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Abstract

A petroleum hydrogeological study was conducted in the Panny-
Scnex region of north-central Alberta (Tps.89-102, Rs.23W4-14W3)
focusing on the Granite Wash, Keg River and Slave Point Formations. The
study proceeded in three phases. First structure contour maps, structural
cross-sections and hydraulic conductivity maps were generated. Second
water and oil flow fie'ds were mapped, flow rates calculated and the
distribution patterns of water chemistry, water temperature, and oil density
of the reservoir formations were mapped. Finally the effect of water flow
on oil migration and accumulation in the study area was considered.
Techniques for culling water chemistry, temperature and pressure data and
for dealing with the problem of production drawdown are presented.

In the southwest half of the study area, hydraulic heads in the Keg
River, and possibly the Slave Point Aquifers, are controlled by the
overlying water table topography. A vertically ascending discharge plume
at Tp.94 Rs.6 and 7 WS, extends from the basement to the sub-Cretaceous
unconformity. Discharge is focussed at the ground surface by the
intersection of the Wabasca and Loon River channels. In the northeast, on
the other hand, water flows laterally updip to low elevation outcrops
beyond the study area. Dcwn-dip, density-driven flow is locally significant.

At the regional scale of the present study, lithology is the dominant
control on water chemisiry, with flow producing local scale anomalies.
Conduction dominates heat flow since water flow rates are too small for
forced convection to be significant. The pattern of oil density variations is
likewise unrelated to water flow.

Oil is often but not exclusively trapped in regions of hydraulic head
minima. An oil head map of the Keg River Aquifer shows an elongate zone
of high accumulation potential parallel to the Keg River reef edge between
Tp.96 R.10 W5 and Tp.94 R.9 WS5. Conventional migration theories cannot
explain the presence of oil in the study area since the source rock is absent
on the Peace River Arch, down dip from the study area. Northward water
flow is promoted as the agent responsible for deflecting oil into the study

area.
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Introduction

The role of moving water as the principal agent of petroleum
transport has been the subject of fruitful research since Munn published the
first hydraulic theory of oil migration in 1909. Today the determination of
flow rates and directions is a straightforward well-defined technical matter.
The hydraulic continuity of geologically mature sedimentary basins is
generally accepted and the dominance of topography-driven flow systems
in these basins is acknowledged. The Generalized Hydraulic Theory of
Petroleum Migration (Téth, 1980) provides a sound conceptual framework
for understanding the migration and accumulation of petroleum in such
environments. Despite the widespread acceptance of the theory by
hydrogeologists, it is still not generally applied as an exploration tool
within the oil industry. Two recent studies of oil migration in the western
Canada sedimentary basin (WCSB) illustrate this: neither Allan and
Creaney (1990) nor Piggot and Lines (1990) consider the possibility of
water flow as a motive agent in their conceptualization of petroleum
migration patterns. Buoyant forces are promoted as the sole drive for
migration with accumulations forming in structural and stratigraphic traps
due to vertical or lateral capillary barriers. A field-based study evaluating
the influence of flowing water on the migration and accumulation of
petroleum within the WCSB is therefore considered worthwhile and
necessary. If water flow is found to be influential then the utility of the
concepts, methods and techniques presented in the study will have been
demonstrated. It is intended that this study will serve as a practical guide
which will further the incorporation of hydrogeological ideas into
conventional practice to improve exploration efficiency.

The Senex-Panny region in north-central Alberta was selected for
study because the hydrogeology of the area has been investigated before,
this work providing a foundation for the current research. In addition, the
region is an active exploration play with good well control and a largely
modern database. Two major hydrogeological studies have been conducted
in the region. Té6th (1978, 1979, 1983) elucidated the evolution of flow
systems over geological time. Hitchon et al (1990) studied the flow and its
relation to the regional distribution of temperature and water salinity. T6th
argued that oil pools in the main Middle Devonian reservoir, the Keg
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River-Granite Wash aquifer, coincide with fluid potential minima (i.e.,
regions of lateral water flow convergence) of a potentiometric surface that
was generated by the ground surface during the Pliocene. Hitchon et al did
not address the distribution of petroleum directly. They concluded that
although flow is topography-driven, salinity patterns are controlled
regionally by temperature (i.e., depth) and locally by lithology. Their
analysis of the temperature distribution indicated that the geothermal
regime is conductive. Thus the effect of flow on the physicochemical
character of formation fluids was judged to be minimal.

The present study builds on the previous work by directly assessing
the effect of topography-driven flow on petroleum migration and
accumulation. The influence of flow on fluid chemistry and temperature is
evaluated at a finer scale than in any prior study in the area. Furthermore,
criteria are developed by which to recognize representative water
chemistry data, and methods are presented for evaluating and culling
production-disturbed oilwell pressure measurements.

This thesis is addressed to the petroleum geologist. Its structure
reflects the steps required for any petroleum hydrogeological study.
Chapter 1 outlines the tectonics, stratigraphy and petroleum geology of the
study area and raises problems with conventional explanations of petroleum
migration (assuming hydrostatic conditions). Chapter 2 investigates the
forces which control migration, clarifying the distinction between
conventional and hydraulic models. The concepts and principles underlying
hydraulic theories are discussed and the historical development of these
theories is described. Hydrogeological characteristics are defined and
critically analyzed. Chapter 3 describes the raw data obtained for the study,
and presents criteria for data culling. Quantitative methods for dealing with
the problem of production induced drawdown in order to obtain useful
pressures are proposed. This chapter also evaluates the confidence limits of
the residual data. Chapter 4 shows how the raw data are manipulated in the
framework of a hydraulic theory of migration and provides methods and
techniques of mapping and graphical analysis and their interpretation.
Chapter 5 synthesizes the results and evaluates the influence of topography-
driven flow on petroleum migration and accumulation in the Peace River

Arch region.



Objectives
The thesis will constitute a self-contained methodological guide for

petroleum geologists to show how hydrogeological principles and’
techniques can be incorporated into a ‘conventional’ exploration effort. The
availability of such a guide and the establishment of standard procedures
for data culling and interpretation should help considerably to broaden
petroleum hydrogeology as an applied exploration discipline.

The following working hypotheses will be evaluated within the limits

of the study area:

1 The pore water is in motion.

2 Gravity-driven flow generated by the topographic relief of the water
table is the main force causing fluid motion.

3 Flow paths within and betweei: aquifers can be determined using
existing oilwell data.

4 The flow pattern will reflect aquifer heterogeneities.

S The geothermal regime is convective: average vertical temperature
gradients and subsurface temperatures are influenced by forced convective
heat transport via topography-driven flow systems.

6 Distribution patterns of major ions are influenced by flow patterns:
water salinity (total dissolved solids) increases downstream.

7 Average oil pool mass density increases downstream.
8 Oil pools are concentrated in regional discharge zones.

9 Petroleum migration paths are being/have been influenced by
topography-driven flow systems.



Chapter i Geol Hyd | Seol :
the Study Area

L1 Location

The stidy area is a part of the western Canada sedimentary basin
(WCSB); an intracratonic basin that underlies a large area of the Interior
Plains of North America (see Figure 1.1). The WCSB extends from
Alberta across Saskatchewan and Manitoba into the Dakota’s of the USA.
Its structural limits are arches to the north and south and the disturbed belt
of the Rocky Mountains to the west. The original extent of the basin to the
east is uncertain (Williams, 1983) since the present eastern margin is
erosional. The Canadian Shield outcrops to the east of this truncated edge.
The Alberta part of the basin forms a wedge shape in profile
approximately 700 km long from east to west. It attains a maximum depth
of six kilometres under the Rocky Mountain Foothills (see Figure 1.2) and
thins eastwards to its eroded margin against the Shield.

The study area comprises the northeastern part of the Peace River
Region in northern Alberta (see Figure 1.3). It extends from Township 102
Range 12 W5 (approximately 58°N 116°W) in the northwest, to Township
89 Range 23 W4 (approximately 56°30°N 113°30°W) in the southeast. The
study area measures 167 km by 141 km occupying an area of about 23,500
km2. The western, eastern and southern margins are water sheds of the
local uplands. Wells are scarce north of the northern boundary.

This area was selected for study because the hydrogeology is known
from previous work (see Section 1.3.4). Moreover the region is an active
exploration play so there are abundant wells and modern data are avaiiable.

1.2 Geology

1.2.1 Regional Tectonics

The WCSB is a composite basin containing sediments that
accumulated within two fundamentally distinct tectonic settings. A long-
lived passive plate margin phase started with the initial rifting of the North
American craton around 650 Ma and continued until the Late Jurassic
about 150 Ma (Monger, 1989). Marine platform sediments were deposited
in shelf environments over subsiding portions of the craton during this



period. The passive margin phase was succeeded by a phase of destructive
convergence between the North American craton and the Pacific oceanic
plate which continues today.

At intervals, terrane accretion at the plate margin (i.e., the welding
of microcontinents rafted by the Pacific plate, onto the western edge of the
craton), compressed the platform rocks of the western part of the passive
margin basin, and drove them progressively eastward over the craton to
form mountain ranges of stacked thrust sheets (Monger, 1989).

In the Alberta region, the tectonic loading produced a foreland basin.
Clastic sediment eroded from the mountains was deposited in an eastward
migrating trough which buried the undeformed platform rocks of the
eastern part of the old passive margin basin.

In summary, the deepest (Palaeozoic to Jurassic) strata of the WCSB
comprise marine platform sediments deposited within the limits of a
regional depression on a passive continental plate margin. These are
uncomformably overlain by mixed marine-continental Cretaceous and
Tertiary strata of the foreland basin phase.

The plate tectonic control on the nature of the sedimentary fill
during the Phanerozoic history of the basin was unravelled by Beaumont
(1981) and Porter et al. (1982). Chamberlain et al. (1989) recently
presented a more sophisticated understanding of the linkage, correlating
accelerated sedimentation rates in the basin with specific collision events
i.e., with the arrival of individual terranes at the craton margin.

1.2.2 Regional Stratigraphy and Geological History

Table 1.1 is a stratigraphic table showing the age and lithology of the
strata preserved in the study area. This table will serve as a framework for
the following discussion of the stratigraphy and geological history of the
basin. The local stratigraphy and geological history of the study area are
described in the following section.

During the passive margin tectonic phase, pre-Devonian epiorogenic
warping of the basement divided the WCSB into a number of sub-basins
with intervening arches. The arches were deeply eroded during their
formation and formed land masses limiting the extent of the early
Devonian sea. The sea was connected to open ocean in the northwest and
possibly in the northeast (Williams, 1983).



6

The Elk Point Group of Lower and Middle Devonian age comprises
two transgressive cycles each of which is capped by evaporites (Table 1.1).
The Lower Elk Point transgression was relatively minor extending only to
central Alberta. The Upper Elk Point transgression inundated the craton as
far as Manitoba and the Dakotas of the USA (Meijer-Drees, 1986). Reef-
bearing carbonate platforms formed around basin arches during periods of
open connection with the northern ocean. The evaporites attest to the arid,
subtropical, climate and the equatorial location of the North American
craton during early Devonian time.

Relative sea level rise continued during the Upper Devonian. The
bathymetry of the sea floor was less uneven due to the levelling effect of
the accumulated Lower and Middle Devonian sediments, and sedimentation
patterns changed. Extensive carbonate platforms developed at the basin
margins and also over prior depocentres in the basin interior. Major reef
complexes developed on these platforms separated by relatively small shale
basins (Bebout et al., 1973; Aprahamian, 1976). At the end of the Devonian
Period the basement arches were fully subdued due to the combined effects
of erosion, tectonic inversion and sea level rise (Williams, 1983).

By Mississippian time the North American plate had drifted beyond
the equatorial realm, the climate was cooler and large scale evaporite
deposition ceased. Shales were deposited along with carbonate platform
rocks. Clastic sediments were derived from the east due to progressively
increasing westerly tilting of the basin during the Permian to middle
Jurassic. This tilting caused sediment condensation and the erosional
truncation of strata in the east, these events being recorded in a series of
eastward converging unconformities within the succession (Bally et al.,
1966).

Destructive plate convergence startea in Late Jurassic time
completely changing the basin structure and transforming sedimentation
patterns. Mountain ranges arose from the west in response to two separate
orogenies caused by plate collisions (Taylor et al., 1964; Porter et al.,
1982). Conglomerates, sandstones and shales were shed from these
mountains into a foreland basin in the Alberta region forming the
Cretaecous-Tertiary clastic wedge. The first collision produced the
Columbian Orogeny that peaked during the Early Cretaceous depositing a
blanket of coarse clastics across the basin. During a subsequent lull in
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convergence in the early Late Cretaceous, a major Mesozoic aquitard, the
Colorado shale, was deposited from an interior seaway that extended from
the Boreal Sea to the Gulf of Mexico.

Plate convergence resumed in the Late Cretaceous and the first
(minor) pulse of the Laramide Orogeny began. The platform rocks
deformed during the Columbian Orogeny were detached from basement
and tectonically prograded eastwards. A thick wedge of clastic sediment
centered in the west Alberta Plains accumulated during the Palaeocene,
remnants of which are preserved in the Foothills and in unglaciated uplands
of southern Alberta and Saskatchewan.

The Rocky Mountains were thrust into place during the second
(major) pulse of the Laramide Orogeny which started in the early Eocene
and continued into the Oligocene (Klassen, 1989). The maximum
topographic elevation of the land surface in the WCSB probably occurred
during this period and Té6th (1978) considers that basin-wide topography
driven flow systems started to replace compaction driven flow in the
WCSB during the Eocene. The Eocene was also the period of maximum
burial depth because since that time erosion has dominated.

Most of the Palaeocene clastic wedge, the molasse of early Laramide
mountains, was removed by rivers draining the new Rocky Mountains. The
soft Cretaceous sediments of the Alberta Plains were deeply incised by
these rivers. It seems probable that erosion rates were greatest during the
Eocene when the topographic gradient from the mountains to the Plains
would have been steepest. Erosion continued through the late Tertiary
possibly at an accelerated rate during the Pliocene (Taylor et al., 1964).

The total thickness of sediment eroded from the WCSB since the
Eocene increases towards the Foothills. An estimated 2 km have been
removed from central Alberta (Hacquebard, 1977; Nurkowski, 1984).
Preserved Tertiary river channels in central and northern Alberta, now
largely filled in with Quaternary deposits, are typically oriented northeast
(Barton et al., 1964; Klassen, 1989) reflecting the topographic slope from
the Rocky Mountains. The channels are deep with very wide (5 to 40 km)
valleys.

