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Abstract

The hydraulic communication between the deformed and undeformed parts of the
Alberta Basin, as well as the vertical hydraulic communication, flow-driving
mechanisms, and the evolution of formation waters in the deep basin, are still poorly
understood. Therefore, flow patterns of formation waters in west-central Alberta in the
vicinity of the Rocky Mountains were investigated using publicly-available, standard
industry, chemical analyses of formation waters and fluid pressure data from drillstem
tests.

Hydraulic analysis of DST data shows that only flow in the post-Colorado
aquifers has adjusted to local to regional-scale ground surface topography. Flow in the
Colorado and Mannville (Lower Cretaceous) aquifers is mostly towards sinks created by
erosional and post-glacial rebound of the intervening shales, and towards the receding
hydrocarbon-saturated regions along the Rocky Mountains. The Jurassic to Cambrian
aquifers appear to be influenced only marginally by mixing with freshwater, carried
predominantly by a long-range, gravity-driven flow system originating in the south of the
study area in Montana. A contribution of freshwater from the adjacent Rocky Mountains
appears to be restricted to channelled flow along relatively high-permeable strata, i.e.,
Middle Devonian platform margins. The main reasons for the isolation of “relict”
formation waters in the Jurassic-Cambrian aquifers are: 1) effective confining aquitards;
2) hydrocarbon-saturated zones in the overlying Cretaceous; and 3) buoyancy effects
between less saline formation water located downdip of heavy connate brine.

Based on salinity and Na/Cl-ratios, the formation waters in west-central Alberta

can be grouped with partial overlap into: 1) mainly meteoric, Tertiary-Upper Cretaceous

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



groundwater (TDS < 15 g/L, Na/Clpgar: 0.9-1.5); 2) Lower Cretaceous waters with
various degrees of mixing between seawater and meteoric water (TDS <100 g/L,
Na/Clyolar: 0.9-1.5); 3) Jurassic-Mississippian, evaporated seawater that was altered by
halite dissolution and dolomitization (TDS: 50-160 g/L, Na/Clpgja: 0.8-1.0); and 4)
Devonian-Cambrian, evaporated seawater that underwent a high degree of water-rock
interaction, i.e., dolomitization, halite dissolution, and predominantly albitization of
feldspar (TDS: 125-300 g/L, Na/Clpetar: 0.5-0.9).

The analysis of fluid and pressure distributions in the Tertiary-Cretaceous
succession in west-central Alberta demonstrates that the hydrocarbon-saturated zones
have a major effect on basin-scale fluid flow in the Alberta Basin, forming both, an
effective barrier and a sink for formation water flow. Furthermore, the integration of
hydrodynamics and formation water chemistry shows evidence of only marginal mixing

of formation waters with meteoric water in the deeper parts of the basin.
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CHAPTER 1: INTRODUCTION

1.1 Rationale

Formation water is an important agent in most geological processes and regional water
flow affects the formation and distribution of mineral and hydrocarbon deposits during
the evolution of sedimentary basins (e.g., Garven, 1995; Téth, 1999; Ingebritsen and
Sanford, 1998). The two basic aspects of the influence of formation water in the
subsurface are the interaction between water and the surrounding rock framework, and
water flow as a transport and distribution mechanism (Té6th, 1999). Therefore, studying
the hydrochemical and hydrodynamic patterns is essential for understanding the spatial
and temporal distribution of fluids, solutes and precipitates in sedimentary basins, and for

the emplacement of energy and mineral resources.

The Alberta Basin in western Canada (Fig. 1.1a) is a representative example of a foreland
basin that has been studied extensively. The Alberta Basin, spanning from ~49°N to
~61°N and from ~109°W to the Rocky Mountains, consists of a northeasterly tapering
wedge of sedimentary rocks that varies in thickness from > 6000 m in the west, at the
thrust and fold belt of the Rocky Mountains, to zero in the northeast, at the exposed
Precambrian Shield (Fig. 1.1b). Ongoing erosion since the Eocene created the current
topographic relief, with elevations ranging in the undeformed part of the Alberta Basin
from > 1400 m above sea level (a.s.l.) in the west-southwest to ~200 m a.s.l. at the Great

Slave Lake in the north-northeast.

Formation water flow and hydraulic characteristics of the rock framework affect(ed) the
migration and accumulation of hydrocarbons, terrestrial heat flow, ore genesis, and the
suitability for deep waste disposal in the Alberta Basin (Bachu, 1999). Many basin- to
regional scale hydrogeological studies have been performed during the last four decades
that have led to a significant improvement in the understanding of the hydrogeological

regime in the basin.
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Figure 1.1: a) Location of the study area in the Alberta Basin, and b) cross section showing gener-
al subdivision of the sedimentary succession into three main hydrostratigraphic groups (after Téth,

1978; Hitchon et al., 1990).

Following Té6th (1963), Hitchon (1969) developed the first concept of a basin-wide,
topography-driven flow system in the Alberta Basin. Further studies revealed much
greater complexity of the hydrostratigraphy and flow patterns in the basin, which led to
the currently accepted model of formation water flow (Bachu, 1995a and references

therein). According to this conceptual model, flow systems of various scales, and in
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different parts of the Alberta Basin, are driven by topography, erosional rebound, and/or
past tectonic compression, and may interact with each other to varying degrees (Bachu
1995a; 1999). Although the understanding of regional-scale flow in the basin is relatively
high, several issues regarding the basin- to regional-scale hydrogeology in the Alberta
Basin remain to be further investigated. These include: 1) focused flow along high-
permeability pathways, 2) the degree of hydraulic communication between the deformed
and undeformed parts of the basin, 3) hydraulic communication between the crystalline
basement and the sedimentary succession, 4) the interaction between the hydrocarbon-
and water-saturated parts, and 5) the recharge of and the nature of the flow-driving

mechanisms in deep-basin aquifers (Bachu, 1999).

The deeper parts of the Alberta Basin near the deformation front of the Rocky Mountains
are of particular interest because this region is currently an exploration target for natural
gas in the Devonian and for coal bed methane in the Cretaceous systems. It was proposed
that tectonic expulsion of fluids during the Laramide orogeny has affected flow in the
Devonian aquifers in west-central Alberta (Machel et al., 1996; Machel and Cavell,
1999). Although numerical studies by Ge and Garven (1989, 1994) suggest that the
resulting excess pressures should have dissipated after several million years, relatively
weak remnants of the tectonically induéed flow might still be active in this part of the

Alberta Basin (Bachu, 1995a).

Hydrocarbons displaced formation water, to form hydrocarbon-saturated regions in the
Cretaceous succession along the Rocky Mountain trust and fold belt, downdip of the
water-saturated parts of the basin (Masters, 1979). Yet, it has not been investigated how
these hydrocarbon accumulations affect the present regional flow of formation waters.
Currently, erosional rebound of shales is believed to be the main mechanism that creates
observed underpressures in Cretaceous aquifers (Bachu, 1995a; Parks and Téth, 1995;
Bekele et al., 2000).
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The extent of mixing of connate formation water with meteoric recharge is of interest
from a scientific point of view. Especially, the hydraulic communication of meteoric
recharge in the Rocky Mountain thrust and fold belt with the undeformed parts of the
Alberta Basin is not well understood. While basin-scale recharge from the thrust and fold
belt was shown for the northern part of the Alberta Basin (Bachu, 1997), lack of
hydraulic communication was inferred south of the Peace River region (Fig. 1.1) on the
basis of flow patterns (Bachu, 1995a; 1999), and it was also suggested in a
hydrogeological study of Devonian aquifers in southern Alberta (Wilkinson, 1995). On
the other hand, freshwater is believed to have infiltrated down to Mississippian aquifers
via convoluted pathways in the over-thrust fault systems (Underschultz and Bartlett,
1999).

1.2 Study Area

The location of the study area (Fig. 1.2) was chosen to investigate specifically the
hydrogeology of strata suspected to be influenced by tectonic fluid expulsion (Bachu
1995a, Machel and Cavell, 1999) in the area of the Upper Devonian Southesk-Cairn
carbonate complex, and to elucidate the influence of ‘deep basin’ hydrocarbon
accumulations (Masters, 1979) on formation water flow in the Cretaceous succession.
Also, due to the vicinity of the study area to the Rocky Mountain thrust and fold belt, a
study of the hydrogeology in this area could produce new information on the hydraulic

communication between deformed and undeformed parts in this part of the Alberta Basin.

The boundaries of the study area are defined by 52.3° - 55° latitude N and 116° - 120°
longitude W, and by the SE-NW trending deformation front of the Rocky Mountains in
the west (Fig. 1.2). In places, the hydrogeological interpretations are extended into the
foothills region, where hydrogeological data are available. The study area comprises 510

townships and covers approximately 50,000 km?.
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Figure 1.2: Topographic map of the study area, showing outline of the Devoni-
an Southesk-Cairn Complex (grey shading) in the subsurface (outline from
Buschkuehle and Machel, 2001).

|

LI‘he topography in the study area ranges from over 1400 m in the foothills region down to
EOO m above the sea level in the plains. Major population centers are Hinton in the
foothills region and Edson near the eastern boundary. The largest rivers, flowing across

the study area from the mountains to the northeast, are the Athabasca River in the south

?nd the Smoky River in the north.
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1.3 Previous Work

The Alberta Basin is an important petroleum province, with extensive exploration and
exploitation using more than 300,000 wells drilled since the early 1950s. Thus, there is an
extensive collection of geological as well as hydraulic and hydrochemical data, which
were used in various hydrogeological studies to interpret regional fluid flow in the basin.
The locations of the studies that were fundamental for the development of
hydrogeological concepts in the basin and those that are most relevant with respect to
their geographic location and hydrogeological results as related to this study are shown in

Figure 1.3.

Hydrochemistry of Formation Waters

Hitchon and Friedman (1969), Billings et al. (1969) and Hitchon et al. (1971) concluded
that the formation waters in the Alberta Basin represent ancient seawater that has been
diluted and/or concentrated by meteoric water and membrane filtration, respectively.
Their study was based on the distribution of major ions, alkali metals, and stable isotopes
of hydrogen and oxygen in formation waters. Schwartz et al. (1981) confirmed the
mixing with present-day meteoric water in the Taber area in southern Alberta and
depicted flow patterns in Cretaceous aquifers, using stable isotope data of hydrogen and
oxygen. CI**-dating of Late Cretaceous Milk River formation waters estimated the
residence time of these waters to be approximately 2 m.y. (Phillips et al., 1986). Spencer
(1987) characterized the majority of Devonian formation waters as Ca — Cl brines that
initially formed from the evaporation of seawater and were modified by water — rock
interaction with basement rocks and mixing with freshwater. Also, the pervasive,
replacive dolomitization of limestones in the Devonian succession indicates that large
amounts of fluids must have passed through these rocks (e.g., Machel and Mountjoy,
1987; Mountjoy et al., 1999), which probably has significantly influenced the formation

water chemistry.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To date the most comprehensive hydrochemical study in the Alberta Basin is by
Connolly et al. (1990a,b). These authors were able to distinguish between three groups of
formation waters (Tab. 1.1), using comprehensive hydrochemical data (major ions,

isotopes, organic chemistry) from throughout the entire stratigraphic column, in a local-

to regional-scale study in central Alberta (Fig. 1.3).

Era Hydrochemistry Regional Hydrogeology | Basin Hydrogeology
(Connolly et al. 1990) | (Té6th, 1978) (Bachu, 1995a)
Tertiary Post-Jurassic
Group 3 Group 11T
Dilute, meteoric P
waters Local flow system - topography-driven flow
(local-scale)
Cretaceous Group 2 - ﬂOW driven by
Brines isolated erosional rebound
from present (regional-scale)
meteoric recharge
Jurassic (in clastics)
Triassic Group II
Pe.r ian Intermediate flow
Mississip. system Pre-Cretaceous
Group 1 .
Brines isolated - topography-dnven flow
from present (basin-scale)
meteoric recharge - tectonically-induced
Devonian (in carbonates) flow with b}loyancy
effects (basin-scale)
Group I
Regional flow system
Cambrian

Table 1.1: Various hydrogeological sub-divisions of the Alberta Basin.
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Figure 1.3: Location of former local- to regional-scale hydrogeological studies in the

Alberta Basin that are relevant to the present study.

Connolly et al. (1990a,b) suggested that water from deep, hydraulically isolated,
carbonate (Group 1) and sandstone (Group 2) aquifers is represented by evaporated
seawater that was diluted by post-Laramide meteoric water, whereas Group 3 is

characterized by dilute, meteoric waters from Upper Cretaceous aquifers. However, the
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above study covered only a part of the Alberta Basin, and the evolution history of

formation waters for the remainder of the basin has not yet been clarified.

Flow of Formation Waters

An earlier interpretation of the flow in the Alberta Basin suggested a basin-wide,
topography-driven flow system (Fig. 1.4) that is recharged in the Rocky Mountain
Foothills in the southwest, channeled updip mainly along Devonian carbonate aquifers,
and discharges in the northeast along the “feather-edge” of the basin (Hitchon, 1969,
1984). This interpretation was used to explain the Pine Point Pb-Zn and the Athabasca oil
sands deposits in the Alberta Basin, whereby a relatively high permeability was assumed
for the Upper Devonian carbonates that were thought to be the major regional aquifer
(Hitchon, 1984; Garven, 1985; 1989). One implication of this hydrogeological
interpretation is that the basin-scale flow system should have flushed the connate brines
from the deep Devonian aquifers within only about two million years, as shown by
numerical models of topography-driven flow (Deming and Nunn, 1991; Adams et al.
2000). However, the presence of high-salinity brines in the Paleozoic formations
indicates that the basin has not been flushed, and that a single, basin-scale topography-
driven flow system, as described above, is not likely to be active in the Alberta Basin

(Bachu, 1995a).

