangeable sites in illite
facilitates an isotopic investigaticn of Rb and Sr in the non-exchangeable or core portions
of the taineral, which is more valid for a geochronologic interpretation.

Although dilute HCI ias commonly been used as a leaching reagent for clay
mine'rals prior to Rb-Sr analysis (BOFINGER et al., 1968; CHAUDHURI and
BROOKINS, 1969, 1979; CORDANI et al., 1978; KRALIK, 1984; MASSEY, 1984), it
has been suggested that H+ ions may be capable of not only replacing exchangeable
cations, but of disrupting layer charge (NEWMAN, 1970; MORTON and LONG, 1980;
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MORTON, 19854, 1985b). Therefore, ammonium acetate (NH4OAc) has been
recommended as an alternative to HCl (MORTON, 1985). However, HCl has been shown
to yield consistent data, regardless of acid cor~entration or duration of leaching
(CHAUDHURI and BROOKINS, 1979), indicating that while it is an effective agent for
removing Rb and St from exchangeable sites, it does not disrupt the illite core material,
Geologically significant isochrons have been obtained when HCI has been used to leach
clay minerals. Therefore, in this study, HCl was used because it was readily availableina

pure, vapour distilled form.

Dating Diagenetic Minerals

The Rb-Sr method has been applied to the sedimentary rocks in this study in an
attempt to date post-depositional events related to the formation of authigenic phases or the
recrystallization of minerals. In order to obtain a geologically vali: isochron, the following
criteria must be met (FAURE and POWELL, 1972): (1) a uniform initial 87S1/86Sr value;
(2) a sufficient spread of Rb/Sr ratios to define a line; and, (3) closei: system behavior after
deposition/formation. Diagenesis of clay minerals in the Alberta Basin, especially in
Cretaceous units, hes been attributed to 8 change in perewatst composition, particularly that
associated with the influx of meteoric waters instigated oy the Laramide Orogeny
(LONGSTAFFE, 1986; LONGSTAFFE and AYALON, 1987; AYALON and
LONGSTAFFE, 1988). Furthermore, it is suggested here and in other studies (TOTH,
1980) that sedimentary units as stratigraphically low as the Cambrian were also affected by
this same influx of gravity-driven meteoric waters. Therefore, this major orogenic event
has seemingly resulted in flushing meteoric waters through all the sedimentary units in the
Alberta Basin as a result of the large hydraulic head generated by the uplift of the Canadian
Cordillera (HITCHON and FRIEDMAN, 1969). Subsequent to this flushing,

kaolinization followed by illitization appears to have prevailed in most Alberta Basin
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formations. Studies of diagenetic illite (BOLES an. £XANK, 1979) have shown that it
forms in chemical equilibrium with porewaters and behaves as a closed chemical system
under subsequent sedimentary/diagenetic conditions. The sedimentary rocks of the Alberta
Basin have never been exposed to temperatures greater than diagenetic (>200C), so the
illitic phases likely remained as closed systems with respect to Rb/Sr in the core material.
If il of the diagenetic illite (<0.1 pm, HCl leached fraction) from the Alberta Basin was
formed as a result of porewater chénge instigated by the Laramide Orcgeny, then in the
most simaplistic model, the Rb/Sr data for these samples should form a single isochron
whose age is coincident with the post-tectonic porewater change when density stratification
and hydrochemical isolation was initiated (CONNOLLY et al., 1990a, 1990b). However,
the data did not yield a line on a standard isochron plot.

The absence of an isochri=a when consi”-#ing Rb-St analyses for diagenetic
minerals (illite, chlorite) from all feeriviiciis in the Ai¢ccts Basin is clear evidence that these
minerals did not form simultanecusly in a system isotopically homogeneous with respect 0
Sr. Thus, smaller systems, such as individual formations, were considered. A single
formation would be more likely to have attained a homogeneots initizl 87S1/868r ratio,
potentially allowing valid isochrons to be drawn for the diagenetic minerals within a
formation. For each formation for which there was a sufficient spread in Rb/Sr among the
illite and chlorite, the calculation of an itochron was attempted. Only the Belly River
Formation yielded an apparently valid isochron, with a mean square weighted deviance 4')f
0.92 (Fig. 6.5). The slope age of this line is 75.7 £ 4.6 Ma, or Campanian, the
depo?itional age of the Belly River sediments.

The correspor:ience of the data from Belly River diogenetic minerals with the time
of deposition would appear to support MORTON's (1985a) theory of punctuated
illite/smectite diazenesis, whereby illitization of smectite is an early, episodic and datable

event, brought about by a change in porewater chemistry. However, as already discussed,
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the 5180 values for the diagenetic illites in the Belly River Formation constrain the relative

time of formation of the authigenic I/S component to relatively late in the paragenetic
sequence. While illitization may have occurred soon after deposition, as indicated by the
apparent isochron data, most of these phases would no longer be present in the diagenetic
fraction (<0.2jtm). A major flushing of the formation by acidic meteoric water would likely
have resulted in alteration and kaolinization of many of the earlier formed phases. Sucha
gravity induced influx of meteoric waters was initiated approximately 40 to 57 Ma agoasa
result of the Laramide Orogeny. Therefore, the linear relstionship of the Belly River results
on the isochron plot in Fig. 6.9 is more likely a psendo-isochron or mixing line.
Replotting the data for the Belly River on 87Sr/86Sr vs Sr and 87Sr/86Sr vs 1/Sr plots
(Figs. 6.10a and 6.10b), a hyperbola and a line typicat of mixing are generated,
respectively. One chlotite point on bci. plots is removed frons the srends illusmw&, but
this may be a result of: (1) the variable proportion of exchangtatés common Sr which is
included in the chlorite analysis when they are leached from the illite; and/or, (2) a local
precursor pha:# to the chlorite altering the Sr component. Such a pseudo-isochron (Fig.
6.9) and mixing relationship (Fig. 6.10) might be expected for the Belly :tiver chlorite and
illite phases, partly because the chlorite analyzed was leack¢d from the illite phases and
such a chemical leaching procedure is often expected 10 generate a pseudo-ir ochron and
mixing. However, 87Sz/253r vs 87Rb/86Sr plots for the illite and chlorite phases frorx the
other formations in the basin showed no such linear relationships (@i.e., pscudo-isochrons).
This lack of correlation may suggest that: (1) the core St from the illite and chiorite minerals
of thé Belly River and thc exchangesble Sr component were all part of a mixing regime,
which was not the case for the other formations; (2) the Belly River chlorite aud illite
phases were formed relatively close together in the paragenetic sequence with respect to the

total time frame since deposition, whereas in stratigraphically lower formations there was a

264



greater length cf time between the formation of the two phases, increasing the potential for
variable water 87S1/86Sr ratios during each mineral formation; and/or (3) the illites were
formed by gradual illitization (HOWER ez al., 1976; 'BOLES and FRANK, 1979),
resulting in different closure times for the various illites and variation with respect to
chlorite.

Importantly, it was observed that many samplcs within a few meters of each other,
primarily within the clastic units, yielded data which were completely incompatible with
similar isochron dates. Such variability, when the environment and timing of formation
were so similar, is most likely a result of different initial 87Sr/86Sr ratios, due to local
environments and varying precursor phases, rather than gradual illitization. For example,
the Cambrian shales are composed of siltstones and shales intercalated with sandy lenses,
resulting in a highly varialle modal mineralogy. Over time, with the decay of 87Rb o 878r,
variations in porewaters in different parts of the section would occur, particularly if water
movement was more restricted in some parts of the unit (the shales) than in others (the
sandstones). Thus, it is likely that the Alberta Basin sediments are incompatible with the
criteria required for obtaining geologically significant ages, even within individual
formations. Variability in mineralogy over relatively short distinces in the Alberta Basin
formations results in a lack of homogeneous initial 87St/86Sr ratios.