Finally during the Pleistocene, the basin was glaciated. A firm date
for the first glacial advance has not been established, largely because later
advances tended to obliterate the traces of earlier glaciations (Fulton,
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1989), but the oldest definitive glacial deposit in the region is represented
by the Labuma Till in southern Alberta. At Medicine Hat, this till overlies
a gravel deposit containing tephra that was dated by fission-track analysis
as 435 ka (Westgate et al., 1978). The last (Late Wisconsian) ice sheet
retreated from extreme northeast Alberta just 10 ka (Klassen, 1989).

The Interior Plains experienced up to eight distinct glacial advances
and retreats, related to climatic fluctuations that began about 2 Ma (Fulton,
1989). The Laurentide ice sheet originating on the Canadian Shield entered
Alberta from the northeast to converge at times with the Cordilleran ice
flowing out from the Rocky Mountains in western Alberta.

Most Pleistocene sedimentation took place during periods of glacial
retreat as the waning ice sheet deposited a blanket of heterogeneous
sediment across the Alberta Plains. Lakes filled ice-scoured and morraine-
dammed hollows. Many river channels were carved as spillways from the
latter. Glacial drainage channels are clearly distinguished from the more
mature pre-glacial river valleys, by their east to west orientation and
narrow (less than 2 km wide) steep sided form. The erosive force of
Pleistocene rivers was enhanced by relatively low base levels (Rutter, 1993,

pers comm).

1.2.3 Local Stratigraphy and Geological History

Figures 1.4 and 1.5 are structural cross-sections of the study area
oriented parallel to the dip and strike of the basin respectively (locations
shown on Figure 1.3). A stratigraphic table is presented as Table 1.1. The
section is greatly condensed compared to other parts of the WSCB due to
episodes of erosion represented by the major (basin-wide) unconformities.

Each unconformity represents a major time gap. The hiatus between
the crystalline basement in the study area (estimated to have formed during
the Lower Proterozoic Hudsonian orogeny 1900 Ma) and the overlying
Middle Devonian is 1500 m.y. The Devonian to Mississippian section is
largely conformable, but Pennsylvanian to Lower Cretaceous strata are
absent representing a time span of 230 m.y. Finally Upper Cretaceous and
Tertiary strata are absent so that glacial drift lies on the lowermost Upper
Cretaceous. This unconformity therefore represents a hiatus of about 90

m.y.
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During Elk Point time, the present study arca occupied a position on
the northern margin of a peninsula of bare Pre-Cambrian rock extending
northeast into the epicontinental Devonian sea. This land mass was the
surface expression of the Peace River Arch (PRA). The Arch also extended
to the southwest of the study area merging with the Western Alberta Ridge,
another major Devonian upland which formed the western margin of the
EIk Point basin in central Alberta. The PRA was stripped of sediment
during its pre-Devonian uplift, and the oldest Phanerozoic sediments in the
study area, deposited directly on Pre-Cambrian basement, are the Lower
Devonian Ernestina Lake - Cold Lake evaporites. These rocks are present
only in the extreme northwest of the study area and represent the
depositional edge of the Lower Elk Point basin to the north of the PRA.

In the early Middle Devonian a major transgression started and an
irregular blanket of arkosic sandstone comprising reworked Pre-Cambrian
regolith was deposited as the sea moved into the study area. This sand
comprises the diachronous Granite Wash Fm. (younger arkosic sands shed
from the Arch are also called Granite Wash). Anhydrites and shales of the
Chinchaga - Contact Rapids Formations were deposited over the Granite
Wash. By Keg River time the coastline had shifted to the southwest corner
of the study area, and as the basin continued to subside through Devonian
time, the coastline migrated progressively further west moving beyond the
study area, inland, up the PRA peninsula.

Carbonate platforms with reefs, fringed the peninsula throughout the
Devonian. The reefs are arranged like the steps of a staircase mounting the
PRA, each older reef lying to the west of its predecessor. Two of these
reefs are present in the study area: the Keg River reef (Middle Devonian)
and the Slave Point reef (Upper Devonian). The reefs strike northwest, the
Keg River reef lies across the centre of the study area and the younger
Slave Point reef, separated from the Keg River by the Muskeg - Prairie
Evaporite Fm. lies in the southwest comner. The reef margins are shown in
plan view on the oil field location map (Figure 4.1), and the vertical
relationship of these units is shown on the dip cross-section (Figure 1.4).
The Granite Wash, Keg River and Slave Point Formations constitute the
major Middle and lower Upper Devonian aquifers and are the main carrier
and reservoir beds for petroleum in the study area.
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Moving up through the succession (Table 1.1), the next major
carbonate unit encountered is the Grosmont Fm. overlying the Waterways
Fm. shales and limestones. The Grosmont carbonate platform is time
equivalent to the upper part of the Ireton Fm. (see Figure 1.4).

The PRA land mass was a local source of clastics and most carbonate
formations develop sandy facies at their onlap edge. Most carbonates are
also dolomitized on the Arch. (The high sand content and dolomitization of
carbonates both tend to enhance the permeability of strata in the PRA
region). At intervals the PRA shed thick aprons of arkosic sandstone and
conglomerate such as the Granite Wash and Gilwood formations into the
basin which Cant (1988) regards as indicators of tectonic activity on the
PRA. Granite Wash clastics fill tensional fault structures (grabens and half-
grabens) which were active periodically during the Devonian. The
youngest Paleozoic sediments in the study area are Mississippian clastics
which subcrop the Cretaceous in the extreme southwest.

In Mississippian time the PRA collapsed. Major block faults west of
the present study area are dated to this period. The Devonian arch became
a depocentre in the Cretaceous limiting the northward progression of
regressive sands in the foreland basin and accumulating an unusually thick
Cretaceous sequence (Cant, 1988).

Subsequent to the emplacement of the Rocky Mountains in the
Eocene, the basin was uplifted and eroded. In the study area lowlands,
erosion has removed all Tertiary and Cretaceous sediments almost to the
base of the Colorado shale (the Shaftesbury Fm. shown on the stratigraphic
table).

An important local event which probably occurred during the
Pleistocene glaciation was the erosion of Cretaceous strata in northeast
Alberta with the consequent subaerial exposure of permeable Devonian
strata. This event may have drastically altered the boundary conditions for
subsurface flow, and established a pattern of lateral flow, causing the basin
to drain along the unconformity towards the north and east as postulated by
Téth (1978). Téth considered the exposure a relatively recent event,
favouring Pleistocene, i.e., glacial erosion as the probable agent.

Figure 1.6 shows the area of outcropping Devonian strata adjacent to
the study area. To the east, the Ireton and Waterways Formations are
exposed along the Athabasca River some 125 km from the eastern study
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area boundary. To the northeast a wider outcrop exposes the entire base of
the Devonian System from the Grosmont Fm. in the west to the Keg River
Fm. in the east, abutting against the Pre-Cambrian. Surface elevations for
all Devonian outcrops along the rivers range from 266 to 210 m. The
closest outcrop is lower Grosmont equivalent strata (Mikkwa Fm.) exposed
about 25 km north of the northeastern quadrant of the study area.

Quaternary geologic literature (Klassen, 1989) indicates that
exposure of the Devonian outcrop region (see Figure '.6) occurred, at least
in part, just 10,000 years ago. The narrow Devonian outcrop, the west and
north trending channel of the present day Clearwater - Athabasca Rivers
was a spillway carved when a glacial lake at 480 m elevation, drained north
into a glacial lake situated in the Peace River valley. Lake Peace was itself
situated in front of an ice lobe pushing southwest from Lake Athabasca.
The ice lobe as depicted by Klassen matches perfectly, the size and
orientation of the broad Devonian outcrop to the north of the study area.
Of course the lobe may have filled a pre-existing depression and the broad
outcrop may be much older, but the Clearwater Spillway seems firmly
established as a 10 ka feature.

1.2.4 Surficial Geology
'1.2.4.1 Drift

The thickness of Laurentide drift varies from zero in the northwest
on the Buffalo Head Hills upland to over 200 m in pre-glacial buried
channels. These channels therefore form a significant proportion of the
total thickness of the section (see Figures 1.4 and 1.5). Figure 1.7 is a map
of the structure on the bedrock below the drift constructed for the present
study using depth to bedrock data from Alberta Research Council test holes
and hydrogeological maps, Alberta Environment water well drillers
reports, and Canadian Stratigraphic Services lithologs.

There are two large pre-glacial bedrock channels in the study area.
The Misaw Channel, identified by Ceroici (1979), in a region to the south
of the study area, clearly does extend across the study area to drain into the
Peace River ancestral channel to the north as postulated by Hitchon et al.,
(1990). This channel has the orientation and morphology typical of the
Tertiary drainage system (Klassen, 1989). The bedrock channels form
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relatively permeable bodies cutting deeply into local Cretaceous shale.
Since the channels also occupy topographic lows of the modern land
surface they may focus discharge from units lower in the section as

suggested by Hitchon et al. (1990).

1.2.4.2 Bedrock Geology

Figure 1.8 shows the bedrock geology in the study area. Because
Cretaceous strata dip very gently to the southwest (approximately 0.5 m
per km), formation boundaries are virtually parallel to topographic
contours. Devonian strata which are truncated at the unconformity dip
more steeply (approximately 4 m per km) to the southwest so that
progressively older formations subcrop the Cretaceous eastward.

1.3 _Hydrogeology

1.3.1 Topography and Climate
Figure 1.9 is a physiographic map of the study area which is located

between the Peace and Athabasca River valleys in an area classified as the
Interior Plains physiographic region of Canada (Ceroici, 1979). The area
comprises a central lowland plain the Loon River - Mikkwa Plain Lowland
surrounded by uplands on three sides: the Buffalo Head Hills to the west,
Birch Mountain to the east, and Trout Mountain straddling the border in
the southeast.

The area lies within the MacKenzie River drainage system. The Loon
and Panny rivers drain into the Wabasca River, itself a tributary of the
Peace River which lies 60 km to the north. The ground surface elevation
ranges from over 880 m (above mean sea level) in the northwest Buffalo
Head Hills, to 320 m in the Wabasca River valley at the northern boundary
of the study area.The Buffalo Head Hills have the greatest relief exhibiting
a 400 m high northeast and east facing escarpment with slopes exceeding 90
m/km. Birch Mountain has gentler slopes of less than 10 m/km. Regional
slopes from uplands beyond the limits of the study area (Clear Hills to the
west and Caribou Mountain to the north) are more subdued. The average
slope from the west is about 1.5 m/km, and from the north about 2.1
m/km. The Rocky Mountain Front Ranges, 500 km to the southwest rise
abruptly to over 2500 m but it is probable that the very high potentials of
groundwater at these elevations are spent in local flow systems in the
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disturbed belt that effectively isolate the mountains from the basin
(Hitchon, 1984, p.735).

The climate is characterized by short cool summers, cold snowy
winters and 360 to 500 mm (14 to 20 inches) of precipitation annually. Air
temperatures in Alberta are on average 3.3°C below ground temperatures
and at Fort Vermillion, 63 km north of the northern edge of the study
area, the mean annual air temperature is 1.3°C (Judge, 1973). The average
ground temperature in the study area is therefore about 4°C. The northemn
part of the area is within the zone of discontinuous permafrost (Ozoray,
unpublished).

1.3.2 Hydrostratigraphy

For a hydrogeological study, lithostratigraphic formations are re-
arranged by combination or subdivision into hydrostratigraphic units
which behave as effective water transmitting or water retarding entities
(Téth, 1978, p.807-808). This is an important step since each
hydrostratigraphic unit (HSU) is subsequently treated for most purposes as
a vertically homogeneous stratum for which average values of various
hydraulic parameters are assumed to be representative (see Section 3.1).
Table 1.1 summarizes the major lithologies of the formations and shows
their primary designations as aquifers or aquitards based on available core
and DST permeability data (see Chapter 3). Thirteen formations are
categorized as aquifers and ten as aquitards in the study area which overlie
the Pre-Cambrian aquiclude.

Formations were assigned to HSUs exactly as in T6th (1978), and are
referred to here by lithostratigraphic unit names appropriate to their scale.
Thus the Keg River and Granite Wash Formations (T6th’s D1 aquifer) are
referred to as the Keg River Aquifer. In like manner the Slave Point and
Watt Mountain Formations together with the intervening Fort Vermillion
anhydrite (T6th’s D2 aquifer) is called the Slave Point Aquifer. The
Grosmont, Winterburn, Wabamun and Basal Mannville sands (Bluesky and
Gething Formations) are combined as the Upper Devonian-Basal
Cretaceous Aquifer.

Subaerial exposure, weathering and erosion will have affected all
three of these surfaces which probably significantly enhanced their

permeability.
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1.3.3 Previous Hydrogeological Work
Three previous studies encompassed the present study area (see

Figure 1.3). Téth (1978, 1979, 1983) focussed on the evolution of flow in
the Red Earth Region. Hitchon (1984) studied the evolution of the
geothermal regime in relation to flow in the same area. The Red Earth
region was itself encompassed by the hydrogeological investigation of the
entire Peace River Arch area by Hitchon et al (1990).

T6th resolved flow in the Red Earth region to the level of the
hydrodynamic zone, defined as “a set of hydrogeologic units, in each
member of which the energy and flow are subject to similar factors”
(1978, p.835). Té6th discerned three distinct flow zones. A basal zone
(below the Ireton and Beaverhill Lake shales) governing flow in the Keg
River and Slave Point aquifers was interpreted as the decaying relict of a
flow pattern adjusted to a Pliocene topography. A middle zone channelled
recharge from the uplands (and also from the deeper transient zone) along
the highly transmissive sub-Cretaceous unconformity to discharge at low
elevation outcrops of the unconformity east and north of the study area.
This zone was formed by the exposure of the unconformity during the
Pleistocene. Finally T6th recognized an upper zone comprising local and
intermediate scale flow systems in Pleistocene, Upper and Lower
Cretaceous aquifers at shallow depths. These discharged in local
topographic hollows and also fed water downwards through Cretaceous
shales to the middle zone.

Hitchon (1984) reasoned that topography-driven flow in the WCSB
probably originated in the Eocene with the emplacement of the Rocky
Mountains.