To6th (1978) in the Red Earth region and Hitchon et al. (1990) in the Peace River Arch
area (Fig. 1.3) divided the stratigraphic succession into three main hydrogeological
groups: I) Lower Paleozoic, II) Upper Paleozoic-Lower Mesozoic, and IIT) Upper
Mesozoic-Cenozoic (Fig. 1.1b), each separated by regional aquitards. According to their
interpretation, the flow systems in Groups Il and III generally have adjusted to the
overlying intermediate- and local-scale ground surface topography, respectively.
However, some areas may contain superimposed local flow systems originating in the
Pleistocene-Holocene (Té6th, 1978). Flow systems in Group I were interpreted to be

maintained by “relict energy differences” originating in the Pliocene, with the flow in a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



transient process of equilibrating to the present-day ground surface (Té6th, 1978; T6th and
Millar, 1983; Té6th and Corbet 1986). On the other hand, Hitchon et al. (1989; 1990)
attributed flow patterns in Group I that are not in equilibrium with the ground surface to
be caused by the drainage effect of the underlying, high-permeable Grosmont carbonate
aquifer with basin-scale northeastward flow. Subsequent studies have shown that the
erosional rebound of shales is the most likely mechanism creating underpressures in
Group III aquifers (Corbet and Bethke, 1992; Parks and Téth, 1995; Bachu and

Underschultz, 1995), as opposed to the former concept of “relict pressures”.
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Rocky | Foothills | Interior Plains
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| Regi .
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[ Rechargs | Regional Lateral Flow t Discharge
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Figure 1.4: Initial concept of steady-state,

300 km

= topography-driven flow of formation waters in
the Alberta Basin (after Hitchon, 1969, 1984):
—y Main flow directions a) dip cross section, b) plan view.

10
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At present, different driving mechanisms are thought to drive flow in two
megahydrostratigraphic groups (MHG), the pre-Cretaceous and post-Jurassic (Bachu,
1995), in various parts of the Alberta Basin (Fig. 1.5, Tab. 1.1). In the northern part, flow
in the entire stratigraphic succession is driven by ground surface topography in local to
regional systems. The general flow direction is northeastward, with recharge in the thrust
and fold belt of the Rocky Mountains and discharge at the Great Slave Lake, where the

respective aquifers subcrop beneath the Quaternary cover (Bachu, 1997).

SwW NE
{nterior Plains

S

-—? 2. Flow driven by erosional rebound

1. Local-scale topography-driven flow

Mixing zone between flow systems in ® 3. Basin-scale S o NW topography-driven flow
the pre-Cretaceous and post-Jurassic

megehydrostratigraphic successions s > 4. Flow driven by past tectonic compression
) 620N 620N

-atoin2_High J Pregamboan

ALBERTA |/
BASIN
P . -
%
Topography-driven basin-scale flow
Study area Flow driven by erosional rebound in the Creta-
. ceous aquifers
. 00k Regional-scale flow driven by past-tectonic
" e > compression in the Paleozoic aquifers feeding
480N, 490N into the main basin-scale systems
12600y T T T T ! 1089W

USA. Montana

Figure 1.5: Recent diagrammatic representation of flow systems and pattern in the Alberta Basin
after a compilation of hydrogeological studies by Bachu (1995a; 1999, and references therein): a)

dip cross section, and b) plan view.

11
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In contrast, in the southern and central parts of the basin the general flow direction in the
pre-Cretaceous MHG is northward, driven also by topography, with recharge occurring in
areas of Devonian outcrop at high elevations in the south in Montana and discharge at
formation outcrop in the north along the Peace River (Bachu, 1995a; 1999; Anfort et al.,
2001). Hydraulic heads in the various aquifers in the pre-Cretaceous MHG in the west-
central part of the basin indicate east-northeastward flow from the Rocky Mountain
deformation front (Hitchon et al., 1990), but relatively high formation water salinity
suggests that the flow in these aquifers is disconnected from any mixing with low-salinity
meteoric recharge (Bachu, 1995a). Also, a study of flow in Devonian aquifers in southern
Alberta revealed that flow systems in the thrust and fold belt of the Rocky Mountains
appear to be disconnected from flow systems in the adjacent undeformed part of the basin
(Wilkinson, 1995). Past tectonic compression was proposed as the mechanism that drives
the flow in this region (Bachu, 1995a; 1999; Machel et al., 1996), but strontium isotope
studies indicate that fluids expelled by this mechanism migrated only 100 km from the
deformation front (Machel and Cavell, 1999; Buschkuehle and Machel, 2001). In
addition, numerical modeling studies suggest that excess pressures generated by tectonic
loading would have occurred in pulses and dissipated after several million years (Ge and
Garven, 1989; 1994). On the other hand, freshwater is believed to have infiltrated down
to Mississippian aquifers via convoluted pathways in the over-thrust fault systems
(Underschultz and Bartlett, 1999). Thus, the flow-driving mechanism(s) of brines in the

pre-Cretaceous MHG in the west-central part of the basin is not yet understood.

Fluid flow in the lower part of the post-Jurassic MHG in the northern part of the Peace
River region is driven by regional- and local-scale topography, respectively, while flow
in the southern part is hindered by “deep basin” gas accumulations that act as a barrier to
fluid flow (Thompson, 1989). Recharge of the lower Cretaceous by meteoric water from
the topographic highs in the Rocky Mountain thrust and fold belt north of the Peace River
(Thompson, 1989) is consistent with basin-scale recharge from the thrust and fold belt in
the northern part of the Alberta Basin (Bachu, 1997). Lack of hydraulic communication

12
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was inferred south of the Peace River region on the basis of flow patterns (Bachu, 1995a,
1999). The observed underpressuring and the flow in the Cretaceous units in the central
and southern parts of the basin were attributed to erosional rebound in thick shale
successions after the peak of the Laramide orogeny (Corbet and Bethke, 1992; Bachu,
1995a; Bachu and Underschultz, 1995; Parks and Téth, 1995; Bekele et al., 2000).

Aside from the basin- to regional separation of various hydrostratigraphic groups in the
Alberta Basin by competent aquitards, cross-formational flow may occur where
intervening aquitards are locally thin or absent. Locations with vertical hydraulic
communication were identified previously across the thin Cretaceous Clearwater and the
Devonian Watt Mountain aquitards in northeastern Alberta (Bachu and Underschultz,
1993); across the Devonian Calmar aquitard in southeastern Alberta (Rostron and Téth,
1997; Anfort et al., 2001); and in places where the Ireton aquitard is thin or absent above
reef complexes in the Cheddarville and Bashaw areas in southern Alberta (Wilkinson,
1995; Rostron et al., 1997; Anfort et al., 2001) and along the Rimbey-Meadowbrook reef
trend further to the north (Bachu and Underschultz, 1993). The identification of areas of
cross-formational flow is important, because they are potential pathways for hydrocarbon

- migration.
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1.4 Thesis organization and main objectives

This thesis investigates the regional hydrogeology in the west-central part of the Alberta
Basin and is organized into eight chapters. The first four chapters establish the
methodological and geological framework of this study:
e former hydrogeological work in the Alberta Basin, resulting concepts, remaining
issues, and main objectives and rationale for this study (this chapter);
e theoretical principals of formation water flow in sedimentary basins (Chapter 2);
e data processing, culling methods and data accuracy (Chapter 3);

e regional geological framework (Chapter 4).

The hydrogeological observations and interpretations are presented in the last four

chapters. The main objectives are:

e to investigate the distribution and interaction of hydrocarbon- and water-saturated
regions and the extent of topography-driven flow versus flow driven by erosional
rebound in the Tertiary-Cretaceous succession (Chapter 5);

e to establish the origin and flow-driving mechanisms of formation water in the
Jurassic-Mississippian succession (Chapter 6);

e to investigate the possibility of tectonically-induced flow, the displacement of
connate brines by meteoric waters, and preferential flow paths in the Cambrian-
Devonian succession (Chapter 7);

e to characterize the interaction of flow systems and evolution of formation waters
in the entire succession from the ground surface to the Precambrian basement,
and to compare the results to the currently accepted interpretation of formation

water flow in the Alberta Basin (Chapter 8).
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CHAPTER2: REPRESENTATION METHODS FOR FLOW OF AQUEOUS

FLUIDS IN SEDIMENTARY BASINS

2.1 Introduction

The purpose of this chapter is to find a suitable method for accurately interpreting the
flow of formation waters in the west-central part of the Alberta Basin, using pressure and
hydrochemical data collected by the petroleum industry. The ability to evaluate the
direction and rate of flow depends on the availability, distribution and quality of the
required hydrogeological data, knowledge of the aquifer geometry, and on the
understanding of »driving mechanisms for formation water flow in sedimentary basins.
Therefore, the first section of this chapter introduces the physical principles and

equations for fluid flow and how they account for the various flow-driving mechanisms.

Traditionally, freshwater hydraulic heads have been used to interpret fluid flow in
sedimentary basins. However, there are errors associated when applying this method to
the case of variable-density fluid flow in sloping aquifers (Lusczynski, 1961; Davies,
1987; Dorgarten and Tsang, 1991; Bachu, 1995b). Therefore, limitations for the usage of
hydraulic heads and possible alternatives are evaluated in the second section of this

chapter.

In contrast to near-surface groundwater flow, which is almost solely driven by gravity in
most cases, regional flow in sedimentary basins is driven by a combination of various
mechanisms such as: a) topography (gravity), b) sediment compaction, c) tectonic
loading, d) erosional rebound, e) buoyancy, f) overpressures due to hydrocarbon
generation, and g) osmosis or mineral phase changes (e.g., Kreitler, 1989; Garven, 1995;
Ingebritsen and Sanford, 1998). During the geologic history of a sedimentary basin
various driving mechanisms may dominate in various stages of basin evolution. Because

of the large size of sedimentary basins, properties of the fluids and solids can also vary
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significantly in space and with time. These changes have to be considered when
interpreting present-day hydrogeological data. The individual driving mechanisms, as
well as fluid and rock properties with respect to their influence on basin-scale fluid flow

are reviewed in Appendix A.

2.2 Equations describing flow in sedimentary basins

Fluid flow in sedimentary basins can be described by three equations based on the
conservation laws for mass and energy and on the empirical equation of Darcy’s Law
(Egs. 2.1 — 2.3). Hubbert (1940) defined fluid flow in porous media as a mechanical
process that is dominantly influenced by friction, and during which the mechanical
energy initially contained in the fluid is continuously dissipated along the flow path from
high to low energy potentials. The energy of a fluid is defined by its relative elevation
(potential energy), the fluid pressure at that elevation (pressure energy), and the
kinematic energy so that, for a non-compressible fluid and a conservative flow field, the

law for the conservation of energy can be expressed by (Hubbert, 1940):

V2
A(gz + % + —2—] + Ag =0 (2.1a)

where g = acceleration due to gravity (m/sz), z = elevation (m), p = fluid pressure (Pa), p
= fluid density (kg/m3), v = flow velocity (m/s), Ae = dissipated energy per unit mass

(m?/s?) due to friction along the flow path.

The kinematic energy term (v%/2) is negligible with respect to the other terms, because of

the generally low velocities of groundwater flow, and Equation 2.1a simplifies to:

A[gz + %) +Ae =0 2.1b)
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The combination of the two terms within the brackets in this relation explicitly shows that
fluids flow from high to low energy levels, and not just from high to low pressures.
Therefore, fluid pressure, fluid density and the measurement elevation are the three basic

parameters for analyzing the energy available to cause flow of formation water.

Darcy’s Law is an empirical formulation for the law of momentum conservation for flow
in porous media. For coupled flow and a reference state of formation water regarding
fluid density and viscosity for respective pressure-temperature-concentration conditions,

Darcy’s Law can be expressed as (Bear, 1972; de Marsily, 1986; Bachu, 1995b):

k - 1

qg=— P 8 V( P +z)+’0—ﬂVz| - K,VT - K.VC (2.2)
H Po8 P |

where q = specific discharge (m/s), k = permeability (m?), p = fluid density (kg/m3), Po =

reference density (kg/m’), p = fluid viscosity (Pa s), T = temperature (°C), C =

concentration (kg/kg), and Kr, K¢ = phenomenological coefficients representing the

hydraulic conductivity to thermal (m*°C/s) and chemical osmosis (m?/s), respectively.

Equation 2.2 shows that flow of a variable-density fluid is driven by a combination of
forces resulting from potential differences, buoyancy, and thermal and chemical osmosis.
The potential differences are a result of pressure and/or elevation (topography)

differences that combine to the expression of the “hydraulic gradient” for a fluid with

constant density: VH, = V[z + P ), (2.3)
Po - 8

where Hy = z+—2L (24)
Po " 8

is defined as ‘hydraulic head’ in units of metres above mean sea level (e.g., Hubbert,
1956).
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The density variations in the fluid are accounted for in the buoyancy term: PP Vz.

Thermal and chemical osmosis are generally negligible, because the phenomenological

coefficients Kt and K¢ are much smaller than the hydraulic conductivity Ky (Bear, 1972;

de Marsily, 1986; Neuzil, 1986), where K, = kp Og. Nevertheless, the temperature
)7

distribution and the concentration of solutes affect the fluid density and may cause

buoyancy effects.

The distribution of the permeability k of the rock framework (Eq. 2.2), hence the
hydraulic conductivity Ky, largely controls pressure transmission and fluid flow in
sedimentary basins. In the most generalized form the permeability is represented by a
second-rank symmetric tensor (Bear, 1972), but the nine components reduce to three if
the principal directions of anisotropy coincide with the respective coordinate axes in three
dimensions. This is usually considered to be the case for layered sedimentary sequences,
with a horizontal to vertical anisotropy between 1 : 1 and 10 : 1 (Freeze and Cherry,

1979, p. 32).

The law of mass conservation of the fluid contained in a volume unit of a porous medium

can be expressed in the form of the continuity equation (de Marsily, 1986):

V- (P )+_(P”)+Pf (2.5)

where n = porosity (-), § = source term (-).

Combining Darcy’s Law (Eq. 2.2) and the continuity equation (Eq. 2.5) results in various
forms of a partial differential equation, generally known as the diffusion equation, which
describes various types of flow, and which can be solved as an initial and boundary-value
problem. A comprehensive form of the diffusion equation for transient, saturated flow in
a heterogeneous, anisotropic porous medium can be found in Neuzil (1995), which in

addition to the hydraulic driving force accounts for changes in pressures as a result of: a)
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changes in total stress due to compaction, decompaction, or tectonic loading, b) changes
in porosity due to mineral dissolution and precipitation, and/or density changes caused by
mineral and hydrocarbon phase changes, c) thermal expansion/shrinking of the fluid and
rock matrix, and d) external fluid sources, such as derived from magmatic intrusions or
the basement (Bredehoeft and Hanshaw, 1968; Neuzil, 1995). The effects on fluid
pressure described by the last four processes (a-d) can be maintained only over a
geological significant period of time in a low-permeability environment (Bredehoeft and

Hanshaw, 1968; Neuzil, 1995).