Although not Juccessful in the Alberta Basin, the Rb-Sr dating technique has been
successully applied in the Guif Coast (MORTON, 1985a, 1985b). Howevet, the Gulf
Coast has & simple basin history and is in its first cycle of burial (GALLOWAY, 1984).
The Gulf Coast Basin is characterized by large masses of internally consistent shale (>1km)
that are/were primarily influenced by compactional fluids; substantial meteoric influx has
not occurred. Therefore, when compared to the comparatively thin, heterogeneous units

characterizing the Alberta Basin, diagenetic minerals in the Gulf Coast Basin are more
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likely to fit the criteria of an initially homogeneous, closed system required for an isochron.

Improved data for chlorite samples could, in future, be obtained by removal of
exchangeable Sr from the mixed chlorite/illite phases prior to separation of the clays by
leaching. An alternative method to that used here might be leaching the chlorite/illite
samples with NH4OAc first, to remove exchangeable cations, and then proceeding with the

0.6 N HC! acid treatment for chlorite removal.

RbISr Model Ages
To constrain the timing of illitization in many of the formations the stable isotope

data (Table 6.1) were correlated with calculated model ages (Table 6.2). Although it is
difficult to put an upward limit on the 87Sr/865r initial value assumed in these calculations,
because of potentially high variability in mineral RbySx ratios, a relatively reasonable lower
limit =+ be established. A good minimum estimate of the 87Sr/86Sr ratio of the porewater
is the ~iSr/86Sr value of seawater at the time of deposition of the formation. Most of the
formations in the Alberta Basin were d>osited in seawater and because of the radioactive
decay of 87Rb, the 87S1/86Sr ratios in formation porewaters likely increase over time from
this initial seawater value. The varying 87Sr/86Sr values for seawater over the Phanerozoic
time period are provided by BURKE et al. (1982). These values are likely valid estimates
for all seawater environments at a particular time, even those that are/were somewhat
isolated from the open ocean, such as the present day Hudson Bay (FAURE, 1986) or the
Cretaceous inland sea (WHITTAKER et al., 1987). Decreasing 87Sr/863r; values result in
increased ages. Therefore, by using as the initial 87St/86Sr ratio, the scawater 8751/86Sr
value at the time of deposition for a particular unit, the maximum possible age of an illite
phase is calculated. This is particularly useful for some of the stratigraphically lower units
(i.e. Devonian, Cambrian), where proof of meteoric water influence and porewater/tectonic
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disturbance has not been as clearly defined or placed within a time reference as those from
stratigraphically higher units.

Model ages were calculated for an illite phase in most of the formations using the
following formula:

t= 1/ In [[(87Sx/865r - $7Sr/86Sx; J/(Rb/So)}+1] (1)

where t is the time elapsed in years since the time of formation cf the mineral, A is the

decay constant of 87'%b (1.42 x 10-11) in units of reciprocal years, 87Sr/86Sr is the
measured 8751/86Sz value, 87Sr/868r; is the assumed initial 87S1/86Sr ratio and Rb/Sr is the
measvred concentratic - -7 Rb/Sr. Model ages were calcutated for all of the <0.1 pm illite
fractions which wets «sterpreted to be authigenic following SEM examination and
determination of illite crystallinity indices. Model ages for some <2.0 pm samples were
also calculated to determine if there was a significant difference in age with size fraction.
No model ages were calculated for the Belly River Formation because the present 87Sr/36Sr
ratio for illite is lower than the corresponding seawater value at the time of deposition,
likely due to early plagioclase alteration dominating the porewater 87Sr/865r ratios (Chapter
2: CONNOLLY et al., 1990b).

The model ages calculated for Cretaceous rocks are variable (140 to 180 M2) and
usually older than the depositiona) age of thé sedimentary unit, even when current water
87Sr/86Sr values are used for the 87Sr/86Sr;. The seawater value used for an initial
#7Sr/86St ratio in equation (1) is probably too Jow an estimate for the initial 87Sr/36Sr value.
Theré are many Rb-bearing minerals within the Cretaceous formations, more than in
carbonate units, creating a high potential for increased initial 87S1/86Sr ratios for the illitic
phases in these units. However, because these systems are relatively complex

mineralogically and have been studied extensively using petrography and stable isotopes
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(LONGSTAFFE, 1986; LONGSTAFFE and AYALON, 1987; AYALON and
LONGSTAFFE, 1988), it is easier to establish a paragenetic sequence for them than for
stratigraphically lower formations. Hence, as already described, petrography and stable
isotope systematics more clearly define the relative timing of illite formation to relatively
late.

There is a high variability in the model ages calculated for the illite phases of the
Devonian system. A similar situation was observed by MORTON (1985b) for two core
samples from the Gulf Coast Upper Devonian Woodford Shale that were only 1.2 m depth
apart. One Gulf Coast Sample, a carbonate free black shale, plotted on a 302 my isochrez
with all the other Devonian shales analyzed in his study; however, the other sample, a
greenish gray, finer grained and slightly dolomitic shale gave an age of 241 £ 2 my.
Correspondingly, all of the Alberta Basin Devonian shales which had relatively younger
model ages when compared to the range calculated, contained a higher percentage of
carbonate. Thus, the age discrepancies observed for the illite minerals in the Devonian
formations of the Alberta Basin should be evaluated with respect to variable carbonate
mineral content which may affect the illitization reaction. Porewater in equilibrium with
dolomite would be expected to contain a high Mg and Ca content. ROBERSON and
LAHANN (1981) have shown that Mg+2, Ca+2 and Na+ greatly inhibit the conversion of
smectite to illite by both blocking the entry of K+ into the mineral structure and impeding
the substitution of Al+3 for Si+4. The relative inhibitory strength of these-cations is
Mg+2>Ca+2>Na+2, so that a Mg - Ca rich mineral, such as dolomite, may be capable of
strongly influencing the course of diagenesis of associated clays. NADEAU and
REYNOLDS (1981) provide further evidence by demonstrating that the presence of
carbonates inhibits the formation of I/S in the early stages of diagenesis. Such a hypothesis

would require that illite samples which exhibit younger ages in the Devonian reflect a time
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when the rock was deeply buried and the inhibitory cation effect was overcome by higher
temperatures of diagenesis. These higher temperatures would have occurred subsequent to
the Laramide Orogeny, in a relatively narrow time frame, which is not exhibited by the
highly random ages calculated here. In addition, all of the Devonian formations, even the
shales, contain carbonate, only the relative amounts vary and stable isotope curves (Fig.
6.7) and SEM analysis also indicate that most of the diagenetic illite (<0.2 pm) formed
reasonably late in the paragenetic sequence at approximately the same time. Therefore, the
above explanation, although it should be considered and may apply to some of the
relatively early illitic phases found in the Devonian, does not likely apply to the felatively
late (<0.2 pm separate) diagenetic illite separates. Rather, more likely explanations for
anomalous age patterns are: (1) discrepancies in initial 87S/86Sr ratios; (2) many of these
shales were not leached with dilute HCI prior to analysis, so a large proportion of eommbn
strontium may be altering the results; and, (3) some of the earlier formed illite may have
been incorporated into the separate comprising the relatively late formed phase. It is
significant however, that when an initial 87Sr/86Sr value representative of some of the
formation waters currently residing in the Devonian reservoirs is used (0.712), some of the
illite model ages begin to become quite low within the realm of relatively recent illite
formation (~80Ma).

Model ages calculated for the Cambrian <0.1 pu illites indicate that a porewater
change/modification affected the Cambrian at least 200Ma (Table 6.2). It is unlikely that
the 87S1/86Sr; value was ever lower than 0.709, the value of seawater at the time of
deposition. Given that the maximum time calculated for formation of some of the illite
phases was 200 Ma, using an initial 87Sr/86Sr ratio of 0.709, this assumed 87Sr/86Sr; value

is probably much too low, considering the >300 million year time period prior to this that
the Cambrian was deposited and becoming increasingly more radiogenic. Thus, a higher
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87S1/86Sr; value of 0,720 was assumed to render a more accurate, though not necessarily
cotrect, estimate of the age of formation for diagenetic illite. Calculated model ages using
0.720 for $7Se/86Sr; yielded a value as low as 70 Ma for the sandstone, with the shales

having relatively higher values (Teble 6.2), placing these illitic phases in the realm of
relatively recent formation.