Hitchon et al., (1990) studied the hydrogeology of the entire Peace
River Arch region - an area approximately four times as large as the Red
Earth region (see Figure 1.3). They investigated basinal flow patterns as
well as the hydrochemistry and geothermics of the region. Hitchon et al
conclude that flow throughout the Phanerozoic section is topography
driven. They argue that highly transmissive portions of the basin in regions
of low topographic elevation produce observable drawdown in the deepest
aquifers (i.e., across the Muskeg aquitard). Despite this postulated
drawdown affect, few other physicochemical features are attributed to
flow. Salinity is considered to be temperature (i.e., depth) dependent, or
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due to localized halite dissolution. The northward increase in geothermal
gradient is attributed to a northward increase in basement heat flow or to
variations in the thickness of sedimentary cover, and the geothe.mal
regime, notwithstanding Hitchon’s earlier perceptions (Hitchon, 1984), is
judged to be conductive.

L4 Petrol Geol | Timine of Oil Mierati

1.4.1 Regional Petroleum Geology

The Late Cretaceous was the time of maximum burial of source
rocks in the basin and it is generally agreed that petroleum migration
started at this time (e.g., Deroo et al.,1977, p.110). Allan and Creaney
(1989) state that all source rocks in the basin reached peak maturity in a 20
m.y. period beginning about 60 Ma. The conventional view of migration is
that the tilting of the basin during the Laramide Orogeny (during Late
Cretaceous to Paleocene time) buried source rocks sufficiently deeply for
them to gain maturity, and simultaneously supplied the northeasterly up-dip
gragient for buoyancy driven migration (Podruski et al., 1987).
Accumulations formed in structural closures and permeability pinch outs to
the east. Where pathways of continuous permeability existed, oil migrated
great distances laterally e.g., 400 km for the Viking Fm. oils in
Saskatchewan (Allan et al., 1991). Although most sources agree oil
generation started in the Late Cretaceous, the duration of migration is
more contentious. Some authors believe migration was very rapid and that
accumulations such as the Athabasca super giant bitumen deposit at the
eastern basin edge formed during late Cretaceous or early Tertiary time
(Mike Ranger pers. comm., 1992). Others believe long distance migration
continued throughout the Tertiary over a period of some 50 m.y. (e.g.,
Jones, 1980; Garven, 1989).

1.4.2 Local Petroleum Geology

Important conventional oil reservoirs within the study area are the
Granite Wash, Keg River and Slave Point Formations The Gilwood
Member (age equivalent to the Watt Mountain Fm.) is the reservoir rock at
the Nipisi and Utikuma fields just south of the study area. Free gas is
produced from the Grosmont Fm. and contiguous Lower Mannville sands
at the Liege field part of which extends into the southeast corner of the
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study area. The oil field locations, distinguished by their respective
reservoir rocks are shown in Figure 4.1.

Allan and Creaney (1989) present geochemical evidence that the oil
in Middle Devonian reservoirs in the Peace River Arch (PRA) region was
sourced from the Upper Devonian Duvernay shale which is mature on the
south side of the PRA southwest of the study area. The Duvernay
equivalent Muskwa Fm. may be an effective source rock north of the PRA.
Allan and Creaney (1989) argue that the oil was expelled downwards
(across the Beaverhill Lake Gp. shales and limestones) into the Slave Point
Fm. and was thence driven by buoyancy updip to the northeast. Because of
the regional basin dip, the Duvernay Fm. in the southwest is at a lower
elevation than the older (Slave Point, Keg River and Granite Wash Fm.)
reservoir rocks to the northeast. This structurally up, stratigraphically
downward migration path is illustrated diagrammatically in Figure 1.10.

Piggot and Lines (1991) pointed out an anomaly in Allan and
Creaney’s conceptualization in that the Duvernay Fm., a relatively deep
water facies, is absent over the PRA. If petroleum migration in this area
were driven purely by buoyancy there would be a “shadow zone of no-
charge” to the northeast (up-dip) along the axis of the Arch which is
precisely where the oil fields in the present study area occur. Figure 1.11
taken from Piggot and Lines (1990, Figure 8) shows the location of the
“shadow zone” updip from the region of non-deposition of source rock.
Figure 1.12 is a structural cross-section across the PRA parallel to basin
strike (Wright, 1984). The source rock clearly pinches out over the PRA
which has little relief at the present day because the “arch” has been a
negative structural feature since its collapse in the Mississippian (Cant,
1988).

Piggot and Lines suggest that oil migration was deflected to the north
and oil was driven into the “shadow zone”, by a postulated permeability
barrier (a transition from dolomite to limestone) in the Slave Point Fm.
Figure 1.11 illustrates the proposed migration path in the PRA region and
shows the belt of Slave Point dolomite around the PRA.

Since Piggot and Lines suggest enhanced permeability of strata on
and around the PRA as the cause of the migration pattern, they presumably
invoke a capillary gradient (see Section 2.1.2.2) sufficient to overcome the
buoyant forces which would have driven the oil updip to the northeast.
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Such a gradient would require a progressive increase in pore diameters all
the way along the proposed migration path. The dolomitization of
carbonates fringing the PRA would be unlikely to produce this effect, and
no evidence was presented to indicate that such a trend actually exists.
Clearly hydrostatic migration models relying on either buoyant or
capillary forces have serious difficulties in explaining the presence of
petroleum in the present study area.

In order to evaluate the possible effect of fluid dynamics on
petroleum migration in the PRA region it is necessary to consider in detail
the concepts and principles on which petroleum migration models are
based. These matters are dealt with in Chapter 2.
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Ol > The Hvd logical Cl terizati f Oil Fields -
C I | Princiol

The generation, migration and accumulation of petroleum are
complex processes that occur in the deep subsurface on a geological time
scale. The publication “Problems of Petroleum Migration” (Roberts and
Cordell eds., 1980) provides examples of the diverse and often opposed
ideas that exist concerning petroleum migration. Roberts notes in the
introduction to this volume, that the processes dominating migration
probably vary with space and time given the range of environments in
which migration occurs and the changes which a sedimentary basin
undergoes during its evolution. This point is exemplified by the contrast
between the physical environments in geologically mature and immature
sedimentary basins.

The soft sediments in a young submarine basin consolidate as they
are buried. The porosity of these strata are thereby reduced, water being
driven from the strata compacting at the highest rate (usually shales) and
flowing out of the basin through the strata less prone to compaction
(sandstones). When loading is rapid, compaction disequilibrium in poorly
permeable mud rocks is common. Here the rate of pressure production (the
stress imposed by the loading) exceeds its dissipation by flow and enormous
fluid pressures are generated in ‘geo-pressured’ regions where the pore
fluids temporarily assume the weight of the entire overburden. Such
regions are inherently unstable. Over time the geo-pressured fluid moves
out of the shales, transferring the weight of the solid overburden to the
matrix. During the transitional period, the flow regime will be in a
transient state controlled by the changing distribution of centres of
compaction. Such a scenario contrasts strongly with the proceedings in a
mature basin.

The basin is composed of rigid, fully compacted strata. Water
saturates the interconnected pores of the basin sediments forming a
hydraulic continuum from within a few metres below the ground surface to
the crystalline basement. The basin has been uplifted above sea level and
erosion has carved topographic relief on the land surface. The upper
surface of the fluid saturated porous framework of the basin, the water
table, follows the contours of the ground surface and where it is high in
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upland recharge zones cool meteoric water enters the basin. This water and
the connate water in the sediments, circulate slowly through and across the
porous strata, the motion perpetually maintained by precipitation from the
atmosphere, to emerge warm and salty in lowland discharge areas. Flow
within the basin will tend to a steady pattern adjusted to the shape of the
water table and modified locally by the geometry of juxtaposed resistant
and conductive strata.

Petroleum may be generated in both mature and immature basins. It
is unreasonable to suppose, given the contrasting fluid flow regimes, that a
single approach to petroleum migration will suit both cases. The present
research project is concerned with the role played by flowing water on
petroleum migration and accumulation in a part of the WCSB, a
geologically mature basin which developed the broad outline of its present
geometry znd structure, during the Eocene Period some 50 million years
ago. This chapter begins by considering the forces which drive and arrest
. the movement of petroleum and proceeds to outline existing conventional
and hydraulic migration theories. Finally the various observable physical
and chemical parameters which may be used to evaluate conventional and
hydraulic migration models are introduced and critically evaluated.

2.1 Mod | F in Petrol Mierati | A lati

Excepting biogenic gas, generated only at very shallow depths,
petroleum originates from the thermal degradation of kerogen in organic
rich shales and fine grained carbonate source rocks. Time and temperature
are the main variables that control kerogen maturation, whereas the type of
petroleum generated (oil, wet or dry gas) depends on both the chemical
composition of the source rock, and its maturation level (Tissot and Welte,

1978).

2.1.1 Petroleum Modes

Oil migrates mainly as an immiscible phase. This fact is suggested by
our understanding of the maturation of source rocks which generate
hydrocarbons as petroleum-phase liquids. The clinching argument against
aqueous phase oil migration is that crude oil as we find it in oil pools is
deficient in water soluble hydrocarbons. In other words, an aqueous
precipitate of those components of petroleum that are appreciably soluble
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under the physical conditions which prevail in sedimentary basins, would
be quite uniike any known crude oil (McAuliffe, 1980). In an aqueous
transport scenario, some alternative agency would be required to transport
the insoluble petroleum components and to deposit them at the precipitation
site. Qil is generated, oil is found: it is reasonable to presume that oil
migrates. Gas transport in aqueous solution may be more important, since
low molecular weight hydrocarbons are relatively soluble in water and the
chemistry of an aqueous precipitate of methane (for example) would match
what we observe in gas pools.

Illing (1933) introduced the terms primary and secondary migration
in recognition of the distinct processes that govern the expulsion of
petroleum from fine grained source rocks (primary migration) and its
subsequent long distance transport through coarse grained water-wet
carrier beds to the site of accumulation (secondary migration). The
problems associated with primary migration are outside the scope of this
study. For secondary migration, petroleum in a permeable carrier bed
(introduced by whatever means) is subject to a number of forces that drive
it inexorably toward regions of energy minima from which it cannot
escape and which constitute by definition petroleum traps.

2.1.2 Forces of Migration and Accumulation

Three forces are recognized that affect the movement of petroleum
in a water wet environment. The interplay between these forces governs
petroleum migration and accumulation. The forces are:

1) a buoyant force proportional to the density contrast between the
petroleum and the water and also to the vertical extent of the petroleum
phase, that drives petroleum upwards;

2) a capillary force proportional to the interfacial tension between water
and petroleum that drives oil in a water wet medium into the largest
interstices available and resists its movement through pore constrictions,

3) a hydraulic force determined by the hydraulic head distribution
which drives petroleum in the direction of the negative hydraulic
gradient. This direction is often subparallel to aquifer bedding.
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2.1.2.1 The Buoyant Force

A buoyant pressure Py exists within a continuous petroleum column
in excess of the fluid pressure in ambient water. This pressure is
proportional to the density deficit between the immiscible fluids and to the
vertical extent (i.e, height) of the continuous petroleum volume (Berg,
1975; Schowalter, 1979). Gas columns develop greater buoyant pressures
than oil columns of the same height because gas is less dense than oil.
Within a continuous petroleum column, buoyant pressure increases with
height and is a maximum at the top of the column. Bethke et al., (1991),
formulate the buoyant force relevant to migration (Ep), as that component
of the total buoyant force acting in a direction parallel to the aquifer dip
which is expressed in units of kPa/m (or force per unit volume) as:

Ep =-grad z* g (pw - pp), (2.1)

where grad z is the the slope of the top of the aquifer, g is the gravity
constant in m/s2, py, is the point density of water in 103 kg/m? and pp, the
point density of the petroleum phase in 103 kg/m3. The force is oriented in
the direction of the maximum decrease in elevation (i.e., updip).

2.1.2.2 The Capillary Force

Capillary pressures exist when immiscible fluids with differing
interfacial tensions coexist in a porous rock. Capillary pressure may be
envisaged as a squeezing pressure exerted by the wetting phase (usually
water) on the non-wetting oil or gas causing the pressure in the petroleum
phase to exceed that in the ambient water. The squeezing pressure drives
petroleum volumes into large pores and fractures and resists their
movement through constrictions such as pore throats. Fine grained rocks
have relatively high capillary pressures and this pressure difference works
to prevent petroleurn moving from coarser to finer grained strata. Hence
capillary forces may cause petroleum entrapment. Capillary pressures are
directly proportional to the difference in interfacial tension between the
petroleum phase and water (Berg, 1975) which are higher for gas than for
oil (North, 1985). The pressure Pp on a petroleum (oil or gas) volume in a

porous rock generally exceeds the water pressure P by the capillary
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pressure P so that Pp = P + Pc. The capillary force (E¢) may be expressed,
again in units of force per unit volume as (Bethke et al, 1991):

Ec =- grad Pc. (2.2)

2.1.2.3 The Hydrodynamic Force
In a region of active flow, a third (hydrodynamic) force acting on
petroleum must be considered. To understand this force, a brief excursion

into the physics of groundwater flow is required.

Hydraulic Head Defined
At the outset, it is necessary to define hydraulic head since it is

fundamental to the following discussion. The fresh water equivalent
hydraulic head (h) is simply the elevation (relative to a common datum
such as mean sea level), at which a column of fresh water would stand, in
an open pipe sunk from the ground surface, to a depth of interest in the
subsurface. In physical terms, hydraulic head, is the mechanical energy per
unit weight of fluid, defined by Hubbert (1940) as:

P
= 2.
h pog+z 2.3)

where P is the fluid pressure in kPa, po g, the specific weight of fresh
water in kPa/m and z the elevation in m of the point of interest. Use of
these units yields hydraulic head in metres.

The significance of head for flow through porous nmedia was
established by a French engineer named Henri Darcy. Darcy (1856) packed
a pipe with sand and connected the upper end of this vertical column to a
tap and the lower end to a large measuring basin. Water was forced
through the sand in the pipe at various steady flow rates. The hydraulic
head of the flowing water was measured in U-tubes inserted into the
column, one near the inflow end and the other near the outflow (see Figure
2.1). Darcy observed that as the steady flow rate through the column was
increased there was a proportional increase in the difference between the
water levels in the tubes (i.e., an increased hydraulic head gradient),
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demonstrating that the hydraulic head gradient is a measure of the driving
force for flow.