Darcy’s Law and the diffusion equation can be solved quantitatively only with numerical
models, because many variables vary spatially and in time. These models typically
discretize a study area into blocks and time steps in which the variables are assumed to be
constant. For each block and time step the equation has to be solved separately. A
comprehensive discussion of groundwater modeling in sedimentary basins is beyond the
scope of this thesis and the reader is referred to corresponding literature on that topic (e.g.
Bethke, 1985,1989; Deming and Nunn, 1991; Garven, 1985, 1989; Ge and Garven, 1992;
Nunn and Deming, 1991; Person et al., 1996).

Only present-day pressure and hydrochemical data are available for this study, hence a
more qualitative approach has to be taken to analyze and interpret fluid flow. Therefore,
the next section discusses representation methods that only require data sets of pressure,

density, and aquifer geometry.

Fluid Potential and Hydraulic Head

The most important method to represent and interpret regional-scale fluid flow in the
subsurface is by using potentiometric surface maps of hydraulic heads to infer flow
direction and strength. Hydraulic heads are calculated according to Equation 2.4 and flow
is inferred to occur from high to low hydraulic heads. Although the use of hydraulic

heads in potentiometric surface maps is a powerful and often the only available tool to
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investigate fluid movement in the subsurface, it is applicable only under certain

conditions.

To infer fluid flow from differences in hydraulic head it must be shown that Hy is indeed
a parameter that represents the energy potential of the fluid. Hubbert (1940) defined the

fluid potential per unit mass as (see also Eq. 2.1a):
® =gz + —+ | — | (2.6)

For a fluid potential to exist, the work along any distance, ds, in a closed path, in the flow
field must equal zero. Neglecting the kinetic energy term, justified for the very slow
velocities encountered in groundwater flow, Hubbert (1940) expressed this

mathematically as:

g 1 |
4[*(5 +;%) ds = 0 @.7)

(“!” in combination with “=" translates to “must equal”)
and, since the gravity field is a potential field, this leads to:

1 odp ’
4(; g) ds =0 (2.8)

To satisfy this condition, the fluid density has to be either constant or vary uniquely-
dependent on pressure. For groundwater flow that complies with these conditions, and

neglecting v*/2, a fluid potential ® exists, and combining Equations 2.1b and 2.8 leads to:

® =g H, (2.9)
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This mathematically justifies rewriting Darcy’s Law (Eq. 2.2) in terms of equivalent
hydraulic heads Hy (Eq. 2.4) as (Bachu, 1995b):

q = —'& KHOI:VHO + ‘A—pVZG — KCVC - KTVT (2.10)

H Po

where K, is the hydraulic conductivity for a reference fluid with po and plo.

Similarly to the considerations for the work along a closed path in the force field (Eq.
2.7), the fluid flux should only be dependent on the difference in fluid potential (or -
hydraulic head) between two points, and therefore should not be affected by the actual
flow path between these two points. For the flux vector to be actually derived from a

potential field, it has to be irrotational in a mathematical sense (Bachu, 1995b):

o) o)
1 I

Vxg= —%V(l)x[KHO(VHO + LA VZE ~tovg, ><(VH0 +p—_—£9Vz)
1 7

—

_ !
A K, - v(p_.ﬁjx Vz— VK, X VI- VK. x VC=0
Z Py

v 1%

11

2.11)

For this equation to equal zero, every one of the five expressions (I - V) or a combination
thereof has to be zero, with the following implications for each term (Bachu, 1995b): (I)
W = const. or Vu parallel to VH, and Vz; and (II) Ky, = const. or V Ky, parallel to
V H, and V z; and (III) p = const. or V p parallel to Vz; and (IV) V Ky parallel VT; and
(V) VK¢ parallel VC. Physically speaking, these conditions require that fluid density
(p), viscosity (), temperature (T) and salinity (C), as well as rock permeability (k) and

the phenomenological coefficients Kt and K¢, are either constant or vary with depth only

(vertical stratification). Only when all these conditions are being simultaneously met the
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flow is irrotational and derives from a potential, which allows the use of hydraulic heads

for a correct representation of the flow field.

Due to the large size of sedimentary basins, the density and viscosity of the fluid, the
permeability of the rock framework, and the temperature and concentration fields vary
significantly in any direction (Hanor, 1994). Therefore, the restrictions for the properties
of the fluids and the porous medium derived above show that, senso-stricto, it is
mathematically incorrect to use potentiometric surface maps of hydraulic heads for the
representation, analysis and interpretation of the flow of formation water in sedimentary
basins. Nevertheless, if coupled flow processes are neglected (Kt, K¢ << Ky), Darcy’s

Law becomes:

Ap o
g=-t Ky, [VHO + 2L Vz|J (2.12)

H Po

and assuming constant fluid properties (p = const., L = const.) and isotropic permeability
q = —KHOVHO ; (2.13)

with flow along V Hy (maximum slope on maps of hydraulic head distribution).

For this reason, contour maps of equivalent hydraulic heads are extensively used in
hydrogeological studies, even for variable-density fluids and anisotropic permeability
distributions, because they are often the only interpretative tools available (Bachu,
1995b). It remains to be investigated however, how sensitive Equation 2.12 is to
variations in fluid density. It might be possible to define a range in which, although the
density may vary, the rotational component in Equation 2.13 remains small enough so

that hydraulic heads provide an adequate and meaningful representation of the fluid flow.
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2.3 Methods for fluid flow representation and analysis

Pressure variation versus depth and elevation

Plots of pressure versus depth, p(d), and pressure versus elevation, p(z), are important
tools to investigate fluid pressure — topography relations and fluid flow in general. The

pressure in a static, continuous column of water in contact with the ground surface is:

P=p-g-d=y-d (2.14)

with d = depth (m); Y = vertical pressure gradient (Pa/m).

Therefore, plotting pressure data versus depth allows characterizing the pressure
conditions of subsurface fluids by comparing the measured fluid pressures to freshwater
hydrostatic pressure. Deviations from freshwater hydrostatic pressure may be caused by:
a) vertical flow in the acjuifer (Fig. 2.1a), b) lack of hydraulic continuity with
hydrostatically pressured aquifers and the ground surface (Fig. 2.1b and c); c) density
variations, and d) fluid sinks or sources within the aquifer or bounding aquitards. A
distinction can be made between “sub- and above-hydrostatic pressures” for pressures
that are solely caused by topography, density variations and fluid flow, and “under- and
overpressured”, for pressures that cannot be explained by the previous causes alone (Orr
and Kreitler, 1985). These causes have to be identified before a proper characterization of

the flow is possible.

The vertical component in Darcy’s Law can be expressed as (Bachu 1995b):

k
qzz_—(_p'*',og) (2.15)
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Figure 2.1: Schematic patterns of flow in the subsurface and respective distributions of fluid pres-
sure versus depth and elevation: a) Topography-driven flow in a continuous, homogeneous aquifer;
b) aquitard separating shallow, topography-driven flow system from deep aquifer with static flow
conditions (after Toth, 1978; Orr & Kreitler, 1985); c) horizontal flow in an thinning aquifer with

decreasing permeability .
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indicating no vertical flow, and upward or downward flow, respectively as shown in

Hence, vertical flow directions can be determined by

Figure 2.1a (upward flow in well A, no vertical flow in well B, and downward flow in
well C). To calculate the actual fluid flux in the vertical direction, this method is valid
only if the pressure measurements are from the same well or from an unconfined,
homogeneous aquifer. For confined hydrogeological conditions, the potentiometric
surface rarely follows the ground surface topography. Instead, the potentiometric surface
lies above or below the ground surface, indicating above-hydrostatic or sub-hydrostatic
pressure conditions in the subsurface, respectively, depending on the locations of the

recharge and discharge areas.

If p = const., then the vertical pressure gradient is constant, and the distribution of
pressures versus depth plot along a straight line. Otherwise the pressure gradient varies
with depth according to the vertical density variation. If the salinity increases
significantly with depth, then this dominates the density distribution, as opposed to the
density decrease due to elevated temperatures at depth (McCain, 1991). Pressure versus
depth distributions for formation waters of various constant densities, and a non-constant

increase in pressure for a gradual increase in density with depth are shown in Figure 2.2.

Generally, purely hydrostatic pressures are present only in an unconfined aquifer with no

flow or strictly horizontal flow (g, = 0 = a_p = p g, well B in Figure 2.1a).

dz
Pressures in a confined aquifer with no horizontal flow that is connected to the ground
surface at some lower elevation than the directly overlying ground elevation do not plot
along a single straight line in a p(d)-plot. Instead, the vertical pressure distributions in
each well follow different straight lines, each with a static gradient, that do not
extrapolate to zero pressure at zero depth (Fig. 2.1b); hence making it difficult to draw

conclusions on the flow conditions.
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Figure 2.2: Static pressure distributions versus depth for various fluid densities: pg,s = 120 kg/m3 R
Poit = 850 kg/m’, Prreshwaer = 1000 kg/m’, ppne = 1200 kg/m®. Starting with 1000 kg/m’, the
density was increased by 5 kg/m’ every 100 m (p = 1150 kg/m® at 3000 m depth) to calculate the

theoretical pressure distribution of a variable-density brine with linearly increasing density versus

depth.

In contrast, the p(z)-plots compare fluid pressure variations to a reference elevation (sea
level). The pressure value at any point in the subsurface extrapolated along a hydrostatic
gradient to pressure conditions at the ground surface (p = 0) indicates the hydraulic head
with respect to the sea level as datum, which, in a conventional topography-driven flow
system, is approximately equal to the ground surface elevation. For example, pressures
measured in well B in Figure 2.1a plot along a straight line with a static water gradient
that crosses the y-axis at the respective ground surface elevation for zero pressure in the
p(z)-plot. Pressures in wells A and B also plot lines with pressure gradients slightly

higher and lower than hydrostatic, indicating upward and downward flow, respectively.
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For the case of two separate aquifers in Figure 2.1b, all pressures in the confined aquifer

lie on a straight line with a static gradient, correctly indicating no horizontal flow.

Pressure-elevation plots may be used also to assess the homogeneity of a specific aquifer.
Consider horizontal flow of a constant-density fluid in an aquifer with homogeneous
thickness and permeability distribution. Then in each well, pressures plot on a straight
line with a static gradient (Fig. 2.1c; wells A and B), and the offset of each line is
dependent on the constant hydraulic gradient between wells according to Darcy’s Law
(Eq. 2.13). If the permeability decreases along the flow path, the hydraulic conductivity

term decreases accordingly:

ke g, cbhPE sk (2.16)
7 H

Thus, if there are no fluid sinks or sources within the aquifer, the horizontal flux q is

Ky

constant, and the hydraulic gradient increases accordingly across the zone of permeability
change.

Similarly, if the aquifer becomes thinner and the extent stays constant, the same amount
of fluid must pass through a reduced area of the original aquifer; hence the hydraulic
gradient has to increase according to (e.g., Freeze and Cherry, 1979):

Q=-K, -VH,- A 2.17)
where, Q = flow rate (m3/s), A = ab = area of the aquifer (m2), b = aquifer thickness (m),
a = lateral extent of the aquifer perpendicular to the flow direction (m). The hydraulic
conductivity multiplied by the aquifer thickness is defined as transmissivity T (e.g.,

Freeze and Cherry, 1979):
T=K, -b (2.18)

In the example in Figure 2.1c, a decrease in permeability and/or transmissivity along the
flow path results in an increase in hydraulic gradient between wells B and C, which is
exemplified by an increase in the slope of the potentiometric surface and larger offset of
lines through pressure measurements between wells B and C than between wells A and

B, yet constant well spacing.
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For regional-scale hydrogeological investigations, pressure-elevation plots generally
seem to have more useful information on pressure conditions in the subsurface than
pressure-depth plots. First, they always indicate the direction of flow and the approximate
elevation of the potentiometric surface. Secondly, deeper, confined aquifers are at least
partly disconnected by major aquitards from recharge from the directly overlying ground
surface, so that the p(d)-plot using the ground surface as datum will only indicate over- or
underpressured conditions. In the pressure-depth analysis for individual aquifers in this
study, a pressure gradient is used that represents the average water density in each

aquifer.

Representation of variable-density fluid flow using hydraulic heads and driving force

vectors

Typically, lateral fluid flow is interpreted by using ‘freshwater hydraulic head’
distributions. Flow is inferred to be from high to low hydraulic heads, and freshwater
hydraulic heads Hy are calculated using the density of freshwater at standard conditions
(pr = 1000 kg/m®) as reference density in Equation 2.4. To be able to distinguish in this
’ study between the general definition of hydraulic heads, in which any density may be
used as reference density and the special case of freshwater hydraulic heads, subscripts

“0” and “f” refer to a general and freshwater density, respectively.
With x, y, z representing the principal axes of anisotropy, and horizontal permeability
components k., ky and vertical permeability component k, Darcy’s Law can be

decomposed into its horizontal (qx, qy) and vertical (q;) components (de Marsily, 1986, p.
64):
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H 0z Po

Hence, using only hydraulic heads results in a correct interpretation of flow in the
horizontal plane. On the other hand, if the flow has a vertical component, as in the case of
sloping aquifers, the representation of flow using only hydraulic heads introduces errors,

because the density term in the q, component is neglected.

Even if the density is constant but different from freshwater, errors result from the use of
freshwater hydraulic heads as shown in the following theoretical example (Jorgensen et
al. 1982). In Figure 2.3 static conditions and a constant brine density, higher than
freshwater, are assumed. The ground surface coincides with the sea level elevation, so
that plots of fluid pressure versus depth and pressure versus elevation are identical.
Freshwater hydraulic heads can be calculated for the two test locations in the aquifer:

_ D . — P>
Hfl—-Z1+ 9 Hf2—22+

Pr8 Pr8

As can be seen from the extrapolation in the p(z)- plot (Fig. 2.3), these head values are
not the same, Hp, > Hp, implying flow from left to right, which obviously is wrong
because there is no flow in the aquifer (hydrostatic conditions assumed a priori). If the
actual water density is used as a reference density instead of freshwater, then H; = H, and

the system correctly shows no flow.
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Figure 2.3: Cross sectional view of an aquifer saturated with a constant-density brine and
penetrated by two wells aligned along the z-axis, and corresponding pressure-elevation plot (z =

elevation, d = depth, x = location of pressure measurement, p = pressure).