=he shale units toward the top and the base of the Cambrian have lower 87Sr/86Sr
whol¢: rock values and lower model ages than those units toward the center. This is likely a
resul: of the degree of closed versus open system behavior experienced by different
localivies in the formation. Toward the top and base of the Cambrian, the unit is porous
and a larger proportion of water containing common Sr flows through these units relative to
the shales. Conversely, in the shaly parts of the formation, the radioactive decay of 87Rb
results in a continued incrr:ase in the porewater 8751/865r ratios with little outside influence
or input of commor Sr. The variable model ages in the Cambrian is evidence of local
conditions affecting the formation of illite rather than complete basinal or formational
homogeneity. That the Cambfan illites yield such young ages is significant; however, in
that it indicates that these units were likely affected by meteoric waters during the Laramide
Orogeny, as this is the only major tectonic event that occurred during the time frame
suggested by Cambrian model ages. Prior to this study, meteoric influence in the
Cambrian as a result of this orogenic event has only been hypothesized through the use of
hydrologic modelling (TOTH, 1980). '

Mass Transf { Mixi
Mixing relations explain many geological processes and are generally described
mathematically by two component models. The validity of the mixing hypothesis is tested
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by plotting both an 87S1/86Sr vs Sr plot and an 87S1/86Sr vs 1/Sr plot and fitting the data to
ahyperbolicwrveohtheformerandalineararrayonthelatter; both plots must be satisfied
to substantiate mixing. The assumpticas applied to the mixing model is that neither the Sr
concentrations nor the 87Sr/86Sr ratios were modified subsequent to mixing. The latter
constraint may be violated if mixing is discontinued for a significantly long period of time,
as 87Rb continues to decay to 87Sr, the amount of 87Sr formed depending on the Rb
content of the mixture. Thus, 87Sr/86Sr ratios will always be modified after mixing, the
degree of alteration becoming more significant with the length of time elapsed .since mixing
and with increased Rb/Sr ratios. For this reason mixing models are most often applied to
currently active or simple systems such as basinal fluids (STUEBER et al., 1987;
| CONNOLLY et al., 1990b), mixing of sediment components in oceans (BOGER and
FAURE, 1974, 1976; BOGER ez al., 1980; SHAFFER and FAURE, 1976; FAURE and
TAYLOR, 1983) and diagenetic studies of relatively young sediments (GRUECKNER and
SNYDER, 1985; HURST, 1986; SCHULTZ et al., 1989). It is possible to obtain a
mixing relation for a mixing event that cccurred in the past, provided the time of closure is
accurately known, by calculating age corrections to account for increased 87Sr/86Sr values
over time. However, as is evident, the potential for mixing and the number of end members
increase with time so that age corrections may further complicate rather than elucidate past
systems.

The geochemistry and isotope systematics of formation fluids in Devonian - Lower
Cretaceous reservoirs of the Alberta Basin indicate cross-formational upward water
migration, superimposed on a lateral water flow system (CONNOLLY ez al., 1990a,

1990b). Strontium isotope ratios and Sr contents suggest a two component mixing relation

for these waters, with one end member having D values characteristic of meteoric waters
in the Neogene. This Neogene 8D end-member reflects post-Laramide flushing of Tertiary
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meteoric waters throughout the basin and subsequent hydrochemical isolation from more
modern waters. Assuming this hypothesis is correct, and from preceding arguments that
illite wasoﬁenoneofmelastphasesmforminthepmgeneﬁc sequence after the change in
porewater composition brought abou by the Laramide Orogeny, the diageaetic illite phases
in the Alberta Basin should reflect this mixing event. Plotting Cambrian through Upper
Cretaceous authigenic illite phases on a graph of 87Sr/86Sr vs 1/Sr (Fig. 6.11), three
distinct trends or clusters are observed. All of the Cambrian samples plot in a distinct field
with the values from the shales exhibiting a cdnsistent 87Sr/86Sr value, but a range in Sr
concentration, whereas the value from the basal sandstone has a comparatively lower
87Sr/86Sr value, but a similar Sr concentration to the shales. Such a distribution for the
Cambrian samples indicates that the shales were isotopically homogenized, but that this
occurred separately from the sandstone; mixing was not a recently active process among
Cambrian units, with the sandstone and shale lithologies behaving as reasonably distinct
units. The distribution of Cambrian data indicates that these illites were either: (1) not
formed at the same time as illites in stratigraphically higher formations; or, (2) not 2 result
of mixing with formation waters hosted in stratigraphically higher formations in the basin,
but were precipitated from waters that are/were relatively isolated. From previous
arguments it is likely that the diagenetic illites in the Cambrian formed at approximately the
same time as diagenetic illites in othcrfomatic;nsin the Alberta Basin, particularly the illites
within the Cambrian basal sandstone. Hence, it would appear that waters in the Cambrian
formation are relatively isolated. This hypothesis is reasonable when considered in the
context of the basinal lithology. Evaporite deposits of the Middle Devonian overlie the
. Cambrian shales and it has been previously suggested thut these evaporite units are non-
interactive and in effect impermeable to basinal fluids (CONNOLLY et al., 1990a). This

would result in a lack of vertical cross-formational fluid flow between the fluids in the

272



Cambrian and fluids hosted in stratigraphically higher units. However, the spatial
occurrence of lithologic uhits is still compatible with the influx of meteoric waters into the
Cambrian as a result of Laramide tectonism. These waters were sourced or recharged from
the southwest where no Devonian evaporites occur; it is the cross-formational fluid flow
between the Devonian and Cambrian in the center of the basin ¢hat does not appear to be
occurring. .

The illites from the Belly River also form a distinct trend on Fig. 6.11, deviating
from the Cardium through Devonian trend toward lower St concentrations. These samples
have been shown to form their own mixing regime (Figs. 6.10a and 6.10b), and that the
illite phases are isotopically distinct from stratigraphically lower formations is reasonable
when considered in the context of the basin hydrology. As already stated, the regional
recharge system of gravity-driven meteoric waters throughout the Alberta Basin has
dissipated since the Pliocene (GARVEN, 1989; CONNOLLY et al. 1990b), resulting in
hydrochemical isolation of stratigraphically older formations but continued meteoric
flushing of some parts of the Cardium Formation and all stratigraphically younger
formations. If the illitic phases formed relatively late in the paragenetic sequence of all the
formations in the Alberta Basin, a significantly different fluid environment would
characterize the Upper Cretaceous reservoirs when compared to stratigraphically lower
formations. This would be reflected in the isotopic composition of authigenic phases such
as illite. .

Tllitic phases from Devonian through Cardium formations show a distinct, positive
trend on Fig. 6.11, which is better illustrated on Fig. 6.12. These illites fulfil both criteria
of mmng by exhibiting a hyperbolic curve on the 87Sr/86Sr vs Sr plot in Fig. 6.12a and a
straight line with a correlation coefficient of 0.94 on the 87Sr/86Sr vs 1/Sr plot in Fig.
6.12b. Both plots suggest that all of these diagenetic illite phases were part of a mixing
regime that is either currently active or was active in the recent past. It has been suggested
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that flushing of Tertiary meteoric waters throughcut the Alberta Basin terminated in the
Neogene for units stratigraphically lower than the Cardium Formation (CONNOLLY &
al., 1990b). Kaolinite was the first diagenetic phase to form in the Cretaceous in response
to the meteoric waters that flushed through the Alberta Basin. Kaolinization is often an
active process when gravity-driven, acidic meteoric waters penetrate deep into a
sedimentary basin (HURST and IRWIN, 1982). However, if this influx of meteoric fluids
dissipated during the Neogeae (~5 Ma), as suggested by GARVEN (1989) and
CONNOLLY et al. (1990a, 1990b), concentrated brines would have been able to rise
within the basin, a process which typically results in the formation of illitic cements
(HURST and IRWIN, 1982; HUANG et al., 1986). If the formation of illite occurred ~ 5
Ma, this mixing event would still be observable on mixing diagrams, even if it was not
currently active, as a significant variatior: in 87Sr/86Sr ratios could not develop over 2 §
million year time period. Age corrections for the samples shown on Fig. 6.12 were
calculated to test this hypothesis. A correction for 40 Ma, toward the end of the Eocene,
and one for 5 Ma were calculated; however, both corrections increased the scatter of the
data in Fig. 6.12.