Darcy’s Law
The driving forces that determine the motion of water through a
porous medium are expressed by Darcy’s Law which indicates the volume
of water passing across a unit area of rock per unit time, known as the flux
or specific discharge. In its most general form (Bear, 1972; de Marsily,
1986) Darcy’s Law, can be written as:

k
q=- 1—1; (grad P+pwggrad z). (2.4)

The dimensions of flux are usually given as those of velocity i.e.,
length per unit time although the vector q actually indicates the direction
and the rate of flow in terms of volume discharge per unit area of porous
medium. The average linear velocity is the flux divided by the porosity of
the medium. In Equation 2.4, the bracketed terms indicate the driving
force and the resulting flux is proportional to term k/uw. A concise
description of the relations embodied in this general formulation of
Darcy’s Law is given by Hanor (1987).

Mathematically, the driving force for flow in this formulation is the
resultant of the vector sum: (-grad P) + (-pw g grad z). The orientation of
the driving force therefore depends on the relative magnitudes of the
component vectors, and the orientation of the pressure gradient. Figure 2.2
is a vector diagram illustrating these twin components of the driving force.

Resistance to the driving force depends on properties of both the
rock and the fluid, which are expressed in the equation above by the term
k/uw . Flux is thus proportional to the intrinsic permeability (k) of the rock
(see Appendix 1) and is inversely proportional to the dynamic viscosity
(Lw ) of the water.

Different rock types have characteristic ranges of permeability and
most rocks are anisotropic with respect to permeability (the permeability is
usually greatest parallel to bedding). For a given rock, the flux will be
greatest if the driving force is oriented in the direction of the maximum
permeability. Water viscosity increases with increasing salinity and
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decreasing temperature. A given rock will transmit more fresh water than
brine and more warm water than cold.

Lateral and Vertical Fluid Flux
Hubbert (1940) formulated Darcy’s Law with the driving force
expressed in terms of the freshwater equivalent hydraulic head gradient.

From Equation 2.3:

grad h = grad P + grad z, (2.5.1)

Po 8

where po is the density of freshwater. This equation can be rearranged as:

0o 2 grad P=grad h - grad z. (2.5.2)

To express Darcy’s Law in terms of the freshwater hydraulic head
gradient, Equation 2.4 is treated thus:

k Pog
q=-7-(grad P+py g grad z) «=>2 2.6.1)
giving:
_ kpogyg 1 Pw
q=-=, (G gerad P+ “grad z). (2.6.2)

Substituting Equation 2.5.2 into Equation 2.6.2, yields:

k
q= __L’::_g (gradh-gradz + %:—:- grad z). (2.6.3)

which can be rearranged as:

_kpog Pw
q=-= (grad h+ grad z ( » -1)). (2.6.4)
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Substituting the hydraulic conductivity (Equation 2.7) into Equation 2.6.4
yields the general form of Darcy’s Law in terms of hydraulic head:

q=-K (grad h + grad z (22 1)), (2.6.5)
Po

where the hydraulic conductivity tensor (K) as defined by Hubbert (1940)
is:

K=XPog @.7)
Mw

An advantage of expressing the flux in terms of hydraulic head, the
negative gradient of which now indicates the driving force, is that because
head is a scalar quantity, h values calculated from pressures measured in a
common aquifer, can be contoured to produce a map of the driving force
distribution.

For confined, horizontal aquifers with horizontal flow, hydraulic
head maps constitute potentiometric surfaces (Freeze and Cherry, 1979),
which indicate the driving force for the lateral flow of water in an aquifer.
When such aquifers are isotropic, flow will be orthogonal to hydraulic
head contours, in the direction of decreasing head. Anisotropy in the plane
of the potentiometric surface will refract flow towards the axis of
maximum permeability. For inclined aquifers with heterogeneous (i.e.,
variable salinity) formation water, buoyant forces must be considered in
addition to the hydraulic head distribution. Equation 2.6.5 is used in
Chapter 4 to evaluate the effect of buoyant forces on water flow in the Keg

River Aquifer.

Equation 2.6.2 can be used to calculate vertical flow rates when the
vertical pressure gradient and vertical conductivity (Ky) are known.

Substituting Equation 2.7 into 2.6.2 gives:

k(i P
q=-K (Po 5 grad P+ “grad z). (2.8)
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Now, in the vertical plane:

K =Kz;=Ky; grad P=%:-; gradz:ég—;=l. (2.9)

Substituting these terms into Equation 2.8 yields the vertical flow
component:

1 0P pw
ae=-Ke (5,5 55+ 50 (2.10)

where pyw represents the density of the water at the point. This equation is
used in Chapter 4 to estimate vertical flux in the study area. The relevant
forms of Darcy’s Law for inclined, horizontal and vertical flow are
included in Figure 2.3.1. In each case the specific discharge ‘q’ (volume
discharge per unit area of aquifer) can be converted to an average linear
flow velocity ‘v’ through dividing by the porosity, i.e.

v=(1). , 2.11)

The driving force for water (Ew) can be expressed in the same units
(pressure per unit length) as the buoyant and capillary forces described
earlier, by using the negative gradient of the hydraulic head distribution
multiplied by the gravity constant (Hubbert, 1940):

Ew=-ggradh=-grad ® =g - 0o

A graphical representation of the fourth equality in Equation 2.12 is shown
as Figure 2.3.2 (a).
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Hubbert’s Hydrodynamic Driving Force for Oil
Having established a formulation of the driving force for water,
Hubbert then demonstrated that the motive force for petroleum migration
(assuming small volumes of oil) can be expressed in the same terms. Thus
the hydrodynamic force for oil migration (Ep) is expressed in units of

pressure per length as (Hubbert, 1953, Equation 41):

A ]
Eh—g+pp (Ew - 8), (2.13)

where py is the water density and pp the density of oil (or gas). A
graphical representation of this equation for oil and for gas is shown in
Figure 2.3.2 (b).

Hubbert's use of the gradient of hydraulic head as the driving force
for flow is problematic for variable density brines (Hubbert, 1940; Bear,
1972; Davies, 1987; Hanor, 1987) such as are found in the Keg River
aquifer in the present study area. The problem of inferring flow from the
hydraulic head distribution when salinity related density variations exist is
addressed in Section 4.2.1.1.

2.1.2.4 Summary of Driving Forces For Qil Migration

Combining Equations (2.1), (2.2) and (2.13), yields a total driving
force for petroleum migration (Ep) which accounts for the buoyant,

capillary and hydrodynamic forces:

Ep=Eb+ Ec+ Eh, (2.14)

Buoyancy impels oil (or gas) droplets, slugs or stringers upwards,
displacing water from the rock pores. This upward drive is modified by
capillary forces which assist petroleum migration into larger pores or
fractures and resist its movement into smaller ones. Hydrodynamic forces,
often directed parallel to bedding in aquifers due to flow refraction from
subjacent aquitards (Hubbert, 1953), impel petroleum laterally in the
direction of the water flow path. Petroleum migration stops and
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entrapment occurs where buoyant, hydrodynamic and capillary forces are
balanced.

Advances in geochemical techniques of source rock - reservoir oil
correlation over the last decade provide unequivocal evidence of long-
distance migration (e.g., Creaney et al., 1990). In cases where reservoir
oils have been correlated with specific source rocks, such as in the present
study area, possible migration paths are constrained which assists in the
determination of the relative importance of the three forces discussed in
this section. Conventional migration theories, as discussed in the following
section, routinely ignore the hydrodynamic force, assuming hydrostatic

conditions.

y2 C ional Theories of Petroleum Mierati

2.2.1 The Anticlinal Theory and the Structural Trap

The first published account of the Anticlinal Theory was by a
Geological Survey of Canada chemist (Hunt, 1861, 1862). Hunt observed
that since petroleum liquids are usually lighter than water, buoyant
segregation of oil and gas in water wet rocks should cause petroleum to
accumulate in anticlinal apices where a reservoir rock is overlain by a fine
grained cap rock. The modern concept of a structural trap has been
broadened to include fault bounded reservoirs and oil pools associated with
salt domes. The underlying rationale is unchanged: buoyancy causes
petroleum to seek the highest structural elevation of the reservoir rock and
capillary forces in small pore throats of the cap rock prevent continued
upward migration thereby forming the trap. Howell (1934) gives a detailed
review of the historical development of the concept of the structural trap.

2.2.2 The Stratigraphic Trap

Levorsen (1936) recognized a stratigraphic component in many
North American oil traps. Permeability reductions due to facies changes in
carrier beds may create lateral capillary barriers forming oil or gas pools
independent of antiform structure. Sandstone pinch-outs, carbonate reefs
and unconformity truncations subsequently became common exploration
targets and lithofacies analysis became a standard exploration tool.
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2.2.3 Summary of Conventional Theories

The structural and stratigraphic accumulation theories remain the
foundation of modern petroleum exploration (Osadetz, 1989).
Correspondingly exploration is in fact a search for reservoir rocks and
geologic configurations that would trap oil in a hydrostatic environment.
Explorationists have traditionally paid scant attention to the character and
dynamics of the pore water within which petroleum migrates. Hubbert
(1965) provides an interesting historical review of the history of petroleum
exploration in North America, documenting with bewilderment and
frustration the persistence with which hydrodynamics is ignored by North
American petroleum geologists.

In the following section, the historical evolution of concepts
concerning the movement of water in sedimentary basins is outlined. The
application of these concepts to petroleum transport in hydraulic theories
of petroleum migration, is then described.

2.3 Hydraulic Theories of Petrol Migrati

2.3.1 The Historical Evolution of Hydraulic Theories of
Petroleum Migration

1.1 T r -

Two early field studies in the nineteenth century established the basis
for categorizing groundwater flow under confined and unconfined
conditions. Many years passed before these concepts were applied to
petroleum migration. Domenico and Schwartz (1990, p.242-255) give a
concise review of the historical development of concepts of topography-
driven flow.

King (Unconfined Flow)

King (1899) recognized that the water table is everywhere a subdued
replica of the ground surface, and stated that shallow groundwater flows
from upland areas to lowlands. Upland areas are drained and water is
discharged in the lowlands. Flow is driven by elevation differences of the
water table acting through a hydraulically continuous medium.
Topographic irregularities influence flow directions in underlying aquifers
and the maximum and minimum heads within a basin are fixed by the
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maximum and minimum elevation of the water table. Without continuous
replenishment by the infiltration of precipitation the water table would
become flat and flow would cease.

Chamberlin (Confined Flow)
Chamberlin (1885) believed flow within dipping aquifers confined

by poorly permeable beds was driven by the hydrostatic pressure generated
by the weight of water up-dip. Water enters the aquifer at a high elevation
outcrop and moves along the aquifer down the dip, to discharge either at a
low elevation outcrop, or if the aquifer pinches out at depth, by cross-
formational leakage through the confining beds. Perfectly confined
aquifers exhibit unidirectional flow, parallel to the aquifer bedding, and
overlying topographic irregularities cannot affect flow directions within
the aquifer. The highest and lowest outcrop elevations determine the
hydraulic head limits in the aquifer. As in King’s conceptualization, the
ultimate drive for flow is a sloping water table maintained by infiltrating

precipitation.

Hubbert (Fluid Potential)

Hubbert - the “father of hydrodynamics” - quantified topography-
driven flow recognizing hydraulic head as a measure of the fluid potential
(Hubbert, 1940). He showed that fluids move from regions of high to
regions of low potential. The field of force representable by the
distribution of hydraulic head, was linked to the field of flow through
Darcy’s Law. Hubbert constructed flow nets as graphical representations of
flow patterns, and gave a good explanation of the tangent law which
govems flow line refraction at the boundaries of units of differing
permeability. From the hydraulic viewpoint, he failed to appreciate the
effect that local topographic relief exerts upon patterns of subsurface flow,
and like Chamberlin (1885), Hubbert conceived of flow as essentially

confined.

Toth (Regionally Unconfined Flow)

T6th recognized that the actuality of one or the other of the two
contrasting views of subsurface flow depended on the degree of
confinement. Ideal confinement (i.e., zero permeability), if it cccurs at all,
is exceedingly rare. Brace (1980) measured significant permeability in
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crystalline and argillaceous rocks and concluded that average crustal
permeability is around 10 millidarcies. Neuzil (1985) states that *“..no
properly tested geologic media have proved to be entirely impermeable”,
and notes that modern techniques and increasingly sophisticated instruments
are allowing the determination of permeability in laboratory and field tests
in progressively ‘tighter’ media. Téth (1972) argues that since all
sedimentary rocks exhibit finite permeability, sedimentary basins must
function over geologic time as regions of hydraulic continuity. Téth coined
the phrase regionally unconfined flow to describe the nature of flow in a
basin with hydraulic continuity.

Téth's pioneering early work (1962, 1963) involved the
mathematical formulation of the problem of groundwater flow in a small
drainage basin. He modelled flow in a rectangular area representing a
cross-section through a shallow sedimentary basin and determined that the
topographic relief of the water table generates complex flow patterns that
extend throughout a region of hydraulic continuity.

Toth recognized that all flow patterns were composed of flow
systems, each comprising an inflow region at high elevation where water
recharges the basin, and a low elevation outflow region where water is
discharged. Flow systems are of different scale: [ocal systems that recharge
and discharge at adjacent topographic highs and lows; jintermediate systems
with one or more topographic highs between their recharge and discharge
sites; and regional systems that recharge at the topographically highest and
discharge at the topographically lowest points on the ground surface. Fluids
move vertically (cross-formationally) in recharge and discharge regions
and laterally in the intervening hinge or mid line areas. Hydraulic gradients
are steepest and flow rates highest in local flow systems which are
restricted to shallow depths. Deeper regional scale systems are more
sluggish since the potential energy derived from the slope of the water
table is dissipated in transporting the water along its longer flow path,
especially cross-formational flow across aquitards.

Téth's results had important implications for flow in stratified basins
even though his early work considered only homogeneous, isotropic media.
Shallow aquifers within the depth range of local and intermediate scale
flow systems would exhibit multiple complex flow directions and fluids
should be transported between aquifers by cross-formational flow across
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intervening aquitards. Deeper aquifers as the conduits for regional scale
flow systems would exhibit more uniform flow rates and directions at

more sluggish rates.

Freeze and Witherspoon (Numerical Modeling)

Topography driven flow patterns in stratified sequences were studied
by Freeze and Witherspoon (1966, 1967) who investigated, through
numerical modeling, the effects of flow line refraction at the boundaries of
units of different permeability. This work confirmed the regionally
unconfined nature of flow on a basinal scale.

ri r gr,
Progressively sophisticated hydraulic theories of petroleum
migration were conceived as concepts of basin hydraulics developed.