This result can be extended to the case of a static system containing variable-density
water. The assumption of static conditions can be mathematically expressed by setting

the fluid flux q =0 (Eq. 2.12):

k p, g (
qg=—-—————"

VH, +qu)= 0
U

( ) Po (2.20)
= VH, = - W= Py,
Po
Only if the actual fluid density is used as reference density in Equation 2.20, the gradient
becomes 0, and Darcy’s Law correctly shows no flow. Thus, using freshwater hydraulic
heads calculated from pressure data measured at different elevations introduces an error
into the interpretation of fluid flow that is represented by the term — (—'0——_—'00—) -Vz that,
’ Po

in the case presented above, wrongly indicates flow. Generally, this term could be

considered as an ‘artificial’ buoyancy term that is always introduced when choosing a

reference fluid density other than the actual fluid density.
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On the other hand, using the actual fluid density p in a variable-density system at every

point where the hydraulic head is calculated also results in a wrong interpretation of the

flow direction, as illustrated again in the case of a static system (Fig. 2.4). The variable-

density head can be expressed as:

H =2 4+, 2.21)
P8

where p is the actual fluid density and, if p is not constant, then H, is a function of p, z

and p, as opposed to Hy, which is only a function of p and z.

Pressure

H =z + p/(p;g) Variable-density hydraulic head

Average-density hydraulic head

Hp =2 + p/lpm9)

Elevation

Brine (variable-density)
hydrostatic

Freshwater hydrostatic

Figure 2.4: Pressure-elevation plot for static conditions in an aquifer containing variable-density
formation water (linear density increase with depth), schematically showing differences in
hydraulic head calculations for various densities. For the spatial relationship between p, and p,

see cross section in Figure 2.3.
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There is a difference in variable-density heads AH, between points x; and x», and flow
down-slope is implied from right to left, although static conditions are assumed a priori.
Nevertheless, for any linear density variation with depth, a correct result and flow
interpretation would be achieved by using an average density pm = (p2 + p1)/2 in the
hydraulic head calculation, which, in this case results in Hy,) = Hpyp, correctly indicating

no flow.

Gupta and Bair (1997) modeled steady-state, variable-density fluid flow using a
numerical code based on Equation 2.12 (Kuiper, 1983). They compared calculated fluid
flux vectors and variable-density heads in the Mt. Simon Sandstone aquifer, which
showed implicitly that the actual flow direction and magnitude do not correspond to the
variable-density head gradient, hence that variable-density heads wrongly represent fluid
flow. Mathematically, this can be shown by substituting the expression for the variable-

density head (Eq. 2.16) into Equation 2.13:

U

2

P8 Pg (2.22)

k
=g+ —=Vp
K p

which adds a term to, and therefore contravenes, Darcy’s Law.

In order to consider any density variation with depth, Lusczynski (1961) introduced the

concept of “environmental hydraulic heads”, H,, which he defined as:

H, = H

c=H, 2 T ()

2.23
P, (2.23)

where z, = ground surface elevation, ps = freshwater density, Hy = freshwater hydraulic

head, and p, = average fluid density, defined as:
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p. = [pdz (2.24)
- Z

Zg z

The environmental hydraulic head considers the hydrostatic pressure within a column of
variable-density water connected to the ground surface, and would correctly describe the
hydrostatic pressure distribution in Figure 2.4 for a hydraulically continuous aquifer
system. Environmental hydraulic heads correctly indicate the vertical flow component,
but misrepresent the horizontal components of fluid flow, because, similar to variable-
density heads, they contravene Darcy’s Law when introduced in Equation 2.12 (Bachu,
1995b). In addition, they are difficult to calculate for natural settings, even if only the
vertical flow component is sought, because the exact density distribution is usually not
known and the pressure distribution in the aquifers is not necessarily vertically

continuous to the ground surface, if they are confined by intervening aquitards.

It is instructive to split the driving force acting on the fluid into its pressure-related and
density-related force components. From Darcy’s Law, the total driving force F* per unit

volume acting on the fluid can be expressed as (Hubbert, 1940; Bachu 1995b):

Pr= gy Vi s v < £ o2

Po

The driving force only indicates the potential for fluid flow, but it does not identify the

acting driving mechanism(s).

In sloping aquifers flow is along the confining layers. Kuiper (1983) developed a
numerical model for simulating flow in these aquifers by decomposing the flow rate into
two orthogonal components in the bedding plane and a vertical component. Similarly, for
the two-dimensional case of a sloping aquifer at the angle © (Fig. 2.5a), the flow driving

force per unit volume along the aquifer slope is (Dorgarten and Tsang, 1991):
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Figure 2.5: Diagram of the two-dimensional decomposition of the driving force vector along a
sloping aquifer and the approximation of its components in Cartesian coordinates (H decreases
along the x-axis): a) total driving force along the aquifer slope (tan ® = VE), b) pressure- and

density related force components, ¢) horizontal driving force and its components.
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JH Ap .
F, = —p g( % + ——sin @] (2.26)

0

al

force is decomposed in Figure 2.5 into its horizontal (x) and vertical (z) components

Short of numerical modeling, and because and sin © are difficult to evaluate, this

(Cartesian coordinates). If the angle © of the aquifer slope, defined as V E, is small, then:

H
A_p Sin @ = éﬁ tan @ and & 0 = &HO R SO that
o Do dl ox
oH, p-p
F, = —p, - 0 + % tan ©
1 Po g[ o . j (2.27)

is a good approximation for the driving force acting on the fluid along the confining

layers of a dipping aquifer. For three dimensions Equation 2.27 becomes:

F = -p, 8[nyH0 + p—;)—&VE] (2.28)
0

where V x = gradient in the horizontal plane only (x and y components).

When solely using equivalent hydraulic heads (H,), only the pressure-related force
component of the total fluid driving force is being considered, which results in the

prediction of a wrong flow direction (by the angle y) and erroneous flow magnitude (Fig.

2.6).
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Figure 2.6: Vector diagram of driving force components in plan view for various reference

densities (modified after Davies, 1987).

The schematic vector diagram (Fig. 2.6) shows that basically any value may be chosen
for the reference density, which results in an infinite number of combinations into which
the driving force vector can be decomposed. Thus, the “buoyancy” term in Darcy’s law
(Eq. 2.12) and in the driving force vector equation (Eq. 2.25) corrects for errors that are
introduced by using a reference density different from the actual formation water density

in the representation of a variable-density fluid system.

According to Equation 2.25, the following parameters are needed to describe fluid flow
using driving force vectors: a) pressure, b) measurement elevation, and c) fluid density.
In addition, permeability and fluid viscosity are needed for the calculation of fluid fluxes
(see following section). In plan view, the driving force vector method represents the
lateral driving force acting on the fluid in an aquifer. When constructing driving force
vectors, only the hydraulic head and elevation are introduced spatially by the
differentiation of their values, thus considering the hydraulic gradient between adjacent
points of possibly different elevation. On the other hand, the density values are
introduced only at the point under consideration and are individually compared to a
reference value but not to each other. Thus, the relative buoyancy of adjacent points is

not actually taken into account.
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Although mathematically more accurate, the construction of driving force vector maps
still requires considerably more work than the calculation and mapping of hydraulic
heads. Also, the aquifer slope has to be averaged over a certain distance, and the fluid
density at the points for which the driving force is determined is calculated from contour
maps of salinity and subsurface temperature. This introduces technical and averaging
errors in addition to the ones that already exist for the pressure data used in the

calculation of hydraulic heads (see Chapter 3).

Therefore, the validity and applicability of hydraulic head interpretations compared to the
driving force is examined more closely. Davies (1987) defined the driving force ratio

(DFR) as the ratio of the pressure- and density-related components of the driving force:

P~ Po . ’VEI
po |V H,

DFR = (2.29)

Based on numerical simulations that actually calculated the flux vector q in a
homogeneous and isotropic aquifer, Davies (1987) suggested a value DFR = 0.5 as a
threshold above which the distribution of freshwater hydraulic heads gradient alone does
not sufficiently represent lateral flow in the aquifer, and density variations have to be
explicitly accounted for. He also pointed out that this threshold value might vary
depending on the scale and the required accuracy of a particular study. A DFR = 0.5
infers a difference of up to 50 % in magnitude between the actual driving force and its
pressure-related component, and a deviation from the actual flow direction of up to 30°.
The maximum difference in magnitude and direction cannot occur simultaneously. The
maximum of the magnitude error occurs for zero deviation (¢ = 0), whereas the
maximum deviation occurs for a minimum of the magnitude error. The relationship

between force components and total force on the fluid is shown in Figure 2.7.
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Figure 2.7: Schematic vector diagram of the driving force components in the horizontal plane.
The circles define the possible end points of driving total force vectors for a given DFR value.
Vectors in grey are examples of total force vectors for DFR = 0.5. The bold vectors represent the
driving force and its components, Fo (pressure-related component) and F, (density-related
component) at a maximum deviation between Fy and F* of ¥ = 30°. See Figure 2.6 for the

definition of F; and F,,

Many driving forces F; decompose in components that have the same force ratio. This
group of possible force vectors F; is defined by a circle around the tip of the pressure-
related force vector ‘Fo. The radius of the circle is the magnitude of the density-related
force component F,. The maximum deviation Wy, between the driving force and its
pressure-related component occurs when F* is tangential to the circle defined by the

respective DFR. Hence:
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P~ Po IVEl
po |VH,|

sin'¥,, = for DFR < 1 (2.30)

and Yiax = 180° for DFR > 1, which is also the maximum possible deviation max
(\I’max)

It is helpful to examine both the DFR and the orientation of the pressure- to the density-
related force components in order to identify whether the prediction of the magnitude
and/or the direction of the driving force are significantly in error. When using freshwater
density as the reference density, the density-related component of the driving force is
directed downdip for water densities > 1000 kg/m’, which is the case for most
sedimentary basins with high-salinity formation water. There are various extreme cases

to be considered:

(a) The pressure-related force component is directed downdip, along the aquifer slope. In
this case, using only the pressure component underestimates the magnitude of the driving
force, but it does not misrepresent its direction. Hence, by using only equivalent
freshwater hydraulic heads, the magnitude of the driving force will always be

underestimated, but the predicted flow direction is correct.

(b) The pressure-related force component is directed updip, again parallel to the aquifer
slope By using only freshwater hydraulic heads for DFR < 1, the magnitude of the
driving force is overestimated. For DFR > 1 the flow direction is actually opposite

(downdip) to the updip one indicated by the pressure component.

(c) If a different density than that of freshwater is chosen as a reference state, the
direction of the density-related force component is directed updip for actual densities
smaller than the reference density, and downdip for actual densities larger than the
reference density. The equivalent hydraulic gradient is opposed (updip or downdip) to the
driving force vector only in the cases of DFR > 1 and opposed density- and pressure-

related force components.

In cases a) — c) the DFR is equal to the percentage of error in the magnitude between the

equivalent hydraulic gradient and the actual total force acting on the fluid.
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The previous examples represent special flow conditions, whereas in the general case the
aquifer slope and the pressure-related force component are at an angle. A DFR = 1 is still
the threshold above which there is the possibility that the flow direction, as inferred from
the gradient of equivalent hydraulic heads, is reversed, or opposed to the actual flow

direction.

As explained earlier, any value may be chosen as reference density po, but, for the same
flow conditions, different reference densities result in different DFRs. Therefore, it
should be possible to find a suitable reference density for which the DFR is minimal and
hydraulic heads alone are sufficiently accurate to represent flow. Figure 2.8 illustrates
how, under the same flow conditions (F* = const.) in a variable-density system, different
reference densities and the direction of the density-related component affect the
difference between the driving force and its pressure-related component. It considers
cross-sectional (2-D) flow along a sloping aquifer (V E = const.), for various values for
the reference density p, and a fluid density range 1000 —1200 kg/m’ commonly observed
in sedimentary basins. The value on the y-axis compares the total driving force F* to its

pressure-related component Fo:

Ap
- p, 8 VH, + — VE

0

F"

—FTO I" Po 8 VH()I

=1+ DFR 2.31)

depending on whether Ap > 0 or Ap <O.

Regardless of the flow direction, the ratio F*/F, is given by 1 - DFR for flow opposite to
its density-related component, and by 1 + DFR for flow where the two are in the same

direction. Thus the flow magnitude is over- or underestimated, respectively, when using
hydraulic heads only in the flow representation, depending on the relative position of the

driving force and its density-related component.
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Figure 2.8: Graph showing the error introduced when interpreting the driving force as derived
from equivalent hydraulic head gradients only, versus the driving force (for 2-D flow along the
slope of the aquifer; +/- indicate over- or underestimation of the actual driving force acting on the
fluid, respectively). The grey and black curves represent updip flow and downdip flow,

respectively. F*/F, was calculated according to Equation 231 forVE = 0.01 and

VH, = F* _ PP yg, where the constancy of the arbitrarily chosen flow driving force is
P 8 Po
3
expressed by £ % _ m”
8 kg

As expected, DFR = 0 and F*/F, = 1 if the fluid density p is constant and the reference
density is chosen as p, = p, which means that the distribution of equivalent hydraulic
heads accurately describes the lateral flow in the aquifer. In the case of a variable density
distribution, for any reference density p, and predefined critical DFR value (DFR.y), the
density range Pmin - Pmax for which DFR < DFR; is constant, but asymmetrically
distributed around p,, depending on the flow direction. Therefore, choosing a reference

density at the lower or upper end of the naturally observed density range in sedimentary
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basins limits the use of hydraulic heads alone, because parts of the theoretically available
density range are practically ignored. For example, arbitrarily choosing a DFR: = 0.5 in
a system where p ranges between 1000 and 1200 kg/m’, shows that using the average
density as reference density (po = 1100 kg/m’) allows for the widest range of fluid

density variation, within which flow can still be satisfactorily interpreted with equivalent

hydraulic heads (Tab. 2.1).