One point which requires clarification is the components of the mixing regime in
Fig. 6.12. Previous studies have suggrsted that the Cardium Formation is part of a
meteoric flushed zone (CONNOLLY et al., 1990a; 1990b), while in this study the clay
mineral content suggests it is part of the stratigraphically lower mixing regime. This is a
result of sampling restrictions for the waters and rocks in the Cardium. The clay minerals
samgled for this study are from the stratigraphically lower shales, whereas the waters
sampled were taken from stratigraphically higher aquifers in the Cardium. This would
suggest that the mixing regimes established in both studies are still consistent with one
another, with the division between the two systems being within the Cardium Formation.

Examining Fig. 6.12 in conjunction with Table 6.1, potential end member
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components may be established for the mixing regime from which iilite formed. Looking
first at the low 87St/86Sr high Sr concentration end, there are a limited number of mineral
phases which could satisfy this role directly. Calcite and apatite from the Jurassic Nordegg
Formation and anhydrite from the Devonian formations all have high enough Sr
concentrations and low enough 87Sr/86Sy ratios to be reasonable candidates (Fig. 6.13),
although apatite is resistant to alteration so is an unlikely candidate. It is possible that
dilution of the Sr contributed by these phases could have occurred during meteoric
infiltration; however, these phases, particularly apatite and anhydrite, are so enriched in Sr
that they would still be able to fall on the mixing line as legitimate end members. Another
possible end member to be considered is plagioclase feldspar, a significant component in
the Viking (2 to 30%) and stratigraphically higher formations. It has been suggested that
the source for this phase was volcanism and tectonically emplaced deposits in Idaho and
Montana during Cretaceous time (EISBACHER et al., 1974; CONNOLLY et al., 1990b).
An average Sr concentration for these deposits can be assumed to be 1050 to 1200 ppm
based on an oligioclase composition (EISBACHER et al., 1974; CRISS and FLECK,
1987), and the 87Sr/86Sr ratio is approximately 0.70S5, based on the lowest 87Sr/86Sr
values obtained for water and calcite cements, which are thought to incorporate Sr released
from plagioclase alteration (CONNOLLY et al., 1990b). Although the Viking plagioclase
has the correct St concentration and 87Sz/86Sr ratio to be a potential end member, the illites
from the Viking Formation are relatively removed from the low 87Sr/86Sr ratlo, high Sr
concenu'ation.end member location on the graph (Fig. 6.12a). If plagioclase was an end
member component, the Viking illites would likely be closer to the end member position.
The high 87Sr/86Sr, low Sr concentration end of the mixing regime is more difficult
to establish. Geologically reasonable end member components with appropriate 87Sr/86Sr

ratios can be chosen to fit mixing curves; however, it has been shown that diagenetic illite
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has formed aftx a major influx of meteoric water, therefore, a range in concentration,
illustrated by fhe stipled area of Fig. 6.13, may represent the end member concentrations.
For example, isolated K-feldspars from stratigraphically lower formations (i.c. Cambrian,
Variak!s Shsle} were all likely derived from the Precambrian Shield to the £25i of the study
area and thus have high 87Sr/86Sr ratios from 0.77604 to 0.94428. Althougk these
Cambrianunitsmappmndynotinthesamemiﬁngregimeasdlebevoniandmugh
Cretaceous svstem, tlwpmvenmceforl(—feldspardidnotclnngeﬁom&mbﬁanw at least
the Lower Cretaceous. Therefore, these isclated K-feldspars can be used to approximate
feldspar ccmpoaitions as end-members for stratigraphically higher formations. The mixing
regiine shown in Fig. 6.13, illustrates that the Sr concentration of these K-feldspar phases
is too high to form a direct end member. However, the infiltration of meteoric waters that
occurred in the Alberta Basin, although not active at the time when the mixing regime was
formed in these formations, would still have caused a dilution of the Sr concentrations, as
determined by direct analysis, of the potential end members. This dilution would not
significantly change the £7Sr/36$r ratio of these minerals and would likely cause the
87Sr/86Sr ratios to be pushed toward lesser Sr concentrations and located in the end
member position on the mixing diagram. This is illustrated by the horizontal arrows in Fig.
6.13. The mica group often has Rb/Sr and 87Sr/865r ratios similar to feldspar, but these
minerals were not examined in this study because they are resistant to alteration and they
are not an abundant constituent in any of the stratigraphic units where the proposed mixing
regime is active.

. Another possible radiogenic 87Sr/36Sr end member for the Devonian - Cambrian
mixing regime is the indirect contribution by the carbonate phases. Because carbonate does
not accept Rb into its structure, but readily accepts Sr, carbonate porewaters become
enriched in Rb which becomes significant where a large volume of carbonate exists, such
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as the Devonian through Jurassic stratigraphic units. However, Rb is very stable in clay
mineral cation exchange sits where it replaces K and sits in 12-fold coordination. As a
result authigenic minerals precipitating from associated waters, particularly K-bearing
phases such as illite, incorporate a large proportion of this Rb into their structure.
Furthermore, cation exchange with already existing clay minerals will result in the
incorporation of Rb into the clay and a resulting increase in 87Sr/86Sr ratios. Over time,
and subsequent to recrystallization of carbonate, a highly radiogenic source is created
which is readily available to the fluid component and may provide sources of high
87Sr/86Sr. Figure 6.12 illustrates that the leached illite phases of the Devonian are closest
to this radiogenic end-member, supporting this hypothesis.

Illite 878r/86Sr Values Versus Water 87Sr/8Sr Values

Comparison of 87Sz/368r ratios and St concentrations between diagenetic illite and
current reservoir waters provides a means to interpret the degree of closed versus open
- system behavior in the sedimentary units of the Alberta Basin (Table 6.1). Without
exception, illite is more radiogenic and generally much more more so, than associated
reservoir waters. Moreover, diagenetic illite from shales show a larger deviation from the
reservoir fluid toward higher 87S1/86Sr ratios, than those from the sandstones. Strontium
isotopes are not measurably mass fractionated during chemical reactions and the diagenetic
minerals formed reflect the 87Sr/86Sr ratio of the fluids in which they precipitated,
providing mineral formation was recent. Therefore, the discordance between water and
illite- 87Sr/86Sr ratios suggests that the local environment of formation has a strong
influence on 87Sr/86Sr ratios of individual illitic phases, with the local
mineralogic/lithologic eavironments being more influential in the shales. Because of the
relatively high permeability in sandstones, authigenic phases forming in this environment

277



are controlled more by solution compositon than the rock composition. Conversely, in
shales the solution composition is largely controlled by the chemistry of the solids
(HURST and IRWIN, 1982), which is demonstrated by the higher 87Si/8Sr ratios ia shale
hosted illites when compared to those in sandstones. It has been shown that cross-
formational fluid flow is occurring in the Alberta Basin (CONNOLLY et al., 1990b), and
this movement is apparently affecting the isotopic composition of diagenetic illites in
Cardium through Devonian formations; however, it is also apparent that local environments
are also significant to the mineral 87St/86Sr isotopic signature and that Sr from precursor
phases is not carried far before authigenic phases are formed.

Local environments are established within the carbonate regime as well as in the
clastic rocks. Carbonate phases do not readily incorporate Rb into their structure and the
very small amount that may be incorporated is lost during recrystallization. This Rb is
readily accepted into illite phases, in replacement of K, as is evidenced by the higher Rby/Sr
ratios in Devonian shales than in stratigraphically higher clastic units. Local
chemical/elemental environments are established that may differ from the overall reservoir
fluid, as is observed in the 87Sr/86Sr ratio of later diagenetic calcite (Wabamun - 0.71388).
This is also reflected in the radiogenic signature of the reservoir fluids of these formations,
although the overall 87S1/86Sr ratio of the carbonate is not much higher than the seawater at
the time of deposition.