Munn
Although apparently unaware of King and Chamberlin’s ideas, Munn

was an early proponent of moving subsurface water as the agent of
petroleum migration. Munn’s Hydraulic Theory (1909) recognized that all
sedimentary rocks are permeable to water and advocated the cross-
formational flow of water through shales. He conceived of water currents
driven by capillarity, pushing petroleum ahead with accumulations forming
where these currents converged. However, the debate was hopelessly
bogged down with misconceptions about the hydrology of sedimentary
basins - for example both Munn and his detractors believed that
sedimentary basins were largely dry i.e., that many subsurface strata were
unsaturated with fluid. Munn's theory also lacked a distributed driving
force for water movement, and without this was of no practical value in the
search for oil or the elucidation of real water flow patterns. It did however
gain a number of adherents and stimulated a novel line of research in

petroleum geology.

Rich

Rich’s Hydraulic Theory (1921) had considerable predictive
capabilities. Assuming confined flow conditions, Rich envisaged oil
migration driven by the unidirectional movement of water along permeable
aquifers on a basinal scale, establishing the concept of the long distance
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carrier bed. Rich gave accurate qualitative descriptions of many of the
effects that flowing water must exert upon petroleum accumulation which
were at variance with the predictions of the Anticlinal Theory. In regions
of strong lateral water flow he predicted tilted oil-water contacts and pools
offset along structural culminations in the downstream direction.

The notion of stable petroleum accumulations in dynamic
equilibrium with moving water greatly increased the range of potentially
favourable geologic structures. Under the right flow conditions, unclosed
structural flexures such as terraces on monoclines were as likely to contain
oil as arches or domes. Moreover, fully closed structures would not contain
petroleum at all if hydraulic currents were sufficiently strong to ‘flush’
them out. Rich also noted the potential of flowing water to improve or
reduce trap capacity in the manner developed by Schowalter (1979) fifty
years later. Considering the effect of the vertical sense of water flow on a
stratigraphic trap Rich reasoned as follows: upward flow in a dipping
aquifer acting in concert with the buoyant force of accumulating oil or gas
would cause a given capillary barrier (e.g. a lateral grain size reduction) to
leak petroleum when the pool was relatively small; downward water flow
at the same location, would oppose the upward buoyant force allowing a
much larger pool to be trapped.

Hubbert
Hubbert’s classic 1953 paper “Entrapment of Petroleum Under

Hydrodynamic Conditions” describes the combined effect of hydraulic,
buoyant and a capillary forces on the migration and accumulation of small
volumes of oil and gas within a geologic framework. Hubbert showed that
since fluids of different density (water, oil and gas) have distinct fluid
potentials they are driven in different directions in a non-uniform potential
energy field to distinct accumulation sites, contrary to the predictions of
the Anticlinal Theory.

Hubbert devised a method (the so-called “UVZ method”, fully
described in Section 4.2.1.2) for the quantitative determination of
theoretical accumulation sites for petroleum in a dynamic flow field.
Hubbert conceived of petroleum migrating as discrete bubble-like volumes
and failed to evaluate the buoyant force that develops at the top of a
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vertically extensive petroleum column which is now recognized as a potent
force for migration (e.g. Berg, 1975; Tissot and Welte, 1978, p.349).

Téth - the Generalized Hydraulic Theory
In 1980 after some 20 years of research in basin hydraulics Téth

published the Generalized Hydraulic Theory (GHT). The GHT is based on
three successive conceptual steps:
1. Geologically mature sedimentary basins function as regions of
hydraulic continuity.
2. Groundwater flow systems develop, driven by elevation differences
of the water table and modified by the permeability distribution, which
may be of local, intermediatc or regional extent.
3. Hydrocarbons are mobilized, transported and deposited by
groundwater as it moves along well-constrained flow paths.

The GHT recognizes buoyancy as a driving force for petroleum
phase migration and the high capillary pressures associated with the pore
constrictions in fine grained strata as a retarding force which may cause
accumulations to form. Fluid flow as explained below may act as an agent
of petroleum transport and under certain conditions as an agent of
concentration, confinement and accumulation. As for all useful scientific
theories, postulates can be made on the basis of the GHT which can be
tested against observed natural conditions.

2.3.2 Hydraulically Favoured Petroleum Accumulation Sites

The GHT, adopting the concept of regionally unconfined flow differs
from earlier hydraulic theories. Three favourable potential petroleum
accumnulation settings are postulated.

Firstly hydrodynamic traps in regions of lateral flow identical to
those envisaged in the confined flow models of Rich and Hubbert.
Hubbert's UVZ method (Section 4.2.1.2) outlines potential hydrodynamic
trap locations for petroleum of a specified density within the limits of
confidence in the geological structure and the fluid potential distribution.
Secondly, a concept unique to the GHT is the hydraulic trap. Hydraulic
traps form in stagnant and quasi-stagnant regions where flow paths are
converging or abruptly changing direction, and flow rates are sluggish. Oil
or gas pools in hydraulic traps can be identified only through flow analysis
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since they may have no geological expression. Hydraulic traps may be
identified on potentiometric surface maps and hydraulic cross-sections.
Thirdly, discharge zones are generally favourable. Fluids converge within
discharge zones after draining large volumes of rock so they may serve as
natural focal mechanisms for concentrating petroleum. Hydrocarbons will
be separated from the ascending water as it is driven cross-formationally
through fine grained strata which function as capillary barriers. The
variety of hydraulically favoured potential accumulation sites are shown in
Figure 2.4.

2.4 The Concept of Hydrogeological Indicators of Fetroleum
Accumulations

Within a geologically mature basin under a stable water table
configuration, a steady state flow field will develop, constraining basin
fluids to move along fixed flow paths. As water moves through the basin,
its character changes. When such changes are caused primarily by flow,
different regions of a flow field may develop distinctive physical and
chemical fluid properties. Favourable sites for hydrocarbon accumulation
are restricted as described in Section 2.3.2 (stagnant or quasi-stagnant
regions and discharge zones). If the properties of water in these areas
should differ from those of other parts of the flow field, such properties
may be used as evidence of petroleumn deposits. In the present study
(Section 4.2) water pressure, water temperature and water chemistry are
considered as potential indicators of petroleum accumulation sites.

2.4.1 Hydrogeological Characteristics

The interpretive term “hydrogeological characteristics™ is used to
describe the physicochemical properties displayed by water that are caused
by evolutionary trends along flow paths which override the particulars of
stratigraphy and lithology. If, for instance, waters from two recharge areas
of contrasting lithology are demonstrated to have features in common
which distinguish them from waters in discharge areas, then the features
which distinguish the recharge waters from the discharge waters may be
described as hydrogeological characteristics.
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2.4.2 Hydrogeological Indicators of Petroleum Accumulations
Two gencral types of hydrogeological indicators of petroleum
deposits are recognized, direct and indirect (T6th, 1984, 1988).

2.4.2.] Di :ndicator

Direct indicators are physical, chemical or biological phenomena
which attest directly to the presence of petroleum. Geochemical exploration
involves the detection of direct indicators at the ground surface. Examples
include oil and gas seeps and hydrocarbon enriched soil gas anomalies
(Horvitz, 1980). Biological phenomena include anomalous concentrations
of oleophillic bacteria and stunted petroleum-sensitive flora. Oil and gas
seeps are the most obvious and have been interpreted as evidence of
subsurface accumulations for years by explorationists who had no
conception of fluid flow. The key to their interpretation in terms of the
GHT lies in the subsurface flow pattern which links the signature at the
ground surface to its source in the reservoir.

Direct indicators occur downstream of an accumulation site having
been transported beyond the oil or gas pool by flowing water which
generally moves freely through the petroleum trap. The moderate success
of surface geochemical exploration methods to date may be due to the
simplistic notion of ‘vertical migration’ (MacElvain, 1963) whereby the
accumulation is sought vertically below an anomaly detected at the ground
surface, and no consideration is given to the flow pattern which could
produce significant lateral offset. A recent study in the Wainwright area of
eastern Alberta (Holysh, :989) demonstrated the significance of fluid flow
patterns by showing that recharge areas are poorly suited to surficial
geochemical exploration programs since the downward movement of water
retards the transmission of direct indicators from petroleum reservoirs to
the ground surface.

Direct indicators can also be mapped in the subsurface. Impelling
force fractionation will cause lighter petroleum to accumulate in relatively
minor structural irregularities along a lateral flow route, while heavier
hydrocarbon fluids will be transported further downstream. This is because
the buoyant force vector which is always directed vertically upwards is
greater for relatively light (i.e., low density) petroleum. Thus gas, for
example, will be impelled upwards with only a slight deflection in the
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direction of water flow. Relatively heavy oils whose density approaches
that of water have negligible buoyancy and will be impelled directly along
the water flow path. For this reason petroleum poolg in an aquifer
exhibiting lateral flow may exhibit an increase in density (mass per unit
volume) in the flow direction. Non-horizontal oil-water contacts, tilted in
the direction of flow (the negative hydraulic gradient) are indicators of
active fluid flow. Using Hubbert's tilt amplification factor (Hubbert, 1953,
p-1993) we can predict for a given hydraulic gradient and specified oil and
water densities the magnitude of structural dip required to form a
hydrodynamic trap. Anomalously high concentrations of oleophillic
bacteria are direct biological indicators. Selected direct indicators are
illustrated on a conceptualized cross-section in Figure 2.4,

2.4.2.2 Indirect indicators

Indirect indicators are physical, chemical and biological phenomena
which indicate hydrogeological conditions suitable for petroleum
accumulation. Such indicators are of limited significance individually
because they are not uniquely attributable to flnid flow. A suite of
parameters however can provide convincing evidence of flow conditions.
Because quasi-stagnant zones and discharge areas are considered the most
favourable flow sites for hydrocarbon accumulation, indirect indicators are
those phenomena indicative of such areas. Relevant fluid dynamic
parameters include: upward vertical flow at the accumulation site
(indicated by hydraulic heads increasing downwards, and superhydrostatic
vertical pressure gradients in and above the aquifer); lateral flow
convergence within the aquifer toward the accumulation site (hydraulic
head minima and flow line convergence in plan view) and sluggish flow
rates. Hydraulic head maps and cross-sections, and pressure-depth plus
pressure-elevation plots are useful tools for the determination of flow rates
and directions. Figure 2.5 shows some postulated trends in water chemistry
temperature and pressure in relation to the flow field on a conceptual basin
cross-section. Note that the aquifers within the regional discharge zone
exhibit anomalously high temperatures and temperature gradients;
pressures and pressure gradients; as well as abnormal water chemistry.

Water is an efficient heat transporter because it has very high heat
capacity (Gretener, 1981). Flowing water can therefore modify the
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conductive heat flow from the basement to the ground surface and
discharge zones should exhibit elevated geothermal gradients. Temperature
contour maps for a hydrostratigraphic unit may reveal ‘hot spots’ caused
by upwelling warm water which are interpreted as favourable exploration
indicators.

Since water salinity (total dissolved solids) generally increases with
residence time and distance travelled (increased rock-water interaction)
discharge zones may be characterized by anomalously saline water.
Concentrations of total dissolved solids plotted on plan view contour maps
in relation to the hydraulic head distribution may show a correspondence
between hydraulic head minima and TDS maxima. Discharge zones and
quasi-stagnant zones occur where flow systems converge, so they may also
exhibit anomalous chemical composition due to the mixing of waters with
distinct provenance. The Chebotarev sequence predicts a progressive
change in the composition of major anions along the flow path. Reduced
(versus oxidizing) chemical conditions may also signify water discharging
from depth and moreover may be caused by the presence of petroleum.
Indirect biological indicators include land vegetation tolerant to excess
moisture and salt in the soil both of which may be related to the discharge

of saline groundwater.

2.5 A Critical Evaluation of Pore P T | ,

The purpose of this section is to critically evaluate the genetic
relation between the topography driven flow of water and the subsurface
distribution of temperature, pressure and :ater chemistry.
Physicochemical phenomena can be gene:ai.d by many processes. Some are
entirely flow-dependant others require absolute hydraulic discontinuity in
order to be effective. In this section forces cther than topography-driven
flow that may influence fluid movement are evaluated, and mechanisms and
processes unrelated to fluid flow that may affect the evolution of
“hydrogeological” phenomena are considered. The discussion will be
limited to processes likely to be effective in the study area i.e., in a
geologically mature sedimentary basin with a sub-aerially exposed upper
surface, at depths not exceeding 2 km, pressures under 20 MPa and
temperatures below 100°C.
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2.5.1 Pore pressure

In a stationary body of uniform density water, pressure increases
with depth at a hydrostatic rate. The fluid pressure (P) depends only on the
fluid density (pw) gravitational acceleration (g) and the water depth (d)

and is given by:

P=pwegd (2.15)

where g is the gravitational constant. As expected on the basis of this
equation, pore pressures in sedimentary basins increase with depth and are
higher for saline than for fresh waters. Differentiating Equation 2.15 with
respect to depth yields:

dP/dd=py g (2.16)

which states that the vertical rate of pore pressure increase with depth in a
hydrostatic hydraulically continuous environment is equal to the specific
weight of the fluid (pw g). The fact that near hydrostatic pressures
predominate in sedimentary basins (excepting the geo-pressured zones of
young, compacting, marine basins) is reflected in the terminology of
petroleum geology. Nonhydrostatic pressures are termed “anomalous”.
Superhydrostatic pressures are called “abnormal” and subhydrostatic
pressures “subnormal”. The widespread existence of near hydrostatic
pressure in sedimentary basins provides strong support for the general
hydraulic continuity of sediments.

Deviations from hydrostatic pressure do occur however and a
number of mechanisms may be responsible some of which are discussed

below.

2.5.1.1 The Dynamic Pressure Increment

Téth (1978) has shown that nonhydrostatic vertical pore pressure
gradients are a natural consequence of fluid flux. In a region of upward
flow the extra energy at depth (which drives the upward flow) over that
available in a hydrostatic environment is reflected in a superhydrostatic
gradient and

oP/3d > pw g. (2.17)
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In a region of downward flow the energy content decreases with depth
faster than it would in a hydrostatic case resulting in

dP/od < pw g. (2.18)

Toth's dynamic pressure increment (AP) is defined as the difference at a
given location between the nominal hydrostatic pressure calculated by
Equation 2.15 and the observed pressure. In a basin where fluid flow is
topography-driven, superhydrostatic pressures (positive dynamic pressure
increments) and pressure gradients will characterize discharge zones,
subhydrostatic pressures and pressure gradients will be found in recharge
areas. Figure 2.6 shows schematically the relative magnitudes of pore
pressures generated by variable fluid density, fluid flow and rapid loading
combined with hydraulic isolation (i.e., geopressures).