Po (kg/m®) Flow direction Prmin (kg/m’) Prmax (kg/m’)
1000 Updip 1000 (970) 1100
Downdip 1000 (900) 1030
1100 Updip 1070 1200
Downdip 1000 1130
1200 Updip | 1170 1200 (1300)
Downdip 1100 1200 (1230)

Table 2.1: Example of minimum and maximum density values from Figure 2.8 for which DFR <
0.5. The numbers in brackets refer to the theoretically minimum and maximum density values,

which are not commonly observed in sedimentary basins.

Because formation water densities significantly below 1000 kg/m® or above 1200 l<;g/m3
usually do not occur in sedimentary basins, the allowable density range for freshwater (ps
= 1000 kg/m3) or high-saline brine (1200 kg/m3 ) as reference density is smaller. When
examining the flow of high-density brines, the DFR values, hence the errors introduced
by using only hydraulic-head distributions, are minimized, if an appropriate reference
density that reflects the average brine density is chosen. This allows for a better
application of equivalent hydraulic heads and for a wider density range, while the use of

equivalent freshwater hydraulic heads would actually maximize the error.

When a theoretically accurate representation and analysis is required for a flow domain
with varying fluid density, it is necessary to calculate driving force vectors to account for
effects of density variation. Nevertheless, one should be aware of the practical errors in

this procedure. As shown earlier, the driving force is unique at every point in the aquifer
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and it can be decomposed in an infinite number of pressure- and density-related
components by choosing different values for po. Therefore, at least theoretically, adding
the pressure-related force components, derived from hydraulic head distributions, to the
density-related force components should result in the same, unique force vector field,
independent from the reference density. It should be emphasized that “unique” does not
automatically imply that it is the “correct” driving force, because the accuracy of the
force vectors still depends to a large extent on the original data quality used in its
calculation. Practically, when calculating the force field on a regular grid from irregularly
distributed data (hydraulic heads, formation water density, aquifer slope) the force vector
field is not necessarily unique, because the gridding process introduces errors due to the
inter-, and extrapolation of data points. The effect of data accuracy on the representation

of flow will be discussed further in Chapter 3.

In some cases, especially in regional-scale hydrogeological studies, it might be less
important to know the exact flow direction and magnitude, and the use of equivalent
hydraulic heads gives satisfactory results for the interpretation of the general flow field.
Calculating the DFR at critical points in the study area helps in determining the potential
error of this analysis. Depending on the required accuracy for the particular study, a
threshold value for the DFR has to be chosen above which the errors in the equivalent
hydraulic head interpretation become unacceptable. This threshold value can basically
range between DFR = 0 (exact solution) and DFR = 1 (possibility of opposed flow and
100 % error in force magnitude). By predefining an acceptable error in the deviation of
the flow direction, and/or its magnitude, the threshold DFR value can be calculated either

directly from Equation 2.29, or using Table 2.2.
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Max. Error in Force Mazx. Deviation DFR
Magnitude [ %] [°]
0 0.0 0
10 5.7 0.1
20 11.5 0.2
30 17.5 0.3
40 22.6 0.4
50 30.0 0.5
60 36.9 0.6
70 44 .4 0.7
80 52.1 0.8
90 64.2 0.9
100 90.0 1
<100 180 <1

Table 2.2: Driving force ratio (DFR) as a function of maximum errors of force magnitude and
direction resulting from the interpretation of equivalent hydraulic heads without accounting for

density variations.
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Permeability Distribution and Fluid Flux

The distributions of driving forces and/or hydraulic heads are indicative only of the
potential for fluid flow and of the flow direction. The actual flow rate is given by Darcy’s

Law (Eq. 2.12), that can be also written as:

(2.32)

Equation 2.29 shows that the flow is largely controlled by the permeability of the porous
medium, because k varies within several orders of magnitude (e.g., Freeze and Cherry,
1979, p. 29), while u changes usually by less than one order of magnitude (de Marsily,
1986).

In a homogenous aquifer, F* correctly indicates the flow direction (if known and

calculated correctly). The driving force F* calculated based on V,_ H, andA—p VE s still
Po

good for indicating the flow direction (first approximation), whileV_H, alone (second
approximation) is acceptable only if the DFR value is below a predetermined critical
value. The flow magnitude is still not known unless multiplied by a constant k and
divided by a constant |1. The same holds for a heterogeneous aquifer, only that F* has to
be multiplied by the respective k /|, depending on its distribution in the aquifer. In an
anisotropic aquifer even the directions of driving force and flux vector are different from
each other and delineating flow paths becomes very difficult without knowledge of the

permeability distribution and anisotropy characteristics.
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2.4 Tllustrative example of optimizing the reference density in the hydraulic-head

calculation

For illustration, the effect of selecting different reference densities in the calculation of
hydraulic heads is presented in the following for the flow representation in a part of the
Elk Point aquifer in the study area. This aquifer is a good example, because, besides the
slope of the aquifer, it contains high-salinity formation water and low hydraulic gradients
so that the water density and the reference density used in the calculation of hydraulic
heads have a significant effect on the flow representation. An 80 x 130 km? area defined
by 116 — 118° W and 54.25 — 55.0° N was chosen because of the data distribution and
the erosional limit of the Elk Point Group. The top of the Elk Point aquifer varies from
-1270 m in the southwest to -1680 in the northeast, with an average slope of 10.9 m/km
(Fig. 2.9). The density of the formation water, calculated on the basis of salinity and the
average geothermal gradient (Bachu and Burwash, 1991, 1994), increases north-
northwestward from approximately 1090 to 1135 kg/m3 (Fig. 2.10). Figures 2.11 — 2.14
show the distributions of hydraulic heads and of the Driving Force Ratios (DFR), which
were calculated with the following reference densities: pr = 1000 kg/m3 (freshwater), Pmin
= 1090 kg/m’, pmax = 1135 kg/m’, and Pav = 1120 kg/m® (field average). The flow-driving
force field is superimposed on each hydraulic-head map to illustrate the errors made by
inferring flow on the basis of hydraulic heads only and by neglecting the density-related
force component. If hydraulic heads correctly represent the flow direction, the force
vectors should be perpendicular to the hydraulic head contour lines, and the DFR ideally

should be zero, but definitely significantly smaller than 1.
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116° W

55.00° N

54.50°

25 km

154.25° N

Figure 2.9: Structure top of the Elk Point aquifer (m.a.s.l.) and observed formation water

pressures (MPa) at the top of the aquifer.

0
118° w 17°w 116" W

55.00° N

25 km

Figure 2.10: Density distribution (kg/m?) and salinity values (g/l) of formation water in

the Elk Point aquifer.
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a.

o
1w 117 W , 6 W

25 km

Figure 2.11: Flow representation in the Elk Point aquifer using p, = 1000 kg/m? as refer-
ence density: a) Freshwater hydraulic head distribution (m) overlain by driving force vec-

tor field, b) DFR distribution, area where DFR > 1 is shaded in grey.
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a.

25 km

Figure 2.12: Flow representation in the Elk Point aquifer using p_; = 1090 kg/m3 as ref-
erence density: a) Hydraulic head distribution (m) overlain by driving force vector field,

b) DFR distribution, area where DFR > 1 is shaded in grey.
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a.

25 km

Figure 2.13: Flow representation in the Elk Point aquifer using Poax = 1135 kg/m3 as ref-
erence density: a) Hydraulic head distribution (m) overlain by driving force vector field,

b) DFR distribution, area where DFR > 1 is shaded in grey.
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154.50°

0.25

9
ol 154.25° N

25 km

Figure 2.14: Flow representation in the Elk Point aquifer using p,, = 1120 kg/m3 as ref-
erence density: a) Hydraulic head distribution (m) overlain by driving force vector field,

b) DFR distribution, area where DFR > 1 is shaded in grey.
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Freshwater hydraulic heads generally decrease from above 940 m in the south and in the
west to less than 840 m in the east, suggesting north- and eastward directions of
formation water flow (Fig. 2.11 a). On the other hand, the force vectors indicate
westward flow in the western two thirds of the study area and eastward flow in the
eastern third. This shows that only in the east, where the hydraulic gradient is relatively
steep, flow directions inferred from freshwater hydraulic heads are more or less
-comparable to the force vectors. In the remainder of the study area the hydraulic head
contours are mainly parallel (in the SW) or even opposite (in the N) to the force vectors,
hence significantly misinterpreting the direction of formation water flow. The respective
DEFR values are larger than 1 for most parts of the study area, with an areal average of 4.5
(Fig. 2.11 b), showing that hydraulic heads calculated with a freshwater reference density

are not appropriate to represent flow in this part of the Elk Point aquifer.

Hydraulic heads calculated with po=pmin vary in the 610 - 670 m range (Fig. 2.12 a) and
correctly predict the flow direction and strength in the eastern third of the study area. The
flow in the western two thirds is better represented than for the freshwater reference
density case, although errors in direction are still present, particularly in the W-NW. This
is consistent with the DFR distribution (Fig. 2.12 b), where the DFR < 1 in most of the
eastern third of the study area, and > 1 in the western two thirds. The areal DFR average
of 2.3 is overall lower than in the case for p,=pr. The inferred flow radiates from a local
hydraulic-head high of 670 m in the southeast, and converges toward the 610 m low in

the east and the low (< 640 m) in the west (Fig. 2.12 a).

Hydraulic heads calculated with po=pmax vary in the 510 to 560 m range (Fig. 2.13 a) and
correctly predict the flow direction and strength over most of the study area. In the
southwest, hydraulic heads suggest flow from a tongue of high hydraulic heads, as
opposed to the radiating flow pattern indicated by the flow-driving force, while in the
west flow is toward a <510 m low, west of the 510 m contour line. The DFR values are
generally lower than in the case of po=pmin (Fig. 2.13 b), with an areal average of 1.2. The
regions where the flow is still incorrectly depicted by hydraulic-head distributions,

particularly in terms of local direction, correspond to a DFR > 1.
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Finally, hydraulic heads calculated with the field density average po=pav, which vary in
the 550-590 m range, seem to be most appropriate to infer flow direction and strength
(Fig. 2.14 a), correctly showing, beside the strong features, the radiating flow from the
hydraulic-head high in the southwest, and the flow towards the < 550 m low west of the
550 m contour line. The DFR values are generally the lowest of all cases presented, with

an areal average of 0.6 (Fig. 2.14 b).

The previous example shows that, when using only hydraulic heads in the representation
of variable-density fluid flow in sloping aquifers, choosing a reference density value
within the observed range of formation water densities helps to minimize the errors in the
flow interpretation caused by the neglect of the density-related force component. It is
difficult to define an optimal reference density, because the DFR depends on the actual
density variation, the reference density and the ratio between aquifer slope and hydraulic
gradient. Nevertheless, in cases with a more or less constant hydraulic gradient and a
relatively constant aquifer slope the field average of the observed fluid densities is
probably the best choice for the reference density. On the other hand, using the
freshwater density in the calculation of hydraulic heads maximizes the DFR, hence the
error in the flow interpretation, because in almost all cases it lies at the lower end or

outside the spectrum of formation water densities in the aquifers to be investigated.

2.5 Summary and conclusions

Flow in sedimentary basins is driven by a combination of various mechanisms, such as a)
topography (gravity), b) sediment compaction, c) tectonic loading, d) erosional rebound,
e) buoyancy, f) overpressures due to hydrocarbon generation, g) osmosis and h) mineral
phase changes. The internal and boundary conditions for fluid flow change with time and
various driving mechanisms may be active during different stages of the basin history.
Pressure dissipation and fluid flow as a result of the various flow-driving mechanisms are
transient processés, and their rates largely depend on the permeability distribution.
Aquitards and lateral low-permeability barriers retard these processes so that the present-

day pressures in the subsurface have not necessarily equilibrated to the present-day
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internal and boundary conditions. Flow systems at shallow depth usually have adjusted to
the current ground surface relief and are topography-driven, while flow in deeper, low-
permeability environments, which are relatively isolated from the ground surface, may be
controlled by other driving mechanisms or reflect a paleo-flow regime. In regional-scale
hydrogeological studies, the effect of osmosis is usually negligible and the flow can be
represented and énalyzed by the driving force acting on the fluid, which combines all

fluid driving mechanisms introduced by the diffusion equation.

Numerical modeling is the only tool to represent the transient flow and the interaction
between various flow-driving mechanisms in a sedimentary basin, but modeling requires
a large amount of data input and knowledge of the distribution of many variables in space
and in time. The time needed for data collection, data availability and quality, and
computational limits largely restrict the applicability, of numerical models in the

representation of flow in sedimentary basins to theoretical and conceptual studies.’

The calculation of driving forces requires data of present-day distributions of pressure
and fluid densities, and values for the aquifer slope; thus, a quasi-steady-state flow
regime has to be inferred in any hydrodynamic analysis that uses this method. Driving
force vectors deliver the theoretically most accurate solution for the magnitude and
direction of current fluid flow based on actual data distributions, but their implementation

is still relatively cumbersome, because three different data sets (VH,,, p, VE) are needed

and have to be combined to calculate the driving force. Practically, this increases the
potential sources for inaccuracies due to errors in the various data sets. Determining the
fluid fluxes is even more complicated, because this requires the knowledge of the fluid
properties (p, L) and the permeability distributions, which are usually insufficiently

known.

A less complicated method to represent and analyze flow is to use only the distribution of

equivalent hydraulic heads (Hp). The driving force can be decomposed into its pressure-
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and density related components, which are represented by the equivalent hydraulic-head
gradient (VH,) and ———-—('0 ; P 0) VE, respectively. The magnitude of each of these
0
components varies, depending on the value of the reference density (po), while their
vectorial sum (the driving force) is constant. Hence, when using driving force vectors,
any density value may be chosen as reference density. The use of equivalent hydraulic
heads in variable-density fluid flow is only valid for strictly horizontal flow. In sloping
aquifers, the use of hydraulic heads alone introduces an error because the effects of
density variation on the flow are neglected. The significance of this error can be
evaluated by the DFR, which is defined as the ratio of the pressure- and density-related
components of the total driving force. It has been demonstrated theoretically and with an
example from the study area that choosing the average water density in the aquifer as the
reference density minimizes the DFR to such an extent that the density-related force
component may become negligible. The advantages and disadvantages of using driving
force vectors versus hydraulic heads for the representation of flow in the study area are
discussed further in Chapter 3, in which theoretical and practical aspects of both methods

will be compared.