Calculated mocel ages (Table 6.2) further support the existence of locally distinct
environments, A variety of ages are often obtained for diagenetic illites which are
stratigraphically and spatially close in the basin. The only possible explanation for this
deviation in ages is the significantly different initial 87Sr/86Sr ratios and Rb/Sr contents in
these phases, resulting from distinct precursor mineral phases.
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CONCLUSIONS |
Whole rock and mineral separates (detrital and diagenetic) from the Alberta Basin,

Western Canada Sedimentary Basin, were examined isotopically (87St/%Sr, 5180) and for

clemental (Rb and Sr) concentrations in an attempt to: (1) constrain water/rock interaction;
(2) define mixing regimes; and (2) establish the degree of closed versus open system
behavior with respect to cross-formational water flow. In addition, the relative timing of
illite formation and scale over which it occurred in the Alberta Basin has been defined.

Hlite was the primary diagenetic mineral examined because it is ubiquitous and the
most amenable to study using Rb-Sr systematics. Petrographic, SEM, and stable isotope
data suggest that the diagenetic illites sampled from Cambrian to Upper Cretaceous units
are compatible with relatively recent to present day formation.

Dating diagenetic clay minerals, including both illite and chlorite, was unsuccessful
in the Alberta Basin, probably because of the inhomogeneity of initial 87Sr/86Sr ratios.
Instead model ages were calculated by assuming the minimum 8?Sr/86Sy; values to be those

for seawater (BURKE et al., 1982) at the time of deposition. Using these minimum
87Sr/86Sr ratios, maximum ages were calculated for the illite, which were particularly
useful for illites sampled from the Cambrian and Devonian, where the paragenetic
sequences are not yet well constrained and lack of varied diagenetic phases in the latter
make it difficult to establish a paragenetic sequence. The model ages corroborated earlier
stable isotopic data suggesting illite formed late in the paragenetic sequences of formations
in the Alberta Basin or is currently still forming.

" Mixing diagrams (87St/86Sr vs 1/Sr and Sr) for all diagenetic illites in the Alberta
Basin delineate several distinct zones of late diagenesis. The Cambrian formations are
isotopically removed from stratigraphically higher formations, likely because evaporites
deposits in the Middle Devonian impede cross-formational fluid flow. The diagenetic
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components from the Upper Cretaceous Belly River Formation also plot in a distinct region
on the mixing diagrams, coincident with the separate hydrologic regime established in this
formation relative to that for waters in stratigraphically lower formations. The Devonian
through Cardium diagenetic illite phases form a mixing regime, where Jurassic apatite and
carbonate and Devonian anhydrite form the low-87Sr/86Sr high-Sr concentration end
member and K-feldspar or illite minerals enriched in Rb as a result of exclusion of this
element by carbonate form the high-87S1/86Sr and low-Sr concentration end member. The
diluting effect of meteoric waters on the end member concentrations of specific minerals is
unknown, making it difficult to establish specific phases as end members. Local
mineralogic/lithologic environments are shown to be significant to the isotopic (8751/868r)
composition of diagenetic phases, but do not alter the mixing regime, indicating cross-
formational water movement is active and the influence of common Sr in the waters is

important to all of the illite phases.
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Table 6.2. Calculated Rb/Sr model ages of diagenetic illite in Precambrian to Cretaceous
formations in the Alberta Basin. Those samples highlighted with a * denote a

- >0.2 pm size fraction, all others were <0.1 um. Samples with an L after their

sample name denote leached samples. Several initial 87Sr/86Sr ratios were

selected for each sample. The first is the seawater 87S1/86Sr value, taken from

the BUR.KE et al. (1982) seawater curve, for the time of deposition of the

sample; in general higher values were also selected, as generally the 87Sr/86Sr

ratio of authigenic minerals and porewater increase over time, due to the decay

of 87Rb to 87Sr.

SYSTEM FORMATION SAMPLE LITHOLOGY 878r/86Sr | MODRL AGE

NUMBER Ms

CRETACBOUS  CARDRUM CC170.06L SH 0.7074 by,

0.70%¢ 160

CC170.03L SH. 07074 10

0.7090 1%

VIKING cCi6L SST. omm 10

GLAUCONITIC CC140L SH., 07072 100

0.70%0 140

BASAL QUARTZ CC136  SH./SLTST. 07072 20

0:70%0 10

JURASSIC ROCK CREEK CC11005L.  SLTST. 07070 7%

07090 60

POKER CHIP SHALE  CC108.01L SH. 02070 0

DEVONIAN WABAMUN oCnL LST. o082 0

0.7200 20

STETILER® L CALC. SH. 0.7080 2%

0.7200 2%

GRAMINEA - CALC, SH. 0.7000 30

0.7200 1%

CALMAR 1545 CALC. SH. 0.7000 M0

0.7200 210

18706 CALC., SH. 0.7000 190

0.7200 L

IRETON - CALC. SH. 0.7000 260

0.7200 150

DUVERNEY® 4 CALC. SH. 0.70%0 340

0.7200 2%

CAMBRIAN CAMBRIAN CCisL  SH./SLTST. 0.70%0 140

0.7200 120

CC1612L  SH. / SLTST. 0.70%0 220

0.7200 190

CC1611L  SH./SLTST. 0.709%0 170

0.7200 180

CC14L SST. 0.70%0 100

0.7200 o
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Fig. 6.3. Generalized stratigraphic column, Central Plains, Alberta Basin (modified after
the Energy Resources Conservation Board, Table of Formations).
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7 10 15 &
Fig. 6.4. Different standard illite crystallinity indices defined by Kubler (1966). These
indices were established using CuKa: radiation; therefore the data in this study

had to be converted from CoKa radiation to CuKo values. Iilite crystailinity
values <3.0 characterize greenschist facies and values >5.5 correspond to
diagenetic domains. Values between 3.0 and 5.5 are an overlap zone.
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Fig. 6.5. (a) Devonian - filamentous illite (I) overlying carbonate (C) and growing into
pore space. Scale bar = 1um. (b) Devonian - authigenic illite (T) mat overlying
ca:bonm (C). Scale bar = p.m. (c) Cambrian shale - filamentous hairy illite (I)
growing into pore space. Illite overlying and altering kaolinite (K). Scale bar =
2um. (d) Overview of picture (c) illustrating the whole pore and the distribution
of filamentous illite. Scale bar = 10um. (¢) Cambrian sandstone - altered
kaolinite (K) with filamentous illite (@) overlying. Scale bar = 4um. (f) Cambrian
sandstone - kaolinite (K) filling in pore and overlying quartz grain (Q).
Filamentous illite (T) overlying kaolirite. Scale bar = 2jum.
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Fig. 6.10.a) An 87Sr/86Sr versus Sr plot showing a mixing hyperbola formed by the
diagenetic chlorites and illites extracted from the Belly River Formation.
b) Transformation of the mixing hyperbola into a straight line by plotting the
87Si/86Sr ratios versus the reciprocals of the Sr concentrations. The line has a
slope of 0.32 and a y-intercept of 0.70615. The correlation coefficient is 0.93.
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Fig. 6.12. a) 87S1/86Sr versus Sr plot illustrating a mixing hyperbola formed by <0.1 pm
leached and unleached illites from Cardium through Devonian formations in the
Alberta Basin. Symbols are coded to reflect the various stratigraphic units in the
basin. b) 87St/86Sr versus 1/Sr plot of data shown in Fig. 6.11a. Regression
through the data yields a mixing equation of 87Sr/86Sr = 3.1971/Sr + 0.69980,
with a correlation coefficient of 0.94.
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CHAPTER 7. GENERAL DISCUSSION AND CONCLUSIONS

The primary objectives of this thesis were to determine: (1) the extent and nature of
water/rock interaction in the Alberta Basin; (2) the scale of diagenetic interdependence
between formation waters and detrital and authigenic mineral phases; and, (3) the chemical
and isotopic evolution of the formation waters and resulting authigenic phases.