2.5.1.2 Erosiop ¢nd Elastic Rebound

The response of strata to unloading is determined by rock
compressibility, itself a complex function of prior stress history
(Bredehoeft et al., 1968; Freeze and Cherry, 1979; Domenico and
Schwartz, 1990), Lithified sediments have a compressibility approximately
equal to that of water. Compacted shales are often elastic in compressibility
(T6th and Corbet, 1986, p.48) and may therefore expand when the stress
imposed by the weight of overlying sediments is reduced through erosion
of overburden. If the expansion of the rock framework results in increased
pore volume, then pore pressure will be reduced in the rebounding
stratum. This reduction in pore pressure will establish a hydraulic head
gradient and water will flow into the expanded stratum until the mass or
pressure deficiency is satisfied. Pore pressure anomalies in poorly
permeable strata will equalize at a slower rate than in aquifers so that
erosional unloading may tend over time to produce foci of subhydrostatic
pressure within aquitards. Long-lived transient pressure sinks may develop
in and around thick shales.

Shale reboynd has been suggested as a cause of the well documented
“underpressures™ in thin sandstones of the Colorado Shale aquitard of
central and southern Alberta (Té6th et al., 1986; Parks, 1989; Corbet et al.,



41

1992) and may be equally effective in the Peace River Arch region,
northern Alberta where the present study area is located. Loading and
unloading due to the waxing and waning of Quaternery ice sheets may also
induce “underpressures” in subsurface strata.

2.5.1.3 Osmosis and Reverse Qsmosis

A semi-permeable membrane permits the passage of water molecules
but excludes dissolved salts. When such a membrane separates solutions of
different salinity, a gradient of chemical potential will cause water
molecules to flow through the membrane from the fresh to the salty
solution. This is because the water molecule concentration, and therefore
the activity or thermodynamic energy of water, is relatively high in
freshwater. In the absence of any additional driving forces, the intensity of
flow will be proportional to the salinity contrast between the solutions
present on opposite sides of the membrane. As water molecules flow
through the membrane the pore pressure, and therefore the hydraulic head
of the salt solution rises, setting up a gradient of mechanical potential
opposing the osmotic flow. The chemical potential gradient between the
two solutions simultaneously falls due to the increased water molecule
concentration in the diluting brine. Osmotic flow ceases when the total
energy of the two solutions is balanced (i.e., when the declining gradient of
chemical potential is exactly balanced by the rising - oppositely directed -
mechanical potential gradient). The extra pore pressure in the saline
solution at total energy equilibrium is called the osmotic pressure.

It has been suggested that compacted shales in sedimentary basins
may behave as natural semi-permeable membranes (Berry, 1969). If a
brine saturated sand and a fresh water sand are separated by such a shale
then water molecules will spontaneously diffuse across the shale to dilute
the brine. The significance of osmosis as a natural flow driving mechanism
in sedimentary basins is limited since osmotic flow is a self-stopping
process.

The geologic conditions required for osmotic flow could be best
satisfied in the western Canada sedimentary basin where the Ireton shale
subcrops the sub-Cretaceous unconformity. Here, a thick semi-permeable
aquitard (the Ireton Fm.) separates the dilute waters of the basal Cretaceous
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sands from the brines of the Cooking Lake Platform. Osmotic flow in this
situation should be downward across the Ireton Fm.

Reverse osmosis occurs when the pore pressure of a brine saturated
sediment is raised sufficiently by some external force to cause flow across a
semi-permeable membrane from the brine saturated sand to the freshwater
sand (i.e., in the opposite direction to that in which osmotic flow would
be). Reverse osmosis is also called ultrafiltration because salts in the brine
are excluded from passing through the shale which concentrates ions in the
brine enhancing its salinity. Ultrafiltration may be a significant natural
process where topography driven flow drives water across shale aquitards
in regions of vertical flow (Bredehoeft, 1963; Roberts, 1981) and may
contribute to the enhanced salinity of water in discharge areas.

In conclusion, reverse osmosis due to topography driven flow is
probably a geologically significant process that enhances the high salinity
of formation waters in discharge areas. Osmosis on the other hand will be a
localized phenomenon, both temporally and spatially. In a discharge area,
osmosis must oppose topography driven flow. Osmosis as a possible cause
of non-hydrostatic pressure in sedimentary basins was studied widely in the
1960's but has been neglected more recently due to the general recognition
that most sedimentary basins are open systems in which topography-driven
flow is far more significant.

r Pr ri

Hydraulic isolation is a required condition for many mechanisms by
which anomalous pressure may be generated. Such isolation is probably
most effective in regions such as the geo-pressured zones of compacting,
depositionally active basins, and may be rare in hydraulically continuous
environments where topography driven flow is important. Changes in the
physical properties of a fluid saturated sediment that take place without the
expulsion of pore water are termed constant mass phenomena. An example
is provided by the work of Barker (1972).

Barker (1972) coined the phrase ‘aquathermal pressuring’ to
describe the superhydrostatic pressure that would be generated by the
expansion of water contained in a hermetically sealed, constant volume
rock body subject to burial in a thermal field. Bradley (1975) favours
temperature change as the principal factor in the generation of a
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hydrostatic pore pressure. Since the mechanism is fully reversible it will be
described in terms of the de-pressuring that would result from erosion and
uplift ¢f a sealed rock body which is more relevant to the recent geological
history of the present study area.

Uplift results in cooling and the pore fluids in hydraulically
continuous sediment contract and increase their density in response to the
energy loss associated with temperature decrease. Water in a sealed, non-
yielding chamber remains at constant density so its energy loss is
manifested as a rapid pressure decline for a given temperature change.
Under ideal conditions, the pressure of fresh water will decrease at a rate
exceeding 13 MPa/°C (Barker 1972). Barker acknowledges that relatively
minor leakage of the rock body or a small change in its volume would
increase pressure to the normal hydrostatic value.

Domenico and Schwartz (1990, p.298-301) present an interesting
quantitative review of the pressure modifying effects of the thermal
expansion of water. They conclude that the mechanism will be more
significant in rigid than in soft rocks, that the constant mass case provides
an informative upper bound for the true response of natural materials and
that in all cases the effectiveness of the mechanism will be determined by
the relative rates of pressure production and its dissipation by flow.

Since the WCSB has lost up to 2 km of sediment by erosion in the
recent past, aquathermal de-pressuring may be contributing to the observed
subhydrostatic pressures in the Cretaceous Colorado shale aquitard.

2.5.1.5 Active Petroleum Generation

Spencer (1987) suggests that the current flow patterns in many
Rocky Mountain basins of the USA are controlled by active petroleum
generation. Superhydrostatic pressures far exceed the overpressures which
could be ascribed to topography. Hedberg (1974) championed the possible
role of methane generation in the expulsion of petroleum from source
rocks by micro-fracturing. Petroleum generation involves the
transformation of solid kerogen into a liquid phase and pore space. Pore
pressure will rise only if there is more liquid than pore space created
(Bredehoeft et al., undated) the pressure increase involved depends on the
difference in density between the kerogen and the petroleum. Bredehoeft
modelled pressure development by active oil generation assuming a 10%
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volume increase in a recent study in the Uinta Basin. This study confirmed
that active oil generation could explain the observed superhydrostatic
pressures in the Altamont source/reservoir bed which exhibits pressure
gradients up to 0.8 of lithostatic (ibid.). Hedberg (1980) r~1kes the point
that the introduction of a petroleum phase liquid into a water-wet rock will
immediately reduce the relative permeability of the source rock to either
fluid. Free gas or oil will ‘plug up’ the shale and enhance the build-up of
excess pressure which may eventually exceed the lithostatic pressure and
cause the rock to fracture, releasing pulses of petroleum from the source
rock.

Active petroleum generation may be a significant local source of
superhydrostatic pressure sufficient to modify flow patterns in sedimentary
basins generally, but is probably not so in the Peace River Arch region at
the present time. As shown in Figure 5.1, the present study area is over 60
km from the nearest mature Devonian source rocks. Moreover, these
source rocks attained peak oil generative capacity some 60 million years

ago (Creaney et al., 1990).

2.5.2 Temperature
The temperature data used for this study are bottom hole

temperatures (BHTs) from oil industry wells. The Keg River-Granite Wash
reservoir beds in the study area (see Figures 1.4. and 1.5), lie directly on
the Pre-Cambrian so virtually all wells penetrate to the basement. Most
BHTs were measured in the uppermost Pre-Cambrian crystalline rocks at
the base of sediments. The present study will therefore consider factors
which can affect:

1)  the temperature distribution at the top of the basement

2)  the average vertical temperature gradient between the basement and

the ground surface.

Tr r
Heat flows from the Earth’s interior to the surface where it is
dissipated. The possible mechanisms of heat transfer in the Earths crust are
conductive and convective heat flow. Conduction moves heat mainly
through the solids of a porous medium whereas convection is achieved by
water moving through the pores. In a conduction dominated thermal
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regime, heat flow is controlled by the distribution of heat sources and the
thermal conductivity of rocks. In a convective thermal regime on the other
hand, rates and directions of fluid flow are the controlling factors.
Whether the geothermal regime in the WCSB is dominated by convective
or conductive heat transport has been a subject of active research in
Alberta for the last decade. An outline of this research is presented in the
following section.

2.5.2,2 Convective Heat Transport

Theoretical investigations (Bredehoeft et al., 1965; Domenico et al.,
1973) showed that topography-driven groundwater flow systems should
exert a demonstrable effect on the conductive thermal regime in a
sedimentary basin. Majorowicz and Jessop (1981) were the first to present
a coherent convection model in a real basin. They observed a geothermal
gradient pattern in Alberta that could not be explained by the regional heat
conductivity distribution nor by the known distribution of heat sources in
the basement. Upland regions like the Foothills Belt exhibited low gradients
whereas lowlands in northeastern Alberta had unusually steep gradients.
They attributed this pattern to convective heat transport by a regional flow
system in the WCSB that was described earlier by Hitchon (1969).
Recharging cool water subdued vertical heat flow in the upland areas. The
water flowed down the hydraulic head gradient into and across the basin
picking up heat en route and steepened geothermal gradients as it
discharged in lowland regions. This model of heat flow strongly coupled
with topography-driven water flow was developed in a series of
publications by Majorowicz et al (1984, 1985) Jones et al (1985) and
Hitchon (1984).

2.5.2.3 Basement Temperature and Average Geothermal
radi Tr 1 jve Regi

In a sedimentary basin with a convection dominated thermal regime
coupled to a topography driven flow regime we should theoretically
observe:
1)  An inverse relationship between the geothermal gradient and heat
flow on one hand and the topographic elevation of the ground surface on
the other. That is, the relationship predicted by Téth (1980) and observed
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by Majorowicz and Jessop (1981): low geothermal gradients in upland
recharge areas and high gradients in lowland discharge zones.

2)  Temperature isolines at the base of sediments on the top of the
crystalline basement may be oriented parallel to equipotentials in the

deepest basin aquifers.

2.5.2.4 Conductive Heat Transport

The alternative view, being that of a conduction dominated thermal
regime in the WCSB, has been championed by Bachu (1985). Bachu
worked at a finer scale than Majorowicz and Jones, evaluating geothermal
gradients over shorter distances and in more lithologically homogeneous
units. He concluded that the clearer view of temperature distribution that
emerges favours conduction as the dominant heat transport mechanism.
Bachu is well aware that most sedimentary basins are hydrodynamic
environments but argues that fluid flow rates in the WCSB are simply too
slow to compete with conduction. Bachu and Burwash (1991) evaluated
evidence for convective heat transport in Alberta at basinal ( 103 km?),
intermediate and local (10 km?) scales and concluded that flow was

significant only at the local scale.

r Aver r

Gradient Trends in a Conductive Regime

In a conduction dominated regime the temperature at the base of
sediments is affected by three factors. All else being equal, basement
temperatures will be high when:
1)  Overlying sediments are thick
2)  Overlying sediments are of low thermal conductivity
3)  Heat flow from the basement is high.
These factors are discussed by Bachu (1988), and Hitchon (1984, p.725).
The influence of sediment thickness is easily evaluated by comparing a map
of the basement temperatures with an isopach map of the basin fill. Highs
on the isopach map should correspond to temperature highs on the
basement.

Thermal conductivity is an attribute of lithology. Shale and coal for
instance are both poor conductors of heat thus anomalously high basement
temperatures may develop under shale basins. Thermally conductive
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sediments such as dolomite and halite by transporting heat rapidly away
from the source will have a cooling affect. Porosity is also important,
Because pore fluids are less conductive than solids thermal conductivity is
inversely proportional to porosity. Compacted sediments from deeply
buried areas should have enhanced thermal conductivity and may exert a
cooling effect.

Heat flow into the Phanerozoic strata of the WCSB from the Pre-
Cambrian basement is divided in roughly equal parts between radioactive
heat generation in the crust and heat flow from the mantle. Heat flow from
the mantle is uniform over large areas whereas crustal heat generation is
markedly heterogeneous (Jessop, 1992, p.198). Heat is generated in crustal
rocks by the decay of radioactive isotopes of potassium, thorium and
uranium. These radiogenic elements are naturally concentrated in the upper
crust (Holland et al., 1972) within which heterogeneities are related to
basement structure and composition. Granitic intrusions, zones of partial
melting or metasomatism may all exhibit anomalously high heat generating
capacity. Bachu and Burwash (1991, Figure 7) present a map of the
distribution heat generation at the top of basement in the WCSB based on
uranium, thorium and potassium concentrations measured in 424 Pre-
Cambrian core samples. They conclude that the high heat generating areas
have significant impact on both the temperature distribution at the Pre-
Cambrian surface and on average geothermal gradients in the basin at
large. This map is an updated version of a basement heat generation map
presented by Majorowicz and Jessop (1981, Figure 13, p.229). The two
maps are broadly similar (i.e., the new data added by Bachu and Burwash
does not change the overall pattern in the basin) and yet Majorowicz and
Jessop cited their map as evidence for the negative impact of basement heat
generation on the thermal regime! Section 4.2.2.1 presents my evaluation
of the impact of basement heat sources on the temperature distribution in
the present study area.