Constructing a hydrostratigraphic framework, by subdividing the sedimentary succession
into various units, is intended to generate a framework in which the concept of using
hydraulic heads and driving force vectors can be applied. Strict assumptions that have to
be made for each hydrostratigraphic unit in order to be able to correctly apply these
concepts, but that can be rarely realized, are: horizontal layering, a homogeneous,
isotropic permeability distribution and a homogeneous fluid. When loosening these
restrictions, flow directions are not necessarily perpendicular to contours of hydraulic
heads or in the direction of the driving force vectors, and the interpretation of fluid flow
is limited to a more qualitative analysis of hydrogeological data. It still has to be
determined how large the error of the obtained solution is, and if the solution is, at least
in general, representative of the actual fluid flow system. The margin for the change in
aquifer slope and fluid density variations in relation to the hydraulic gradient can be

determined by the DFR.
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CHAPTER 3: DATA SOURCES AND PROCESSING

This chapter describes the sources and the processing of the various hydrogeological data
that were used in this study. Also, data accuracy is discussed, especially with respect to

how it affects the reliability of the hydrogeological interpretation methods.

3.1 Data sources

More than 150,000 wells have been drilled in the Alberta Basin by the petroleum
industry, of which approximately 11,000 wells are located in the study area. By
provincial law, all well data have to be submitted to the Alberta Energy and Utilities
. Board (EUB) and become part of the public domain after one year. For this study,
stratigraphic picks of formation tops from the EUB well database and from data sets
assembled for the Atlas of the Western Canada Sedimentary Basin (Mossop and Shetsen,
1994) were used to establish the geological and hydrostratigraphic framework. The
hydrogeological data consist of pressure data from drillstem tests (DSTs) and
hydrogeochemical analyses of formation waters. All of these data were collected by the
petroleum industry in Alberta and were captured in electronic form in databases at the

Alberta Geological Survey (AGS). No personal sampling or testing was performed.

3.2 Data culling

The EUB databases consist mainly of unprocessed data that contain errors due to: a)
mechanical problems of testing methods and analyzing techniques, b) external influences
on tests, such as production influence from surrounding wells, ¢) human error in
sampling, analyzing techniques, and data interpretation, and d) human error in recording
and electronic data entry. Therefore, the original data sets had to be culled for erroneous
data before they were used in (hydro-)geological interpretations. The three main data
sets: a) stratigraphic picks, b) pressure data, and c¢) formation water analyses, are affected
by different error sources, and the culling procedure for each individual set is therefore

presented separately.
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Stratigraphic picks of geological formation tops

The depth of geological formation tops usually are assigned by a geologist during and
after the drilling of a well, on the basis of drill cuttings, cores, and geophysical logs. The
main errors introduced during this process are: a) report of a wrong ground surface
elevation or kelly bushing (KB) for the well, b) a wrong stratigraphic pick based on
personal judgment, c) wrong unit conversions (i.e., from ft to m), or d) erroneous

electronic data entry.

Where available, the data used for the Geological Atlas of the Western Canada
Sedimentary Basin (Mossop and Shetsen, 1994), stored at the AGS, were considered to
be reliable, because the contributing authors of this volume had already individually
checked and validated them. The remaining data were culled through an iterative process
of gridding and mapping, i.e., checking the respective grids and maps for inconsistencies,
and correcting single data points. The results were compared to existing structural maps,
in the Geological Atlas of the Western Canada Sedimentary Basin (Mossop and Shetsen,
1994), for which one well per township, where available, was used for mapping.
Depending on the data density for the respective stratigraphic units, between 31 and 355
stratigraphic picks of the Atlas set are in the present study area, which consists of
approximately 380 townships. The gridding resolution of the Atlas maps (25 km
increments) is lower than that of the maps in this study (12.5 km increments), in which a
much larger numbér of stratigraphic picks was used (see Chapter 4, Tab. 4.1). Hence,
when the newly created maps of this study matched the Atlas maps, differences of the
order of metres were deemed acceptable, and the culling process was ended. Correcting
and culling of single data points was either achieved by checking the original well logs,
or by simply removing the well from the data set for areas where sufficient data exist

and/or where the cause of error could not be determined.
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Formation water analyses

The hydrochemical analyses in the AGS database were already culled prior to this study

using the procedures described in Hitchon and Brulotte (1994). In this “automatic”

culling process, analyses are sequentially rejected on criteria such as: incomplete

analysis, drilling mud contamination, poor chemical analysis, sampling and production

method, and fluid recovery. In addition, the analyses were culled manually based on the

regional hydrogeochemistry (Table 3.1).

Flag # Culling Criteria

1 Any of Ca, Mg, Cl, HCO; (or alkalinity), or SO4 missing

2 Mg-concentration > Ca-concentration

3 100<pH<5.0

4 OH reported

5 CO; reported

6 Calculated Na-concentration < 0

7 Density < 1000 kg/m3

8 ([cation] - [anion]) / ([cation] + [anion]) > 0.15

9 No sample depth interval reported

10 Method of production from excluded class

11 Sampling point from excluded category

12 Analysis from multiple drillstem tests

13 Only fluids which are dominantly non-aqueous recovered

14 DST recovered fluids where the water dominated fluid is < 10% of the total recovery

15 KCI mud contamination, [K]/ [Na] * 1000 > threshold for individual formation

16 Culled manually by hydrogeochemist (e.g., Duplicate chemistry, values out of range for
individual formation in given area, analytical problems...)

Tab. 3.1: Culling criteria for formation water analyses used in the automatic culling procedure

(from Hitchon and Brulotte 1994).
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These rejection criteria act on the data set in successive order of their individual
importance. Herein, incomplete analyses for example are considered of the highest
culling priority, because important ion concentrations are missing and these analyses
cannot be hydrochemically balanced. This will affect mainly analyses where only one
component (most often chloride) is reported. Drilling and production methods are
considered of a lesser priority, because they might suggest a high possibility of sample
contamination due to their technical nature, but the quantitative influence on the analysis
cannot be defined. In the AGS database there are 9593 water chemistry analyses for the
entire stratigraphic succession in the study area performed up to 1992, of which only
1100 (11%) passed the mechanical culling criteria. This set was augmented by another
267 analyses performed since 1992, and acquired from the Geofluids™ database licensed
by Rakhit Petroleum Consulting Ltd. Distribution maps of total dissolved solids (TDS)
and bicarbonate (HCO3") concentrations were used in a unit-by-unit analysis.
Examination of the anomalies that could not be reasonably explained by natural processes
led to their rejection. The final number of formation water analyses used in the
hydrogeological interpretations is shown in Table 3.2. Chemical analyses of gas and oil
were not used in this study.

In many standard industry chemical analyses only the concentrations of the major ions
(e.g., CI', SO4*, HCO™*, CO3%, Mg?, and Ca®") are measured, and Na* is calculated by
charge balance. The amount of total dissolved solids is calculated based on the calculated
Na® and the remainder of the major ions. These calculations do not account for the K*
concentrations in the formation waters, which in the study area generally are less than 10
% of the Na* concentrations, and therefore only introduce a small error in the TDS
calculation. However, when interpreting formation water origin based on Na'
concentrations these errors might become significant. Therefore, a subset of chemical
analyses containing measured values for Na” and K" was used for the plotting of various
jon relations in the formation waters. For these analyses the N' concentration was
recalculated incorporating K* in the charge balance, to at least partly account for the

relatively large analytical errors associated with Na*.
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Formation Chemistry | Original |DST # after] A&B [C Quality
# aftercull | DST # cull Quality
Paskapoo / Coalspur 1 10 10 8 2
Brazeau 51 143 100 54 46
Cardium 40 131 80 34 46
Dunvegan 14 88 49 18 31
Viking 64 264 144 75 69
U. Mannville 35 198 89 56 33
L. Mannville 193 473 131 131 -
Total post-Jurassic 398 1307 603 376 227
Nordegg 11 41 22 15 7
Triassic 102 325 153 86 67
Permian (Belloy) 45 86 49 22 27
Carboniferous 140 293 167 90 77
Total Miss.-Jurassic 298 745 391 213 178
Wabamun 25 74 36 17 19
Winterburn 46 113 54 22 32
Woodbend 145 167 52 15 37
Beaverhill Lake 66 159 45 15 30
Elk Point 37 42 18 7 11
Cambrian 6 12 3 0 3
Total Cambr.-Devon. 325 567 208 76 132
Total| 1021 2619 1202 665 537

Table 3.2: Distribution of valid formation water analyses and drill stem tests by
hydrostratigraphic unit in the study area. Only DSTs of high quality (A, B and C) were used,

except for the Lower Mannville, where only A and B quality tests were considered.

Pressure data

It is important for hydrogeological studies to use only good-quality pressure data.
Therefore, only data that are derived from well-performed and interpreted DSTs, and
from which stable formation pressures were calculated, should be used. Due to the
mechanical complexity of the drillstem test procedure, there are many potential sources
for error (Bredehoeft, 1965; Timmerman and van Poollen, 1972). The initial pressure
data from a DST are transient pressures that are recorded during the test as the formation
pressure recovers (pressure-“build-up” phase), and have to be converted into the stable

formation pressures. Assuming radial flow in a homogenous medium to the well bore, the
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solution of pressure recovery over time has a logarithmic form that ideally produces a
straight line in semi-logarithmic coordinates (Horner-Method). By extrapolating the
straight line to the origin (infinite time), the formation pressure is estimated (e.g.,

Dahlberg, 1995).

The pressure data available from the AGS database are extrapolated to the formation
pressure from sources specialized in DST interpretations, such as the Canadian Institute
of Formation Evaluation (CIFE), Digitech, or Hydro-Fax Resources Ltd. These
companies assign an overall quality rating to each test, which describes the quality of the
test, and, implicitly, a degree of reliability of the pressure value (Tab. 3.3). The fluid

recovery is also reported.

‘A’ best quality

‘B’ nearing stabilization

‘C caution (plugging)

‘D’ questionable

‘B’ low permeability, low pressure
‘P low permeability, high pressure
‘G’ misrun (flow only)

Table 3.3: Standard-industry data quality classes for DSTs.

Drill stem test data of quality A and B (665) were used preferably in the hydrogeological
interpretation (Tab. 3.2). Due to increasing data scarcity towards the deeper parts of the
basin, C quality data (537) were added to most of the units, but these data were checked
for their accuracy by examining the individual drill reports and build-up curves, and by
removing non-reliable tests. This led to the rejection of 54 % of the DST data, leaving

1202 DSTs from an original number of 2619 (Tab. 3.2).

In addition to the testing problems, in the study of the natural flow regime in the basin it

has to be ensured that the measured pressures are not influenced by production-induced
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drawdown (PID) from adjacent wells. Production from the same aquifer and contained
reservoirs leads locally to lower pressures than the undisturbed, “virgin” formation
pressure, whereas injection of fluids increases formation pressures. The PID depends on:
the distance r between tested and pumped wells, time t since the start of pumping,
production rates Q, hydraulic conductivity K and specific storage Sg (deMarsily, 1986).
The magnitude of drawdown s expressed in terms of drop in hydraulic head caused by
production in a well, as a function of radial distance from the DST well and the duration

of pumping, can be calculated by using the Theis equation:

Q- -b-Wu
S =

yRp— G.1)
with:
e "du
W(u) = I (well function); (3.2)
and
- r’S,
4K -t G-

where: s = drawdown (m), S; = p g (¢ + B n) = specific storage (1/m), o, B = aquifer -and
fluid compressibility (1/Pa), n = porosity (-), Q = production rate (m’/s); K = hydraulic
conductivity (m/s), r = radial distance between DST well and producing well (m), b =
aquifer thickness (m), t = time period of production prior to DST (s).

There are two major complications to this method, one regarding the Theis equation itself
and the other regarding the hydraulic parameters K and Ss. The Theis equation is strictly
valid only under certain idealized conditions (e.g., Freeze and Cherry, 1979, p. 315-317;
Langguth and Voigt, 1980, p. 150-151), that include a perfectly confined, homogeneous
and isotropic aquifer with infinite extent. The values of n, K, Q, o and B, and hence S;,
generally are not known and must be estimated. Because of the integral form of the well

function, the Theis method has to be applied manually and individually to each test. An
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additional limiting factor is, therefore, the amount of time needed for data processing,

particularly for a very large database.

To overcome the difficulties and lack of data, in applying the Theis solution, Téth and
Corbet (1986) assumed that, all other factors being constant, the effect of production is

directly proportional to an interference index, 1, defined as:
I=log (/1) (3.4)

Several neighboring producing wells may influence the drawdown in a single DST. The
nearest producing well does not necessarily have the biggest influence on the drawdown
in the DST well, because production rates from wells farther away might be significantly

larger. Based on the linearity of Equation 3.1, a cumulative interference index Ic is
calculated as the sum of interference indices (X I) for all producing wells located within a

defined minimum radial distance:
Ic= X [log (t/ )] 3.5)

Application of this equation requires knowledge of the distance between wells, and DST
and production dates, information recorded by the industry and captured in the EUB and
private databases. Thus, calculation of the interference index I¢ can be easily automated
and applied to large databases. The minimum radial distance from the DST well within
which producing wells have an effect on the drawdown largely depends on aquifer
permeability. Permeability heterogeneity, for example due to changes in lithology,
fracturing, or faults, causes a wide range, commonly 2 — 20 km, in the value of the radius

of influence (Rostron et al., 1995).