Initial studies of the whole rock and isolated carbonate cements indiéated both a
high degree of interaction among the formations and a strong meteoric component affecting
the diagenesis of most of the formations from the Upper Cretaceous to the Precambrian
basement. Several diagenetic zones were tentatively established and potential sources or
precursor phases to diagenetic mineral reactions in the basin were highlighted. Subsequent
geochemical, isotopic (5120, 8D, 87Sr/865r), and thermodynamic studies of the Upper

Devonian to Upper Cretaceous formation waters delineated two hydrochemical regimes in
the Alberta Basin: (1) a diiute, meteoric water flushed zone primarily restricted to the
Upper Cretaceous; and, (2) a two component mixing zone consisting of fluids hosted in
Upper Devonian to Lower Cretaceous units, where the saline end-member, a subaerially

evaporated brine, is diluted (50 to 80%) by Neogene meteoric waters. The establishment

of these zones was corroborated by the isotopic ratios (8180, 8751/86Sr) and Rb and Sr

concentrations of the diagenetic illite phases that precipitated from these fluids in
Precambrian to Upper Cretaceous reservoirs. Major conclusions of the previous five

chapters are summarized here.

WHOLE ROCKS AND CARBONATE CEMENTS

Stable (5180, 513C) and radiogenic isotopes (87Sr/86Sr) for limestone/dolostone

306



and shale whole rocks, and authigenic carbonate cements from a Precambrian to Upper
Cretaceous stratigraphic assemblage in the Alberta Basin, indicate a meteoric influence in
most of the formations. The Cambrian clastic rocks contain several generations of

carbonate depicting the varied conditions (chemical, isotopic, temperature) that
characterized the formation over its history. Early calcite phases have 8180 values of
+23.5%0 and 87Sr/868r ratios equivalent to Cambrian seawater (0.709). Ankerite phases
formed later in the paragenetic sequence, and have 8180 values (+19.2%o) indicating that
these phases precipitated at temperatures associated with maximum burial of the basin,

subsequent to the Laramide Orogeny. The 87Sr/86Sr values of the ankerites (0.749-0.750)

are close to whole rock Cambrian shale values, suggesting equilibration between the

formation waters and rock reservoir was attained at this time. A generation of calcite

formed relatively late in the paragenetic sequence and has 5180 values of +12.1%s,

suggesting a significant lowering of the porewater 5180. It is probable that this lowering
was the result of flushing of gravity-driven meteoric waters subsequent to the Laramide
Orogeny. Prior to this event, basin geometry was not conducive to a major flushing event

and meteoric waters in the basin would not have had sufficiently negative 3180 values to

account for the 5180 values of the late calcite phase. Hence, post-Laramide meteoric waters

likely permeated formations as stratigraphically low as the Cambrian.

Most of the Devonian carbonate assemblages, with the exception of the uppermost
unit (the Wabamun Group), show little to no meteoric water influence. This does not mean
that meteoric waters failed to infiltrate these carbonate units, but rather that
recrystallization/stabilization reactions occurred relatively early within the reservoirs, prior
to meteoric infiltration. Wabamun and stratigraphically higher carbonate units, up to the
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Jurassic, show a significant meteoric influence, both in the whole rock analyses and in the

diagenetic separates. 5180 and 813C values of the whole rock carbonates exhibit a linear

correlation, but are inversely correlated with respect to 87Sr/86Sr. The stable isotope trend
indicates a meteoric influence. The inverse trend of the stable isotopes with 87Sr/86Sr
suggests an increased diagenetic component resulting from the release of 87Sr produced by
the radioactive decay of 87Rb in Rb/Sr rich minerals.

Most carbonate phases in the Cretaceous formations have stable isotope values that
indicate a significant meteoric influence. Furthermore, 87S1/86Sr ratios of authigenic
carbonates decrease with decteasing stratigraphic age, with values as low as 0.706 being
measured. These 87Sr/86Sr ratios of the authigenic carbonates are likely the result of
plagioclase alteration releasing significant amounts of Sr with relatively low 87Sr/86Sr
ratios to the porewaters.

There is a disparity between the 87Sr/86Sr ratios of authigenic phases and
corresponding reservoir waters for most formations in the Alberta Basin, indicating a
dynamic system that has not reached equilibrium. Devonian shale units appear to be the
only stratigraphic units with 87S1/86Sr ratios sufficiently high to account for the radiogenic

component in some of the diagenetic phases in the Alberta Basin.

FORMATION WATERS

Integration of isotopic (St, D, O) and major/minor elemental fluid compositions
provides a basis for dividing the formation waters into three distinct groups, here
designated I, II, and III. Group I waters are dominantly carbonate-hosted and are
stratigraphically the lowest; Group II waters are primarily from clastic reservoirs;, and
Group III waters are completely clastic-hosted and comprise the stratigraphically highest
zone. Groups I and II form a distinct hydrochemical regime, which is decoupled from the
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dilute waters of Group II\.

Chemistry

The abundance and distribution of short chain aliphatic acids (SCAs) in Alberta
Basin formation waters increase with proximity to the Jurassic shales, the dominant source
rocks in the basin, but decrease with increasing effects of water-washing and meteoric
flushing. Contrary to what is observed in other sedimentary basins (CAROTHERS and
KHARAKA, 1978; WORKMAN and HANOR, 1985; MEANS and HUBBARD, 1987),
the abundance and distribution of SCAs in the Alberta Basin do not appear to be influenced
by, or related to, reservoir temperature, sampling depth, salinity, or geological age.
However, furiher analyses are necessary to establish more complete hypotheses concerning
the occurrence of SCAs.

Formation water chemistry shows that Group IIT waters are domirated by Na and

HCOj3- (alkalinity), and display no evidence of a seawater or an e¢vaporated brine

component. The majority of reservoirs containing Group III waters were deposited in
seawater; however, the dilute nature and chemical composition of thesec waters suggest
complete flushing of any residual marine water in these reservoirs by meteoric water.
Formation waters from Group I and Group II form two component mixtures of a
residual evaporite brine and a dilute meteoric water, mdlcatmg that complete flushing of
these reservoirs by meteoric waters did not occur as has been previously suggested by
CLAYTON etal. (1966). The brine end-member was formed by evaporation of seawater
beyond the point of halite saturation and was not influenced by congruent dissolution of
Middle Devonian evaporite deposits. The Group I predominantly carbonate-hosted waters
are enriched in divalent cations, which may only be accounted for by silicate hydrolysis,
clay-carbonate and/or ion-exchange reactions in surrounding shales, and/or ankeritization

reactions of reservoir carbonates. The clastic-hosted waters of Group II are enriched in
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monovalent cations indicating that they were affected by either ion-exchange processes or
feldspar-clay mineral leaching reactions initiated by gravity-driven flow of meteoric waters,
as a result of Laramide orogenesis.

Isotopic C it

Both stable (5180, 8D) and radiogenic (87Sr/86Sr) isotopic analyses were
conducted on the fluid samples. Plots of stable isotopes (8D vs 8180), combined stable

isotope and elemental data (Cl vs 8D; Cl vs 5180), and 87Sr/86Sr vs 1/Sr, indicate two

hydrological regimes in the basin, analogous to those established based on water
chemistry. One regime, represented by Group III waters, is dominated by the flushing of
modern meteoric waters through the upper portion of the sedimentary succession. - The
second regime is isolated from the first and is characterized by association/mixing between
Group I and II waters. This regime is composed of original connate brines and a meteoric
water, demonstrated by stable isotopes to be of Neogene origin. Thus, it would appear that
Group I and I formation waters became isolated from present day meteoric water recharge
during the Pliocene as a result of dissipation of the regional recharge-discharge system
(GARVEN, 1985); the establishment of upward diffusional flow (HANOR, 1984) and
density stratification (LAND, 1987) followed. Asa result, cross-formational fluid flow
became significant relative to the lateral fluid flow, which dominated during meteoric
recharge.

Variation in water 87St/86Sr ratios indicate that different water-rock interactions
and changes in provenance have occurred in the basin. The 87Sr/§68r ratios of Group I
waters (0.7076 - 0.7129) appear to be strongly influenced by Devonian shales. The

relatively low 87Sr/86Sr ratios (0.7058) for waters and diagenetic minerals in the upper
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Lower and Upper Cretaceous stratigraphic units indicate that the volcanic rock fragments
'and plagioclase, observed petrographically, are a significant (dominant) source of Sr to the
pore fluids. A southwest (Montana), rather than an western source for the volcanic detritus
for the study area is likely (SUTTNER, 1969; EISBACHER et al., 1974; PUTNAM,
1982).