2.5.3 Water Chemistry

Galloway and Hobday (1983) note that water-rock interact:.
which both the rock and water are changed, are determined jointis
chemistry of the invading groundwater and the reactivity of iiie .
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The chemistry of the invading water will be determined by its prior
history. The major factors afic- iing matrix reactivity comprise:
Soluble constituents

Those constituents of the matrix that can be leached by the invading
groundwater depend on the pore fluid chemistry and the availability and
grain size of solid phases within the rock matrix.

Matrix content of elemental oxygen or elements such as iron with
variable valance states determine the redox capacity of the matrix. Iron
disulfide (pyrite) and organic matter both impart a reducing capacity to the
matrix. Buffering is the capacity of the matrix to maintain a steady pH by
releasing or absorbing protons during chemical reactions.

Exchange Capacity

Is determined by the reactivity and abundance of colloidal
constituents (mostly clays) which can adsorb and relcase ions from sites
within their crystal lattice. Exchange capacities vary for different minerals
and are affected by the salinity (ionic strength) and chemical composition

of the solution.
Hydration

Hydration of an aquifer matrix connotes the structurally bound water
which under certain conditions of pressure and temperature can revert to a
fluid phase.

The major function of flow may be “keep things moving”. The end
result of any reaction or series of reactions in a closed system is chemical
homogeneity and equilibrium. Topography driven flow is ideally suited as
a mechanism by which subtle imbalances can be maintained. Mass can be
introduced or taken away, dilution or concentration can be maintained ovcr
geological time spans and chemical reactions of dissolution or precipitation
which would otherwise have reached equilibrium and stopped, may be
indefinitely prolonged.

Freeze and Cherry (1979) stress the importunce of the order of
encounter with diverse lithologies for groundwater moving along a
lithologically heterogeneous flow path. The ionic strength of the moving
groundwater and possible common ion effects due to mineral dissolution
are the major factors which determine the chemical evolution.
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Chebotarev evaluated 10,000 water analyses from all major
continents (Chebotarev, 1955) and discovered a trend characteristic of the
general chemical evolution of anions in all groundwater in the direction cf

flow. The Chebotarev sequence is:
Flow direction—

HCOj3 —» HCO3+S04” — SO47+HCO3 —» S04+ CI'> CI’

The sequence shows a tendency for all groundwater with increasing age,
time, depth and/or distance travelled to evolve from a dilute bicarbonate
solution to a saline solution with chloride as the dominant anion. The trend
may be apparent at various scales (e.g., in a single flow system moving
from recharge to discharge areas, or in flow systems of progressively
increasing order - local versus regional). No fixed scale of time or space is
implied, and the sequence will often be interrupted or reversed.

The question of why such a trend should exist at all was addressed by
Freeze and Cherry (1979). They suggest that the generality of the
Chebotarev sequence in a variety of lithological settings can be accounted
for by two factors: the differing solubilities of the minerals which yield
these anions in solution and their availability along the flow path.
Carbonate minerals (e.g. calcite CaCO3 or dolomite CaMg(CQ3)2) that
dissolve to yield HCO3™ are abundant but poorly soluble, whereas chloride
minerals (e.g., halite NaCl and sylvite KCl) are highly soluble but rare.
Groundwater therefore accumulates HCO3™ rapidly and HCO3" is the
dominant ion in young, shallow waters in recharge zones. Halite and sylvite
are minor constituents of most common sedimentary rocks, and being
highly soluble, are rapidly removed from the bulk flow channels. CI’
subsequently entering the bulk flow pathway (evaporitic strata excepted),
must therefore migrate through the solid mineral matter or from dead-end
pores by diffusion. Thus Cl™ often accumulates slowly in groundwater but
since it is an unreactive aqueous ion (i.e., there are no chloride sinks in
moderately saline waters) it eventually attains very high concentrations.

2.5.4 Summary

A variety of processes and mechanisms, many unrelated to flow,
affect the physicochemical evolution of subsurface water. Where
topography driven flow is the dominant control however, the water
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pressure, chemistry and temperature should exhibit systematic « hanges
along flow paths and pore water at distinct locations within a basin should
display predictable characteristics.
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Cl 3 D P ing for the Fi Study - D S
and Culling Procedures

The flow regime in a sedimentary basin is determined jointly by the
distribution of fluid potential (i.e., the energy available to drive fluid
movement) and by the hydraulic character and spatial distribution of the
strata comprising the rock framework through which the fluid moves. This
chapter shows what data are required to recognize and characterize these
two components and presents methods that may be used to obtain values of
hydraulic parameters that are representative at the temporal and spatial
scale of interest. Sources and culling procedures for obtaining
representative temperature, water chemistry, oil density and petroleum
production data are also presented.

3.1 Rock Framework Data

Formations are the basic lithostratigraphic units of geological
mappi: 2 nd provide suitable units for the primary characterization of the
rock framewok. For flow studies formations are ultimat..y re-organized
into hydrestratigraphic units (HSUs) which comprise aquifers, aquitards
and aquicludes, defined on the basis of their ability to permit or retard the
flow of water (Maxey, 1964; T6th, 1978; Seaber, 1988).

3.1.1 Formation Tops

Formation top elevations were used to create the structural cross-
sections (Figures 1.4 and 1.5) and the structure contour maps presented in
Chapter 4. There are 1160 wells in the present study area. I personally
inspected well logs and picked all formations in 72 wells distributed across
the study area and these picks were used to make the cross-sections. The
picks I made for the Wabiskaw (Bluesky) to Pre-Cambrian are illustrated
on the gamma ray-density log for well 3-8-99-7W5 shown in Figure 3.1.
Most formations have a distinctive gamma ray signature. The Keg River
and Lower Elk Point Group formations are best identified on density or
sonic logs. The caliper log (shown in track 2 for the Muskeg Fm. only on
Figure 3.1), is useful for locating halite beds which are often washed out
by the drilling fluid.

Since there are too many wells in the study area for my personz!
inspection of all logs (1160 wells with up to 20 formations per well),
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ERCB picks were used for the structure contour maps. These data were
obtained in digital form (PUBCO, 1990 a) and comprise picks for 1053
wells in the study area.

ERCB picks were unreliable for the Upper Devonian Grosmont Fm.
Unculled ERCB data produced elevation anomalies for the top of the -
Grosmont Fm. on initial versions of the structure contour map of the Pre-
Cretaceous unconformity (the final version of this map is shown as Figure
4.5). Personal inspection of wireline logs fo. the wells with anotialous
elevations revealed that the Grosmont Fm. was often mis-picked. The
Grosmont Fm.is fully developed only in the centre of the study urea. As
shown on Figure 1.4, within the study area, the Grosmont pinches out
westward into Ireton shales with a consequent loss of section at the base of
the formation. To the east there is a progressive loss of section from the
tog' due to erosional truncation of the Grosmont Fm. at the sub-Cretaceous
unconformity. Thus although the gamma ray signature for the Grosmont is
distinctive when it is fully developed (Harrison, 1982), recognizing the
partially developed section is more challenging.

A second problem was that wireline logging is usually confined to
the Mannville Group and deeper strata since there is no exploration interest
above the Mannville in the study area. This made it difficult to locate the
two important pre-Mannville Cretaceous aquifers: the Pelican (Viking
equivalent) and Dunvegan sandstones, and also the base of Pleistocene drift.
For the shallow geology on the cross-sections (see Figures 1.4 and 1.5) and
for the bedrock structure map (Figure 1.7), published geological maps,
hydrogeological maps and cross-sections and water well drillers reports

were used.

3.1.2 Lithology
Gross formation lithologies are known from literature sources. The

Lexicon of Canadian Stratigraphy (Glass, 1990) is an excellent regional
reference. For site specific lithological data I obtained 23 lithologs
(Canadian Stratigraphic Services), distributed over the study area, Thesc
logs provide lithological dcscrintions based on well cuttings, core znalyses
and wireline log interpretatiot. Wireline logs were used te inierpolae
between wells with Canadian Siratigraphic Services legs. Cor analyses
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(ERCB. 1991 a) also often provide lithological descriptions of the cored
intervals.

3.1.3 Porosity, Permeability and Hydraulic Conductivity

3.1.3.1 Porosity

Porosity was used in the present study to estimate storativity, thermal
conductivity and in Darcy’s Law to convert flux to velocity.

Porosity (n) is the fraction of total rock volume occupied by voids,
usually expressed as a percentage

n(%)=%{-* 100 3.1

where v is volume and the subscripts v and t indicate voids and total
respectively. A crude correlation with permeability may occur if the
porosity is mainly interconnected. Little correlation will exist if most of
the pores are closed or dead-end. Porosity varies with lithology: clastic
rocks exhibit mainly inter-granular porosity; carbonates more prone to
dissolution and re-crystallization during diagenesis develop irregular
porosity types such as fracture, pinpoint and vuggy porosity. Evaporites
usually display inter-crystalline porosity. Porosity ranges from 50% in
unconsolidated sediment to extremely low values in tight evaporites like
massive halite.

Porosity From Core

Appendix 1 outlines the procedures by which perineability and
porosity values are determined from core in the laboratory. The weighted
arithmetic mean of plug scale porosities provides a represeniative value for
a formation. Multiple porosity determinations for a single formation tend
to exhibit a normal frequency distribution anc he weighted arithmetic
mean is the best measure of central tendency for such a distribution.
Weighted arithmetic mean porosities were included in over 90% of the
core reports in my database. Figure 3.2 is a porosity frequency histogram
for a 14 m Keg River Fm.core from the Trout field (Geotech core analysis
report). Porosities range from 0.5 to 10% and the histogram with a linear
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porosi.y axis exhibits a normal (symmetrical) frequency distribution. The
weighted arithmetic mean of 5.8% is a good representation of the central
tendency.

Permeability values were used in this study to make hydraulic
conductivity and trznsmissivity maps and to calculate flow rates. These
applications are presented in the following chapter.

Intrinsic permeability is a laboratory determined rock property that
relates the resistance of the rock to single phase fluid flow caused by the
size, shape and geometry of its porous architecture (Appendix 1). When
multiple phases coexist in a porous medium the effective permeability of
the rock to each individual fluid is reduced. At very low saturations,
immiscible fluids are eventually immobilized (wetting phases on the pore
walls and non-wetting phases in the pore bodies) as the effective
oermeability drops to zero. Since the presence of oil reduces the effective
permeability to water, oil and gas pools functi..n as barriers to flow, and
hence potentially modify the flow field by diverting flowing water around
As mentioned in Chapter 2, permeability has directional properties,
and permeability anisotropy can strongly influence the direction of flow by
refraction towards an axis of increased permeability. Freeze and Cherry
(1979) discuss the relationship between anisotropy and flow. The
anisotropy of a hydrostratigraphic unit is ideally expressed by 3 orthogonal
permeability values, one vertical and two in the horizontal plane. In the
present study it is assumed that hydrostratigraphic units are laterally
isotropic and that kmax coincides with the orientation: of the driving force
(-grad h).

This assumption is certain to be invalid locally, particularly since the
i..g River Fm. is known to exhibit trending fracture systems in certain
egions. An example is an oriented core study combined with DST analysis,
interference tests and numerical modeling conducted by Gulf engineers in
the Trout Keg River A pool (ERCB, 1986). The study was conducted in a
single township Tp.90 R.3 W5, i.e., an area of about 100 km?2. The
investigation .udic:;d that vugs and fractures combine to form the major
pore system in the reservoir at this location, with matrix microporosity

them.
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forming a second volumetrically minor system. The orientation of Kmax
i.e., of the fracture network, was determined to be northwest-southeast and
the fractures persisted vertically to link the upper and lower parts of the
Keg River Fm.

Unfortunately such detailed local studies are rare. Reports submitted
by operators to the ERCB for other fields do not indicate fracture
orientation. A report for the Keg River B pool in the Kidney field
indicated a dual porosity system with fractures and vugs forming the minor
component, and intergranular porosity the major system. In short the
information required for a sensible evaluation of the possible effects of
permeability heterogeneity on flow directions is simply not available.

Formulations of Darcy’s Law (e.g., Equations 2.4 and 2.8) show
clearly that although permeability affects the magnitude of flux, the
primary determinant of the flow direction is the orientation of the driving
force expressed either as the resultant of the two force vectors in Equation
2.4, or as the gradient of hydraulic head in Equation 2.8. Water will
certainly take the path of least resistance along a given route, but the
directional influence of permeability anisotropy is restricted to local scale
options within a regional pattern determined by the force field, that in a
mature basin, is controlled ultimately by the topography of the water table.
Flow directions certainly cannot be inferred from a permeability '
distribution without prior knowledge of the distribution of driving forces.

Permeability From Core

The ERCB Core Analysis database (ERCB, 1991 c) yielded 645 core
records for the wells in the present study area. Permeability determinations
are made at very close intervals along the core (usually three per metre)
and a single core interval cften comprises well over 100 individual plug or
slab sample determinations. There are many reasons why core derived
hydraulic parameters may not be representative on the basinal scale (see
Appendix 1) but regardless of these shortcomings core is the main source
of direct information on deep subsurface hydraulic parameters and core
data are widely used in subsurface flow studies.
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Up-scaling Plug-scale Permeabilities

The plug-scale values for different lengths of core are ultimately
transformed into values that are representative for hydrostratigraphic units
on the scale at which flow is being studied. This is done in two averaging
steps. First, a representative average of all the plug-scale values in a single
core is found to yield a representative permeability for the formation.
Second, the permeabilities of the formations being grouped together in a
hydrostratigraphic unit must be combined. The procedure I followed is

illustrated in Figure 3.3.
Hori P bili

The geometric mean is usually used to transform plug scale
permeabilities to the formation scale. Permeability unlike porosity often
exhibits a log normal frequency distribution and the geometric mean is the
best measure of central tendency for such distributions (e.g., Davis, 1973;
Freeze and Cherry, 1979).