For all practical purposes, taking into account aquifer heterogeneity and possible missing
or inconsistent data from producing wells, a semi-quantitative culling approach was used
in this study. Considering only the well locations with the respective DST or production

dates, an interference index was calculated for each DST well and the nearest producing
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well according to Equation 3.4 using a computer code described by Rostron et al. (1995).
In addition, the number of producing wells predating the DST within a radius of up to 50
km from each DST well were reported. This procedure was applied, on an aquifer-by-
aquifer basis, only to the water-saturated zones, assuming that drawdown effects
propagating vertically across aquitards are negligible. Hydraulic heads were calculated
from the formation pressure for all DSTs (see chapter 2, Eq. 2.7) and contoured for each
aquifer. Generally, a data point that creates closed contour lines indicates a source or sink
for formation water flow, which could be due to: a) a natural fluid sink or source within
the aquifer itself b) vertical flow into or out of an adjacent aquitard); ¢) vertical cross-
formational flow into or out of an adjacent aquifer; or d) producing or injecting wells in
the vicinity. Therefore, DSTs with a high interference index and/or a large number of
producing wells in their vicinity were individually examined and rejected if they caused
anomalies in the hydraulic head contours. Also, tests in the near vicinity of heavily
producing hydrocarbon fields were checked more thoroughly, even if the DST was not
from a producing unit, and rejected if the reported initial reservoir pressure was higher
than that measured in the DST for a comparable depth, or an associated anomaly could
not be explained by natural flow processes (a, b or c). Natural flow processes were
deemed unlikely to have caused anomalies if there was no known mechanism to create a
sink or source in the particular aquifer or confining aquitard, and if hydraulic head
distributions in the directly adjacent aquifers did not show a corresponding source or sink

that would support the possibility of cross-formational flow.

3.3 Data processing

3.3.1 Structure maps

The irregular distributions of well picks for each formation were transformed into a

regular grid distribution using a least-squares gridding algorithm implemented by the

Radian Mapping Software CPS-3. The computer grid was smoothed by a bi-harmonic
filter and tied back to the control point data (Graf and Thomas, 1988), to achieve
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maximum honoring of the original well data picks. To obtain a consistent framework of
the general geology in the study area, a relatively coarse grid was used (24 x 24 nodes
spaced 12.5 km apart). The number of picks generally increases from SW near the thrust
and fold belt to the NE, and from the Precambrian up to the Cretaceous. Therefore, the
computed surfaces might represent a relatively rough approximation of the stratigraphy,

especially of deeper strata and in the area close to the thrust and fold belt.

The result is a three-dimensional representation of the succession of major stratigraphic
surfaces in the undeformed part of the study area. The stratigraphic surfaces were used to
allocate the hydrochemical and pressure data to the respective formations. The complete
set of DST and chemistry data was run against the bounding surfaces of all aquifer units
(Tab. 3.2) by comparing location and the elevation of each test interval against the
interpolated surface grid elevation at each point. This process resulted in separate DST
and chemistry files for each aquifer unit. Data points were checked individually for the
reported driller’s allocation of the respective test interval in cases of thin aquifers or thin
confining units between aquifers (e.g., Viking aquifer: 5 — 50 m thickness), for which the
resolution of the gridded surfaces was inadequate. Data were re-allocated if the driller’s
allocation conflicted with the mechanical allocation using the surface grids. The
combination of a grid-based allocation of data and using the driller’s stratigraphic
allocation from the DST or chemistry report guarantees a higher reliability than using

only one of the two methods.

3.3.2 Hydrogeochemical representation methods
The hydrochemical data in this study were used to: a) determine the origin and evolution
of formation waters; b) in conjunction with hydraulic data, delineate flow paths; and c)

calculate the in-situ density of formation waters.

Variations in the major ion hydrochemistry can be used to determine the origin and

evolution of formation waters in sedimentary basins (i.e., Carpenter, 1978; Land, 1987,
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Hanor, 1994 a, b). As most sediments are deposited in marine or marginal-marine
environments, seawater is a useful reference solution against which formation waters are
compared (Land, 1987). While salinity lower than that of seawater (35 g/L) usually is
caused by mixing with meteoric water, the increase in the concentration of dissolved
solids in brines (> 35 g/L) is mainly attributed to the evaporation of seawater and the

dissolution of evaporites (Hanor, 1994).

During the evaporation of seawater various salts precipitate from solution, depending on
their solubility, and causing a change in the relative concentration of ions in the
remaining fluid. Generally, the trends of relative changes in concentration of any two
dissolved ions during the evaporation of seawater is termed seawater evaporation
trajectory (SET). Bromide-versus-chloride concentrations are a commonly used indicator
for dissolved salts in formation waters (Carpenter, 1978). The Cl/Br-ratio remains
constant during the evaporation of seawater until the point of halite saturation, after
which Cl is preferentially precipitated, causing a decrease in the Cl/Br-ratio (Carpenter,
1978). Subsequent dilution by meteoric water does not change the Cl/Br-ratio any further,
only both concentrations decrease, so that the dilution trend of CI versus Br falls parallel
and above the SET (Connolly et al., 1990; Hanor, 1994). On the other hand, halite
dissolution causes a concentration of Cl in the residual solution, and the respective Br/Cl-
ratios are lower than those along the SET. However, Br is rarely measured in standard
industry analysis. The major cations also follow a distinct seawater evaporation-dilution
trend (Carpenter, 1978). From the major ions, chloride acts as the most conservative,
because, except for the dissolution and precipitation of Cl-salts, Cl is not involved in
processes of water-rock interaction in the subsurface. Therefore, plots of the major cation
concentrations of Na, Mg, and Ca against Cl concentrations in the formation waters were
compared to experimentally derived evaporation-dilution trends (McCaffrey et al., 1986),
to investigate whether the formation waters are evaporated or diluted seawater. If the data
followed different trends, other processes had to be considered that might have affected

the major ion chemistry (i.e., dissolution of evaporites, dolomitization, albitization).
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Another useful method in the investigation of basinal brines is the comparison of Na, Ca,
and Cl concentrations between formation waters and seawater. Davisson and Criss (1996)
introduced a mathematical transformation of Na, Ca, and Cl concentrations that produces
a linear slope of unity between the milliequivalencies of Na and Ca cations in nurnerous
basinal fluids, including the Alberta Basin. The excess Ca and the Na deficit relative to

seawater reference ratios are defined as (Davisson and Criss, 1996):

Caexcess = Cameax - —Cﬁ) ’ ClmeasI—I : _g—
cl ), '| 40.08

Il

where the concentrations (in mg/L) of the ions measured (meas) in a sample are referred
to those in seawater (sw), and the numerical constants convert the results to meg/L.
Plotting Caeycess versus Nagericir values of more than 800 samples from various basins and
aquifer lithologies, Davisson and Criss (1996) derived a highly correlated regression line
that they termed Basinal Fluid Line (BFL):

Caysy = 0.967(Nay,,, ) + 1403,

excess

where the unit slope is interpreted to indicate that the albitization of plagioclase (2 Na for
1 Ca exchange ratio) is the predominant reaction to control the chemistry of deep
formation waters. The intercept of 140.3 for the BFL can be attributed to the dissolution
of halite prior to albitization, whereas the trend of albitization of seawater only would

start at the origin of the excess-deficit graph (Davisson and Criss, 1996).

3.3.3 Contouring of hydrochemical data

The distributions of salinity and selected ion concentrations (g/L) were contoured
manually, which allowed for the better integration of geological and hydraulic

information for extra- and interpolation purposes in areas of low data density. For
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example, geological boundaries, like the extent of carbonate platforms, represent
discontinuities in the aquifer geometry, which affect the distribution and flow paths of
formation fluids and which is difficult to account for in mechanical contouring
procedures. A typical gridding algorithm does not recognize aquifer heterogeneity and
the resulting contours would likely cross geological boundaries, which subsequently
would have to be changed in order to achieve an interpretation of flow patterns that is
consistent with the geology. Plots of the study area showing data locations and
concentration values were generated for each aquifer, using the Aberta Geological Survey
cartographic system (AGSSYS). These maps were imported in the CANVAS graphics
program, in which the data points were hand-contoured. Contours were interpolated in
areas of low data density data by comparing and fitting the distribution of chemical data
to patterns observed in the complementary hydraulic and geological maps. All data points
were honoured within their range of accuracy as manifested in the respective contouring

interval.

Usually, the analytical errors in the chemical analyses are significantly smaller than
errors introduced by sampling techniques and potential dilution with drilling mud. It is
difficult to estimate the magnitude of practical errors in the remaining hydrochemical
data that passed the mechanical culling process because the potential mixing or dilution
of formation water samples with drilling fluids cannot be determined quantatively from
the analytical report. Therefore, a conservative error of 10 % for salinty was chosen,
based on the variance of concentrations in chemical analyses from the same water sample
or different samples from the same well and depth range. This translated to a contour
interval of at least 10 % of the average concentration, which was used for the mapping of

salinity (TDS) in the various aquifers.

3.3.4 Processing of pressure data

The pressure data from DSTs were plotted versus depth (p(d)-plot) and versus elevation

(p(z)-plot), and equivalent hydraulic heads were calculated and contoured. In addition, in
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the Elk Point aquifers the impelling force vectors acting on the fluid were constructed.
Due to the complexity and controversies regarding the representation of variable-density
fluid flow in sedimentary basins, Chapter 2 presented a detailed discussion on the
theoretical aspects and defined the variables and equations for the calculation of the
hydraulic gradient and the impelling force. The measurement accuracy and mechanical
errors associated with formation pressures determined from DSTs have to be taken into
account in addition to the theoretical errors associated with using equivalent hydraulic
heads in the flow representation. Only then, the accuracy in the flow representation,
using hydraulic head maps versus impelling force vectors, can be evaluated. Following
parameters may have errors associated with them: fluid pressure p and measurement
elevation z for calculating hydraulic heads, and in addition fluid density p and aquifer

slope VE for calculating force vectors.

The accuracy as specified by various manufacturers ranges between 0.025 and 0.25 % of
the full scale for newer pressure gauges (1970 — 2000) and was as low as 0.5 % for
gauges from the 50’s and 60’s (from H. Reid, course manual for DST interpretation).
This translates to a maximum error of approximately to +/- 200 kPa (accepted pressure
difference between first and second shut-in measurement for a C quality DST) or +/- 20
m of hydraulic head. On the other hand, errors introduced by the mechanical procedure of
the test are much larger, and empirically determined errors in pressure measurements
generally increase with depth and range between 170 and 650 kPa (Bradley, 1975;
Bredehoeft, 1965; Dahlberg, 1995). Assuming freshwater density, this translates to a
hydraulic head difference that varies approximately between 17 m for shallow aquifers
and a maximum of 65 m for deep aquifers. This relatively large methodology error may
be reduced by only using DSTs of A, B, and C quality and Horner-extrapolated pressures.
Errors associated with the depth measurement and the land surveying of the kelly bushing
(KB) elevation are comparably small, but only can be estimated to be in the range of a
few metres. A contour interval of 50 m was therefore chosen in most of the hydraulic
head maps for representation and analysis, which is the contour interval that typically has

been used in many previous regional-scale hydrogeological studies, based on industry
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pressure data in the Alberta Basin (e.g., Toth, 1978; Bachu and Underschultz, 1993;
Rostron and Té6th, 1997; Rostron et al., 1997; Anfort et al., 2001).

The fluid density was calculated based on the salinity of the formation water, pressure,
and temperature using empirical equations that were fit to laboratory experiments (Rowe
and Chou, 1970; Kestin et al., 1981; Appendix D). This expression was used in various
numerical models of formation water flow in sedimentary basins (e.g., Garven, 1985,
1989; Raffensberger and Garven, 1995; Person and Garven, 1994; Appold and Garven,
1999). Kestin et al. (1981) estimate the accuracy of the calculated densities to be +/-
0.5%, which translates to +/- 5 kg/m3 for freshwater (1000 kg/m3). However, errors
associated with the measured pressure, salinity, and temperature values have to be added.
The pressure was obtained from the DST itself and salinities from distribution maps
(grids). In-situ temperatures were calculated from integral geothermal gradients in the
Western Canada Sedimentary Basin within an estimated accuracy of a few degrees

Celsius (Bachu and Burwash, 1994).

The sensitivity of the calculated formation water density was determined by changing
pressure, salinity and temperature in the empirical density equation (Rowe and Chou,
1970; Kestin et al., 1981) within the respective error ranges for three theoretical cases of
representative pressure, salinity and temperature conditions (Table 3.4). Generally, the
error in salinity causes the largest difference in the value of the calculated formation
water density (~ +/- 7 kg/m®), except for formation water with low salinity, which is
slightly more affected by errors in temperature (+/- 1.0 kg/m®) than errors in salinity (+/-
0.7 kg/m®). In comparison, changes in pressure within a range of 400 kPa have almost no
affect on the calculated density (+/- 0.1 kg/m3 ). An overall error of at least +/- 15 kg/m3
in the calculated formation water density results from adding the mathematical error of
+/-5 kg/m3 (Kestin et al., 1981) to the confidence range of approximately +/- 10 kg/m’

that 1s caused by the inaccuracy in salinity, temperature and pressure.
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Ref. Salinity: +/- 10 % Temperature: +/- 5°C Pressure: +/- 200 kPa
Shallow depth

Pressure (MPa) 5 5 5 5 5 4.8 5.2
Salinity (wt%) 0.01 0009 0.011 0.01 0.01 0.01 0.01
Temperature (°C) 20 20 20 15 25 20 20
Density (kg/m®) 1008 1007 1008 1009 1006 1008 1008
Ap (kg/m®) 1 0 -1.0 2 0 0
Intermediate
depth
Pressure (MPa) 18 18 18 18 18 17.8 18.2
Salinity (wt%) 0.12 0.11 0.13 0.12 0.12 0.12 0.12
Temperature (°C) 65 65 65 60 70 65 65
Density (kg/m®) 1071 1064 1079 1074 1068 1071 1071
Ap (kg/m®) 7 -8 -3 3 0 0
Large depth
Pressure (MPa) 29.5 29.5 29.5 29.5 29.5 29.3 29.7
Salinity (w1%) 0.2 0.19 0.21 0.2 0.2 0.2 0.2
Temperature (°C) 95 95 95 90 100 95 95
Density (kg/m®) 1116 1108 1124 1119 1113 1116 1116
A p (kg/m®) 8 -8 -3 3 0 0

Table 3.4: Sensitivity of the calculated density with changing salinity, temperature and pressure.
Only one parameter was changed from the reference conditions (Ref.) in each column within its

respective error range, while the other two were kept constant.