Equilibrium thermodynamics was employed to establish the degree and type of

water/rock interactions in the Alberta Basin. As alluded to in the chapters on the chemical
and isotopic composition of the waters, these reactions are important in controlling water
compositions and mineral precipitation in basinal waters. Thermodynamic analysis
provides information by accounting for the distribution of each species among all potgnﬁal
species in solution (HUTCHEON, 1989). Hence, as different equilibrium states may be
established over siort periods of time within immediate reservoirs, reactions currently
achive and supplying components to the established fluid regime were evaluated.

Stability relations and activity diagrams of cation/H+ activity ratios versus silica
activities for the formation waters of the Alberta Basin exhibit distinct trends. Group I
waters have equilibrated with smectite, illite, calcite, and dolomite. Gypsum and anhydrite
become increasingly significant for waters with ionic strengths >1.5. Carbonate mirerals
appear to dominate the equilibrium reactions, with some influence by illitic phases. Group
I and IIT waters are in equilibrium with calcite, dolomite, illite, smectite and chlorite, with
the distribution of Group II waters indicating a more complex origin than Group HI (i.c.,
more. than one reaction contributing to the chemistry of the Group II waters). Clay
minerals dominate water/rock reactions in Group II and III, distinguishing them from
Group L. Ion exchange reactions between smectite phases, metastable to illite, characterize
Group I waters. The water chemistry of Groups IT and III is controlled by the conversion
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of beidellite to illite, but is also parially controlled by ion exchange reactions between Ca-
and Mg-beidellite, metastable to chlorite.

Equilibrium mineral reactions/exchange processes responsible for aqueous
speciation are different for Group I waters compared to Groups II and I, suggesting
lithological variations (i.e., clastic vs carbonate) are the likely cause. Each of the water

groups indicate relatively evolved reaction paths (kaolinite — montmorillonite — illite)

(HELGESON et al., 1969; EBERL, 1984), despite being hosted in a basin that has been

dominated by gravity-driven flow of dilute meteoric waters.

ISOLATED DIAGENETIC AND DETRITAL PHASES
Detrital and diagenetic mineral separates from the Alberta Basin were examined

isotopically (87S1/86Sr, 5180) and chemically (Rb and Sr concentrations) in an attempt to

(a) further constrain water/rock interaction and mixing regimes in the basin, and to (b)
subsequently establish the degree of closed versus open system behavior with respect to
cross-formational fluid flow. In addition, the relative timing of illite formation, and scale
over which it occurred in the Alberta Basin has been defined.

Tllite was the main diagenetic mineral examined because it is ubiquitous and the
most amenable to study using Rb-Sr systematics. Petrographic, SEM, and stable isotope
data were used to determine the conditions of formation of illite in the straugmphlc units of
the Alberta Basin. All of the formations indicated relatively recent to present day illite
formaticn.

" Dating the diagenetic component of the Alberta Basin, including both illite and

chlorite, was unsuccessful most likely because of iphomogeneity of initial 87Sr/86Sr ratios.

Consequently, model ages were calculated instead using minimum 87Sr/86Sr; values which

were assumed to be seawater 87Sr/86Sr ratios for the time of deposition and were taken
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from the BURKE et al. (1982) seawater curve. This assumption is valid as most of the
forzaations were deposited in seawater. Using these minimum 87Sr/86Sr ratios, maximum
ages were calculated for the illite. In general, the model ages support petrographic and
stable isotopic data suggesting illite formation occurred relatively late in the paragenetic
sequence.

Mixing diagrams (87Sr/86Sr vs 1/Sr and Sr) for all the diagenetic illites in the
Alberta Basin delineate several zones of diagenesis. The Cambrian formations form a
separate region from stratigraphically higher formations on the diagrams, likely because
Middle Devonian evaporites impede cross-formational fluid flow. Diagenetic components
from the Upper Cretaceous Belly River Formation also plot in a distinct region on mixing
diagrams, harmonious with the different hydrdlogic system established in this formation
from stratigraphically lower formations. The Devonian through Cardium diagenetic illite
phases form a mixing regime, where Jurassic carbonate and Devonian anhydrite likely form
the low-87Sr/86Sr high-Sr concentration end member, and K-feldspar or a carbonate
excluded Rb-rich fluid/Rb-rich clay likely -form the high-87Sr/86Sr and low-Sr
concentration end member. Local (lithological, mineralogical) environments are shown to
influence the radiogenic signature of diagenetic illite phases, but these environments do not
result in deviation of any of the Devonian through Cardium illites on the mixing diagram.
The fluid regime deduced using authigenic illite firther substantiates the mixing system and
cross-formational fluid flow independently proposed from isotopic and chemical studies of

the formation waters.
MAJOR CONCLUSIONS

This study demonstrates that there is a pronounced mixing regime and cross-

formational fluid flow in the Alberta Basin that is hydrochemically isolated from significant
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infiltration of present day meteoric waters. The existence of this mixing regime is
supported by the fiuid chemistry, stable isotopes and radiogenic isotopes of the formation
waters, and the stable and radiogenic isotopes of authigenic phases precipitating within the
fluid regime. Independent of hydrologic models (GARVEN, 1985; 1989), chemical and
isotopic data indicate dissipation of the regional flow system, instigated by the Laramide
Orogeny, into smaller more local sub-systems (CONNOLLY ez al., 1990a; 1990b). These
local systems primarily influence Upper Cretaceous reservoirs; however, they do extend to
greater depths toward the southwest of the study area, the potentiometric high for the basin.
The results of this study suggest that although gravity-driven meteoric circulation/flushing
is important in modelling the hydrogeochemistry of the Alberta Basin, the chemical and
isotopic composition of stratigraphically older and deeper reservoir fluids may be consistent
with retention of a significant portion (20-50%) of subaerially evaporated fluid.
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APPENDIX I

Pet hy of Formations in the Alberta Basi

Formations from the Precambrian basement to Upper Cretaceous (Fig. A.1) in the
Alberta Basin, Western Canada Sedimentary Basin, were examined petrographically and by
X-ray diffraction. Twenty-six individual cores were examined from a limited lateral extent
in the Alberta Basin, defined by the study area (Fig. A.2), and from these core more than
150 thin sections, representative of all the formations were examined. These observations
are augmented by other petrographic studies in order to obtain & good average composition
of the total mineral assemblage for each specific formation over the study area. A brief
summary of the petrography of all the formations is given below. _

The Precambrian basement in the study area is an altered muscovite-biotite granite,
exhibiting chloritization of biotite and kaolinization and seritization of feldspar
(BURWASH, 1951). The primary minerals are quartz (30%), orthoclase (20-35%), and
plagioclase (albite to andesine; 20-40%). Varietal and secondary minerals include
muscovite, biotite, kaolinite, chlorite and sericite.

'I;he basal Cambrian 'sandstones unconformably overlie the Precambrian and are
very mature quartz arenites. Quartz is the primary phase (70%) and the dominant
cementing phase (8-28%). Anhydrite, kaolinite, chlorite, calcite and dolomite all occur as
minor to trace cements, although anhydrite may occupy up to 20% of the volume. Porosity
ranges from 0 to 6%. Cambrian shales averly the basal sandstone and are volumetrically
more significant. The primary constituents are quartz (~50%, but variable), feldspar - -
dominandly K-feldspr (up to 10%), and clay minerals (~40%) with kaolinite, illite and
chlorite occurring in decreasing abundance. Carbonate phases (calcite and ankerite) occur
in trace amounts. Alteration includes chlorite replacement of biotite and kaolinization of
feldspar and chlorite, with subsequent illitization of some of the kaolinite. Diagenetic
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illite/smectite (>70% illite) is very abundant and sericite is concentrated in organic rich

The Devonian Elk Point Group unconformably overlies the Cambrian shales and
denotes the beginning of a marine megasequence (HITCHON, 1984). This formation is
composed of halite and anhydrite deposits at its base, becoming predominantly dolomitic
with trace amounts of quartz, calcite and mica, toward the top. The Beaverhill Lake Group
overlie the Elk Point Group and is composed of an alternating sequence of limestone and
* shaley (quartz and illite) limestone. The Bearverhill Lake Group is succeeded by the
reservoir rocks of the Devonian - the Leduc, Nisku, and Wabamun stratigraphic units.
These three reservoir rocks are all composed of carbonate, with the gross lithologic
character typified by two end-members, limestone and secondary dolomite. Various
gradations occur between the two mineralogies, but a relatively pure end-member
(particularly dolomite) predominates (ANDRICHUK, 1958a). In the study area, the Leduc
and Nisku Formations are predominantly dolomite, while the Wabamun Group is
composed of calcite. Much of the dolomite in the study area has been partially ankeritized
and trace calcite and mica (illite) are present in the rocks. Anhydrite has been recorded as
very prevalent in all the reservoir rocks (ANDRICHUK, 1958a, 1958b; McCROSSAN,
1961), but predominates in the Nisku Formation.

The intervening shale units of the marine megasequence are the Duverney, Iretor,,
Calmar, and Graminea Formations (Fig. A.1), all of which are composed of alternating
carbonate and shaly units. The former two formations are very similar with
calcite/dolomite grains in a groundmass of quartz (up to 50%), clay (illite, up to 15%),
ﬁner.carbonate (30 to 90%) and trace pyrite. Anhydrite has been identified in these
formations (McCROSSAN, 1961), but was not observed in the core studied. The
Duvemey Formation differs from the Ireton Formation in its higher organic content,

resulting in its generally black color. The Calmar and Graminea Formations are
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differentiated from the preceding two shaley formations be their greater quartz/silt content.
The Calmar Formation is a light green argillaceous siltstone with some red mottling. The
Graminea Formation consists of white quartzose fine grained sandstones and siltstones and
interbedded dolomites. Both formations have a high carbonate content, usually greater than
50%, and illite (up to 10%) is the sole clay mineral present.

The black cherty shales of the Exshaw Formation record the beginning of the
Mississippian and are composed of calcite (~50%), quartz and chert (40%) and ankerite
(8%), v;'ith trace pyrite, illite and feldspar. The Banff Formation is primarily calcite (50 to
60%), with quartz (5 to 30%) and trace to minor dolomite. Collophane, a cryptocrystalline
variety of apatite may compose up to 10% of the rock. The Jurassic Nordegg Formation,
unconformably overlies the Banff Formation and is similar in composition, but is more
fossiliferous, containing slightly less quartz and more collophane (up to 20%).

The primarily clastic units of the Jurassic, the Poker Chip Shale and Rock Creek
Formations, overlie the Nordegg Formation. The essential components of the former are
chert and quartz (60 to 70%), ankerite (up to 20%), illite (10%) arnd kaolinite (5%), with
trace pyrite and chlorite. The Rock Creek Formation is very similar to the Poker Chip
Shale; however, the Rock Creek Formation has a higher content of calcite (up to 50%) at
the base of the formation and overall a greater kaolinite (up to 10%) content. The Rock
Creek Foramtion is composed of up to 90% quartz at the top, with no carbonate phase
present. _ |
Cretaceous rocks unconformably overlie the aforementioned strata. The Cretuceous
units zre composed dominantly of shale interspersed with sandstone lenses. Authigenic
mmems in the Cretaceous rocks are variable in concentration, even within one formation,
but similar phases are generally found throughout the Cretaceous. The Lower Cretaceous
Mannville Group is composed of shales and reservoir rocks of the Basal Quartz, Ostracod
and Glauconitic Formations. The Lower Mannville shales consist of quartz and chert (30
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to 50%), K-feldspar (1 to 6%), calcite (0 to 20%), and clay minerals (up to 40%)
| consisting of variable kaolinite, illite, chlorite and smectite. Mica, pyrite, carbonaceous
and bituminous material occur in small but persistant amounts (WILLIAMS, 1960). The
Basal Quartz Formation is composed of primarily quartz (50 to 85%) at the base of the
formation, with quartz being the primary cementing agent, with trace kaolinite. Higher up
in the formation the quartz content varies (50 to 70%) and the lithologic unit contains rock
fragments- primarily sedimentary (1 to 15%), orthoclase (<2%) and trace mica;and pyrite.
Authigenic calcite and quartz (2-20%) are the dominant cementing agents (WILLIAMS,
1960; MELLON, 1967). The overlying Ostracod Formation are limey shales that contain
bands of argillaceous limestone. The proportions of the constituents in the Ostracod are
highly variable but consist of chert (up to 70%) and quartz (12 to 22%), calcite (up to
60%), and trace pyrite and mica. The Glauconitic Formation is a litharenite composed of
quartz (20-70%), chert (10-50%), sedimentary rock fragments (5-30%), feldspar -
dominantly K-feldspar (0-10%) and detrital dolomite (0-15%). Clay minerals (2-18%) are
composed of dominantly kaolinite, but chloritized illite, interstratified illite/smectite and
glauconite occur in minor amounts. Porosity averages 2.5%, and ccments include quartz,
chert and void filling calcite and dolomite (YOUNG and DOIG, 1986). The Glauconitic
paragenetic sequence is shown in Fig. A.3(a).

The Joli Fou Formation, which contains the thickest deposits of betonite in the
stratigraphic column, marks the beginning of the Colorado Group. The Colorado Group
transects the Lower and Upper Cretaceous boundary and contains the reservoir rocks of the
Vikiqg and Cardium Formations. The shales of the Colorado Group are similar to the
Mannville, but contain bentonite horizons variably enriched in smectite. The Group is
divided by the speckled shales which contain a high content of chalk derived from
phytoplankton shells. Chlorite becomes more significant toward the top of the Colorado

Group.
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Rock types present in the Viking Formation are conglomerates, coarse and fine
grained sandstones and shales (DEAN, 1986; LONGSTAFFE and AYALON, 1987).
Detrital minerals in the conglomerates and sandstones consist of quartz (5 - 60%), chert (5 -
80%), rock fragments (0 - 24%) and feldspar (0 - 30%). Flakes of kaolinite occur in some
samples and the dominant cements are quartz and clay minerals with kaolinite > illitic clay
minerals S>smectite. Minor siderite, dolomite and ankerite cements are also present.
Cements and illite become more significant in the finer grairied rocks. The Viking shales
consist of mostly illite (60 - 85%) and lesser amounts of illite/smectite (5 - 25%), kaolinite
(trace - 20%), chlorite (trace - 10%) and smectite (not detected - 5%). The generalized
paragenetic sequence is shown in Fig. A.3(b). The Cardium Formation is composed of
three sandstone members separated by dark shales. These members may have a chert
pebble conglomerate at the top and be separated by shale lenses. The sandstones are
litharenites to sublitharenites, with the predominant framework grains being quartz (45-
65%) and chert (5-15%), with lesser mica (0-3%), feldspar (0-1%), siderite (5-12%), shale
and metamorphic rock fragments (0-5%). Cementing agents are quartz, kaolinite, illite,
siderite, calcite and trace pyrite and chlorite. Clays constitute 10-30% of the sandstones
(KRAUSE et al., 1987). The general paragenetic sequence is shown in Fig. A.3(c).

The marine shales of the Lea Park Formation stratigraphically overlie the Colorado
Group. These shales contain quartz (20 - 30%), feldspar (up to 30%) and clay minerals (30 -
60%). Clays consist of illite, kaolinite, chlorite and smectite. The basal Belly River
sandstone interfingers the Lea Park shale and is a litharenite consisting of approximately
9%0% 'sand size grains and 10 % clay size material. The sandstone is composed mostly of
rock fragments (50 to 80%), quartz (15 to 40%) and feldspars (2 to 30%) (LERBEKMO
1961, 1963; IWUAGWU and LERBBKMO; 1981, 1982; LONGSTAFFE, 1986;
AYALON and LONGSTAFFE, 1988). Plagioclase feldspar is more abundant (6 - 26%;
avg., 19%) and more altered than detrital K-feldspar (1 - 8%; avg., 2.5%). Mudstone and
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chert are the jnost abundant rock fragments, but carbonate, volcanic, metamorphic and
plutonic rock fragments are also common. Most pores have been partially or totally filled
by diagenetic clay minerals. The general paragenetic sequence is shown in Fig. A.3(d).
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