Accuracy of equivalent hydraulic heads and flow-driving force vectors

According to the theoretical discussion in Chapter 2, the effect of density variations on
the flow representation becomes significant only when the pressure-related force
component is small compared to the density-related force component, i.e. VHp = 0 and
the aquifer slope and difference between water density and reference density are large.
However, the hydraulic gradient is calculated using DST pressures measurements that
contain a certain degree of error. The force vectors have an even higher degree of
uncertainty because errors in the pressure-related force component (hydraulic gradient)

have to be added to errors in the density-related force component due to the inaccuracy in
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the density calculation. Therefore, it is critical to compare the magnitude and accuracy of
the hydraulic gradient to the magnitude and accuracy of the density-related force
component, before the impact of density variations on the flow representation can be

assessed.

According to Equations 2.25 and 2.28, the driving force along the aquifer slope can be

represented by the sum of its pressure- and density-related components:

F*=—p, - gVH, + 2=22 . VE = _p . 4F, + F), (3.6)

0
Therefore, the error in the force magnitude AF is the sum of the errors in its two
components:

AF = AF, + AF,. 3.7)

The four steps for constructing the impelling force vector are:

(1) Equivalent hydraulic heads Hy and hydraulic gradients grad Hy are calculated for each

point using a reference fluid density and DST pressures.

(2) A value for the elevation gradient grad z is calculated either from a grid of DST test
elevations or a grid of the aquifer structure. Resulting gradients from these two grids
are comparable for an aquifer‘ with a large lateral extent compared to its thickness.
However, using the grid of the aquifer structure is preferred because the coverage of
stratigraphic data is better than that of DST data for any aquifer.

(3) A relative density term p* = (’0——&2 is calculated for each point and multiplied

Po

with the value of the elevation gradient.

(4) The resulting impelling force vector is constructed by adding the x and y components

of grad Hy and (’0—_’0—0) -Vz at every point.

Po
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Practically, the hydraulic gradient between two points (wells or grid points) in an aquifer
is approximated by the difference in hydraulic heads divided by the distance 1 between
Hy, — Hy )

the two points:  VH, = 7

(3.8)

A maximum error in equivalent hydraulic head AHj of +/- 25m causes the error in the

pressure-related force component to be:

AF, = 2 ZAHO _ 5‘;’" (3.9)

Practically, the slope of the aquifer is approximated by the difference in elevation of the

LY

aquifer top or bottom between two points: VE = (3.10)

A maximum error Ap of +/- 15 kg/m® in the density values and Az = +/- 2.5 m in

elevations results in an uncertainty in the maximum pressure-related force component of

approximately:

oF oF - . -
AF, :_P.Ap.i._ﬂ.AZ:i.Zl__{Z_.Ap_,.z Az p =Py

op oE Po l l Po
_15-(z-37) Sm-150 _ 0015 (z = 2,) + 075 m G

1000 - [ 1000 - / l
0.75 m

= 0.015 - VE +

for a maximum density difference p - po = 150 kg/m”.

The dependence on the distance 1 of the errors in the force and force components infers
that practically it is impossible to accurately determine low force magnitudes over

relatively short distances as shown in the following example, assuming a maximum value
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for the density-related force component and relatively low value for the pressure-related

force component.

Example 1:
po = 1000 kg/m?, p = 1150 kg/m® (maximum density difference in the study area),

VE = 0.02 (maximum aquifer slope in the study area)

VHy=-Fy/2=-0.0015 (DFR=2)
a)1 =10 km

F *

—_— = Fp + AFp + Fp + AFp = —0.0015 £ 0.005 + 0.0030 £ 0.0004
—Po 8

= 0.0015 £ 0.0054

b)1=50km

F *
- P &

—-0.0015 £ 0.001 + 0.0030 £ 0.0003

= 0.0015 = 0.0013

DFR =2 %15
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¢) =100 km

*
il — = —=0.0015 * 0.0005 + 0.0030 £+ 0.0003
— P 8

= 0.0015 = 0.0008

DFR =2+ 09

The previous example shows that:

1) the error in the pressure-related force component (‘hydraulic gradient’) increases
with decreasing distance over which it is determined. The relative error is larger
than 1 to a distance | of approximately 40 km (Fig. 3.1 a);

2) the maximum error in the density-related force component for the case of
maximum density difference and aquifer slope is + 0.0003, increasing only
slightly with decreasing distance. The relative error is approximately 10 %. This
error is smaller than the error in the pressure-related force component for
measurement distances 1 < 300 km (Fig. 3.1 a);

3) small differences in equivalent hydraulic heads; in this case a pressure-related
force component having half the magnitude of the density-related force
component, cannot be accurately determined over distances < 50 km (Fig. 3.1 a)
due to the large errors associated with the pressure measurements. Over these
distances, it also is not meaningful to calculate the force vector by adding its
density-related component, because the magnitude of the total force is still smaller

than its total error.
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Figure 3.1: Change of the relative errors of the driving force magnitude and its pressure- and den-
sity-related components with distance over which the force was calculated for: a) Maximum den-
sity difference in the study area, maximum aquifer slope and a DFR = 2, and b) three difference

density ranges, maximum aquifer slope, and F, <<F,. Equations 3.6, 3.7,3.9, and 3.11 were used

to calculate the relative error for the driving force and its components,
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More generally speaking, the theoretical gain of accuracy in the representation of flow by
calculating force vectors is limited to a certain scale of observation by the measurement
errors in the pressure-related force component. Even for the most extreme case, when
equivalent hydraulic heads cannot be used to represent water flow in the study area (i.e.,
150 kg/m3 difference between actual formation water density and reference density, a
maximum aquifer slope of 0.02, and F, >> F;), the general direction of flow can be
inferred accurately from driving force vectors only if the relative error is smaller than 1.0;
hence if the force is determined of a distance larger than 20 km (Fig. 3.1 b, Case 1).
However, if the difference between formation water density and reference density is only
50 kg/m® for the same pressure conditions in the aquifer, the threshold for the observation
distance beyond which the general flow direction may be determined accurately from
force vectors is approximately 65 km (Fig. 3.1 b, Case 2). Obviously, if the pressure-
related force component is close to zero and the density-related force component is small
(Fig. 3.1 b, Case 3), the flow direction in the aquifer cannot be clearly determined by
either equivalent hydraulic heads or force vectors under 250 km, approximately the range
of the study area. Consequently, within the appropriate error margins of the impelling

force, the flow can be characterized only as +/- stagnant.

Consequences from theoretical and practical considerations for the interpretation of

pressure data

Two aspects have to be considered when choosing the appropriate representation method,
equivalent hydraulic heads versus driving force vectors, for the flow of variable-density
formation water in sloping aquifers: 1) the magnitude of the theoretical error that is due
to the neglect of the density-related force component in equivalent hydraulic head
interpretations (see Chapter 2), and 2) the effect of practical errors on equivalent
hydraulic heads and force vectors that is caused by the inaccuracies in pressure
measurements and density calculations. Ideally, theoretical errors should be avoided and
the level of uncertainty should be incorporated in the method of flow representation. The

previous section showed that the errors associated with the pressure measurements are the
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principal cause for the inaccuracies in both, gradients calculated from equivalent
hydraulic heads and driving force vectors, and that the relative error depends on the
distance over which these two are measured. Consequently, only general flow directions
can be inferred from any method that uses pressure measurements from DSTs.
Theoretically, driving force vectors are the accurate method for the representation of
variable-density flow in sloping aquifers (see Chapter 2). However, the driving force
vector at a specific point can be calculated practically only between two wells or within a
grid, because the vector is composed of gradients of hydraulic heads and aquifer
structure. Thus, for low hydraulic gradients and DFR > 1, the spacing between wells or
grid points would have to be relatively wide (20 — 250 km) compared to the dimensions
of the study area, depending on the reference density and aquifer slope, before force
vectors accurately indicate the general flow direction within the appropriate error range
(Fig. 3.1). The appropriate result would be either a coarse grid with even spacing between
flow vectors that indicates the general flow direction in the study area, but has a bad
resolution in areas with high hydraulic gradients, or an uneven distribution of grid points
(high resolution in area of high hydraulic gradients and low resolution in areas of low
hydraulic gradients), for which the errors vary depending on the grid spacing, and which
is cumbersome to construct. Contour maps of equivalent hydraulic heads have the
advantage that they are easy to construct and that the contour interval, if chosen
accordingly, directly reflects the accuracy of the point data. The disadvantage is the
theoretical error that is made when inferring flow directions from hydraulic gradients and
ignoring the density effects. Nevertheless, this theoretical error is critical only if
hydraulic gradients are low compared to the density-related force component, and the
error can be minimized by reducing the difference between the reference density and the

actual formation water density (see Chapter 2).

In summary, the measurement errors associated with pressure data from DSTs cause
inaccuracies in both equivalent hydraulic heads and driving force vectors. This
imprecision outweighs the theoretical accuracy of the driving force vectors compared to
equivalent hydraulic heads for most pressure-, density- and aquifer slope conditions and
scales of observation in the study area. As a consequence, contour maps of equivalent

hydraulic heads were used for the interpretation of flow in this study. The maximum
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difference between reference density and formation water density in each of the three
hydrostratigraphic groups in the study area is 50 kg/m®, when choosing as reference
density the average between the respective minimum and maximum densities (Tab. 3.5).
Reference densities of 1040 kg/m’, and 1090 kg/m3 were used to calculated equivalent
hydraulic heads in the Jurassic-Mississippian, and the Cambrian-Devonian
hydrostratigraphic groups, respectively. Because of the relatively small difference of
formation water density in the Tertiary-Cretaceous hydrostratigraphic group (Pmin — Pmax
= 50 kg/m’) freshwater density could be used as a reference density, still resulting in the

same level of accuracy as in the other hydrostratigraphic groups.

Hydrostratigraphic Group Salinity Range (g/L) Density Range (kg/m")
Tertiary-Cretaceous 1.7-10.5 995 - 1045
Jurassic-Mississippian 35-165 1000 - 1080
Cambrian-Devonian 115-300 1040 - 1140

Table 3.5: Salinity and density range in the various hydrostratigraphic groups in the study area.
The fluid density was calculated based on the salinity of the formation water, pressure, and
temperature using empirical equations that were fit to laboratory experiments (Rowe and Chou,

1970; Kestin et al., 1981; Appendix D).

The distribution of equivalent hydraulic heads was contoured manually, for the same
reasons and the using the same procedure as described for the conturing of
hydrochemical data (Section 3.3.3). All data points were honoured within their range of
accuracy as manifested in the contouring interval of 50 m. Therefore, hydraulic head
differences can be calculated only to a resolution of 50 m over any distance 1 (Eq. 3.9).

Hydraulic gradients accurately indicate the general flow direction, for VH, > F, (DFR

m
. The critical distance beyond which the flow direction inferred from
P

<Dand ! <

a hydraulic head difference of 50 m might be reversed due to density effects exists for a

maximum aquifer slope of 0.02 and maximum difference between reference and
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. . 3 50 m 50 m
formation water density of 50 kg/m™: [ , = =

it = = 50 km . For the same
max F, 0.001

conditions, driving force vectors accurately indicate the general flow direction if
measured over at least 65 km (Fig. 3.; Case 2). These critical distances will be larger for
less extreme density differences and aquifer slopes. For all practical purposes, areas in
which the lateral distance between 50 m contour lines larger than 50 km have to be
examined more closely with respect to the actual aquifer slope and formation water

density.

Note: The impelling force vectors that were calculated for the Elk Point example in
Chapter 2, only considered the theoretical aspects of the difference between equivalent
hydraulic heads and impelling force vectors for the representation of formation water
flow. If data accuracy were considered in the Elk Point example, a 50 m contour interval
instead of 10 m would be appropriate. Then, the general flow direction could be inferred
only in the area of relatively high hydraulic gradients and large force magnitudes in the

east, while flow in the west would have to be interpreted as +/- stagnant.
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CHAPTER 4: GEOLOGICAL AND TECTONIC SETTING

4.1 Introduction

The study area is located at the western edge of the Alberta Basin, which is part of the
Western Canada Sedimentary Basin (WCSB) (Fig. 4.1). The undeformed part of the
Alberta Basin is bounded by the Tathlina High in the north, the Bow Island Arch,
separating it from the Williston Basin, in the southeast, the Precambrian Shield in the
northeast and the Rocky Mountain thrust and fold belt in the west. The basin consists of a
wedge of Phanerozoic sediments thickening southwestward from the exposed

Precambrian Shield to a thickness of more than 6 km along the Cordilleran deformation

front.
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Figure 4.1: Structural elements of the Western Canada Sedimentary Basin. The grey shading
represents the area of preserved sedimentary rocks of the WCSB; the hatched area shows the

undeformed part of the basin (modified after Wright et al., 1994).
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The study area extends from the Foothills within the Rocky Mountain thrust and fold belt
to about 200 km into the undeformed part of the basin (Fig. 4.2). The sediment thickness

ranges between approximately 3 km in the northeast to 6 km in the southwest.

The sedimentological history of the Alberta Basin can be differentiated into two main
phases. The “platform stage” (Proterozoic to Jurassic) represents a mainly transgressive
onlap of dominantly marine sediments along the passive margin of the North American
Craton. The boundary between the craton and allochthonous terranes lies approximately
between the Omineca Belt and the Intermontane Belt (Fig. 4.1). In the “foreland stage”
(Jurassic to Paleocene) the former sediments were compressed as a result of the
Columbian (Jurassic-Early Cretaceous) and Laramide (Mid-Late Cretaceous-Tertiary)
Cordilleran orogenies, and syn- as well as post-orogenic, dominantly clastic, deltaic to

fluvial sediments were deposited (Porter et al., 1982).

4.2 Regional structural geology

The study area can be divided into two structural provinces: 1) Interior Plains (Bally et
al., 1966), which represents the undisturbed part, and 2) the deformed part of the basin,
i.e., the Rocky Mountain Thrust and Fold Belt (Monger, 1989). These two parts of the
basin are separated by the Paleozoic and Mesozoic deformation fronts that represent the
limit of Cordilleran deformation in the two major sedimentary assemblages, respectively.
The boundary between the Foothills and Front Ranges in the southern part of the study
area is the McConnell Thrust (Fig. 4.2), whereas the Nikanassin Thrust is considered the
boundary further north (Lebel et al. 1996).
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