Figure 3.4 is a permeability frequency histogram for the same Keg
River Fm. core as shown in Figure 3.2. The measured permeabilities range
over 5 orders of magnitude from 0.01 to more than 2000 millidarcies. The
histogram in the figure exhibits a symmetrical frequency distribution
because the permeability axis is logarithmic - if a linear axis were used the
distribution would be highly skewed. Since 70% of the samples for this
core have a permeability of 5 millidarcies or less (see the cumulative
frequency curve on Figure 3.4) the arithmetic mean of 287 millidarcies is
clearly a poor measure of the central tendency whereas the geometric mean
of 1.7 millidarcies is reasonable. The geometric mean can be computed by
calculating the weighted arithmetic mean of the logarithm of the individual
formation permeabilities, the antilog of which is the geometric mean for
the HSU.

The arithmetic mean of lateral permeabilities of individual formation
weighted by their thickness yield representative values for the lateral
permeability of hydrostratigraphic units (Freeze and Cherry,1979).

- r r,
Having transformed plug-scale parameters to the scale of the
hydrostratigraphic units (HSUs) it is assumed that data points are
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representative of the entire vertical thickness of the HSU at their location.
Lateral heterogeneities are determined by posting the HSU-scale
permeabilities and undertaking interpretive contouring based on geological
considerations - lithofacies trends. This is reasonable for a regional scale
flow study because the lateral extent of an hydrostratigraphic unit is many-
orders of magnitude greater than its vertical extent. The procedure I
followed is described in Chapter 4.

Permeability Anisotropy

As indicated above it was not possible in the present study to obtain
oriented permeability data in order to determine the direction of major and
minor lateral permeability axes, so the aquifers are assumed to be laterally
isotropic. A crude estimation of the vertical anisotropy was obtained as
described below.

Vertical permeability

To obtain an estimate of vertical permeabilities I selected one core
per township (when available) and calculated the kgmax:kvy ratio for one
randomly selected plug scale sample from each formation within the
interval. These ratios are assumed to be provide a very crude estimate of
the anisotropy of the whole formation at that location.

1 Estimati r
In order to calculate derived hydraulic parameters such as the

storage coefficient, it is useful to have estimates of the average hydraulic
properties of hydrostratigraphic units. Table 3.1 shows average (arithmetic
mean) values of the core-derived hydraulic parameters (weighted
geometric means for permeabilities and weighted arithmetic means for
porosities) for each hydrostratigraphic unit. Most cores in the region are
from formations in the Keg River - Granite Wash hydrostratigraphic unit
(70%), and the Slave Point - Watt Mountain (18%).

1.3.4 Per jlity Fr
A drill stem test (DST) is a short term production test conducted on
a temporarily completed well. Permeability can be calculated from DST
analysis; indeed DST derived permeability may be more representative
than core-derived values since the DST evaluates the response of a
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significant volume of rock around the well bore, based on the in situ flow

of reservoir fluids.
I calculated permeabilities for 24 wells for which time and pressure

build-up data were given in the DST reports (ERCB, 1991 d). The
procedure and equations used in my DST analysis are presented in
Appendix 2.

Meaningful comparisons of permeabilities determined by the two
methods are restricted to those wells where the core and DST intervals
exactly coincide i.e., where the same rock interval is being tested. This was
the case for the 5 wells shown in Table 3.2. The permeabilities clearly
agree, differing by a maximum of only a factor of four. This is surprising
since the Keg River Fm. is known to exhibit significant fracture
permeability which might be poorly represented in core. The similarity
between the permeability values also suggests that the method of estimating
geometric from arithmetic means used in this study is reasonable.

3.1.4 Storativity and Transmissivity

The storage coefficient is a rock-hydraulic property which denotes
the amount of water that would be released from a column of unit cross-
sectional area within the formation, under a unit decline in hydraulic head
(Freeze and Cherry, 1979, p. 59-61). Storativity is the product of the
storage coefficient and the formation thickness. Transmissivity is the
product of the formation thickness and hydraulic conductivity.

For my production drawdown calculations in Section 3.2, I used
constant values of storativity and transmissivity based on representative
(average) values of hydraulic parameters for the Keg River - Granite Wash
aquifer. Storativity and transmissivity were calculated as indicated in Table

3.3.

3.1.5 Thermal Conductivity
Thermal conductivity is a rock property defining the amount of heat

that flows through a specific medium over unit distance in unit time, if
there is a temperature gradient. When the teinperature in a rock is not
uniform, a thermal gradient exists. Heat flow through the rock in any
direction is proportional to the thermal gradient and to the magnitude of
thermal conductivity in the direction of the gradient. Like its hydraulic
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counterpart, thermal conductivity is a tensor property, however for studies
using BHT data (see Section 3.3) it is sufficient to assume strata are
isotropic.

"“hermal conductivity varies with lithology, and a recent study of
heat flow in the Alberta Basin (Majorowicz and Jessop, 1992) gives
assumed average values of thermal conductivities for different rock types
within the basin. Table 3.4 presents these data. Glacial till, coal and shale
are the best insulators, limestones, dolomites and sandstones are
intermediate and the evaporites, rock salt and anhydrite are the best
conductors. Table 3.5 shows crude estimates of the thermal conductivities
for the hydrostratigraphic units (values from Table 3.4, were assigned
depending on the dominant lithology of the hydrostratigraphic unit). These
are crude estimates of the true conductivity, being uncorrected for
lithological variation, in situ temperature or porosity. Thermal
conductivity varies inversely with porosity since pore fluids are less
conductive than rock. Within the depth range of 2 km, thermal
conductivity also varies inversely with temperature (Gretener, 1981). The
increase in conductivity due to porosity reduction at depth will therefore be
offset by a conductivity decrease due to the higher temperature. Halite and
dolomite are the most conductive litholcgies. Thick halite beds are
restricted to the Muskeg Fm. in the eastern half of the basin, so the
temperature range to which they are exposed is minimal. Dolomites
comprise the Keg River and Grosmont Formations and the Winterburn
Group. Each of these will be less conductive in the high temperature

regions.

3.2 Pressure Data

For pressure data to be useful in the evaluation of the flow of water
they must be: ‘

a) stabilized i.e., representative of the formation pressure;

b) undisturbed by pressure transients caused by fluid extraction or
injection, and therefore representative of the “virgin” conditions in the
formation;



60

c) representative of the ambient pore pressure in water (if measured in
oil, gas or mud).

3.2.1 Source of Pressure Data
Abundant pressure data for deep basin studies come basically from a

single source: drill stem tests (DSTs) which are pressure transient tests
conducted in oil industry bore holes. The procedure by which stable
formation pressures are determined from DSTs is described in Appendix 2.
Accurate pressure data are crucial in any field-based fluid flow study.
Ideally all DST interpretation should be done personally. This is a major
task since there is much art involved in DST analysis and learning and
applying the skills, takes time. Alternatively one can use the pressures
supplied by a service company specialized in DST interpretation.

For the present study, interpreted pressure data were obtained from:
the Canadian Institute of Formation Evaluation (CIFE). In the following
section an evaluation of the quality of their data is made. CIFE obtain DST
charts from the ERCB, interpret these charts in-house and sell the
interpreted data to oil companies. They use standard methods of analysis. A
pressure versus time build-up curve on a Horner semi-log plot is
extrapolated to infinite time to determine the stable formation pressure,
and the shape of the build-up curve is interpreted to assign a qualitative
permeability to the geologic interval tested. Many details of the test
procedure including the amount and type of fluids recovered are recorded.

3.2.2 Evaluation of CIFE DST Interpretation

CIFE assign an overall quality rating to each test, indicating the
reliability of th: ~.cssure value. For the present study I used mainly those
data classed by CIFE as ‘a’ and ‘b’ quality which are defined as:

‘A’ best quality;

‘D>  nearing stabilization.
The categories I did not use are:

‘> caution (plugging);

‘d> questionable;

‘e’  low permeability, low pressure;

‘"  low permeability, high pressure;

‘e’ mis-run.
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The CIFE pressure values used are further restricted to those from
tests with a fluid recovery of 100 m or more, and a short (average 15 m)
packer interval. A long fluid recovery indicates a high flow rate or long
flow periods, both being conducive to a representative test. A short packer
interval is desirable for a focussed evaluation of the pressure source.

To evaluate the veracity of the CIFE quality claim I constructed
Homer semi-log and log-log plots for 24 DSTs from the CIFE database
which had pressure build-up data tabulated in the DST reports (ERCB,
1991 d). Table 3.6 shows the resuits.

The tests are arranged in descending order of quality as designated
by CIFE and for each quality class, in order of increasing pressure value
discrepancy (self-extrapolated pressure minus CIFE's). I have included my
own ratings of the test quality. For the 10 DSTs which CIFE class as b
quality, the pressure value discrepancies are minor. Eight of the
extrapolated pressures are virtually identical, and the maximum
discrepancy of 147 kPa is relatively insignificant since the average
mechanical error for the 24 tests evaluated here is 270 kPa (the expected
study arca average for mechanical pressure recorders is 75 kPa - see
Appendix 3). The reason for the largest discrepancies is that CIFE used the
build-up curve that yielced a lower extrapolated pressure in both cases.
This is poor interpretive procedure. The DST in the second row (well 3-
31-100-22 W4, DST#2) should not be used as that weli is supercharged and
its inclusion may indicate that CIFE have not screened the DSTs for
depletion (see section 2.2.3).

For the 10 tests classed by CIFE as c quality the discrepancies are
more serious (maximum difference is 448 kPa or 46 m of fresh water
head). Again the discrepancies occur because of analytical confusion by the
CIFE interpreter (use of the “wrong” shut-in curve, insufficient data points
for the extrapolation) or simply because the interpreter used a different
pressure recorder housed higher or lower on the DST tool. I regard 9 of
these tests as good quality. For the remaining record (well 6-31-98-22 W4,
DST#1) the recorder was apparently reading high since the extrapolated
formation pressure exceeds the hydrostatic pressure generated by the mud
column which would have resulted in a blow-out. According to the
reported mud weight (i.e., the density of the drilling fluid) the mud column
would have to have been over 100 m above the grecund surface to generate



62

the reported hydrostatic pressure. Clearly the pressure recorder was mis-
calibrated, or malfunctioning or both.

In summary it wouid appear that by accepting only CIFE a and b
tests we obtain reliable pressures but discard a lot of potentially useful data.
The CIFE interpretation of ¢ and d quality tests is unreliable so personal -
interpretation is required to cull the non-representative pressures.

3.2.3 Evaluation of Production Induced Drawdown (PID) and
Injection Build-Up

Having obtained a set of stable formation pressures it is necessary to
consider whether these pressures are disturbed. Petroleum production
reduces the fluid pressure of the pumped formation in and around the
producing well, modifying the “virgin” hydraulic head distribution by
producing closed lows around oil fields. Since the Hydraulic Theory
postulates that closed potentiometric lows are the cause of the petroleum
accumulation it is crucial to demonstrate convincingly that potentiometric
lows are not simply due to production induced drawdown (PID). '

Preyvi ID

Various attempts have been made in the past to identify production
affected wells. Some workers restrict their data to those pressures obtained
from DSTs in “wildcat” wells which are wells drilled outside the
geographic limits of an existing pool or field. However there is no
guarantee that wildcat wells are undisturbed since new pools are often
discovered on step out wells from pools which have been in production for
years.

Another approach is to specify a certain radius beyond which
pumping is assumed to have no effect and to eliminate all DSTs conducted
within that radius which post-date production (Parks, 1989 p.85-88). The
problem is how to define the radius. If it is too small, pressures that are
drawn down will be included, too large and undisturbed data will be culled.
Parks used a radius of 1.6 km. Té6th and Corbet (1986, p.355) in an earlier
hydrogeological study in southern Alberta ignored any active production
wells more than 4.8 km distant from a DST well. For production wells
within the 4.8 km radius they assessed drawdown by calculating an
interfcrence index which is described in detail below.
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Other studies (e.g. Bair et al., 1985, p.4), have relied on PID-
affected pressures being sufficiently disturbed that they are obviously
anomalous (e.g., they might produce closed low “bulls eye” closures
around oil fields on a hydraulic head map) and are culled on that basis. No
previous study to my knowledge has explicitly considered the production
rate and the cumulative effect of multiple pumping wells in the evaluation
of PID.

Definition of the Interference Index
The “inierference index” was introduced as a crude P1D indicator by
T6th and Corbet (1986). The interference index is defined as

t
I'=logi0 2, (3.2)

where t is the pre-DST production time in years and r is the inter-well
distance in miles. Téth and Corbet calculated I for DST wells within 4.8
km of an active production well and rejected the pressure if 1 exceeded 0.7.

3.2.3.2 Overview of Petroleum Production in the Study Area

The oil field outlines and production well locations in the study area
are shown in Figures 4.1 and 3.11.1. Oil production in the study area
started in February 1969 with the completion of the discovery well of the
Keg River A Pool in the Senex field. To date 407 production wells have
been drilled of which three quarters are still active, currently producing
from 11 separate fields. Only one gas field (the Liege Field) exists, part of
which extends into the eastern edge of the study area. Production activity is
intense and over 150 oil wells were completed between 1987 and 1990. A
recent Geological Survey of Canada reserves update of Alberta (Podruski
et al., 1987) predicts on the basis of an assumed log normal distribution of
pool sizes for a given play, that the largest pools in the region remain
undiscovered.

Oil production is restricted to the oldest and deepest aquifers on the
Peace River Arch: the Keg River-Granite Wash aquifer which mantles the
Pre-Cambrian basement at a depth ranging from 1 to 2 km and the Slave
Point Formation which is separated from the Keg River Fm. by the
Muskeg evaporites. An average weil in this region has been active for 3
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years and has produced 10 000 m3 (62 000 bhl) of ¢il, an equal amount of
water and 500 000 m3 (17 million £i*) of gas (see Table 3.7). All oils are
und:rsaturated with gas at reservoir conditions. Eabble point pressures in
oil pools at the Trout, Kidney and Senex fields are at Jeast 5 MPa below the
initial pressure (ERCB, 1986). Free gas exists only at the Liege field in the
Grosmont Fm. The large number of wells 2.:d relatively modest production
statistics reflects the abundance of small individza! r « s that characterize
the Middie Devoaian carionate and clastic plays on ihe eastern margin of
the Peace River Arch.

The most recent DST pressure in the database of stable pressures for
the present study was recorded on 5 April 1987, hence all production
initiated aftcr this date was ignored as a potential source of disturbance.
Remosing the ineffective wells left 247 production wells (including 8
iniection wells) to bc accounted for. Table 3.8 shows the numbers of wells

in tbe orious productior: zones.

3873 _PID Calculasion

LFL_B production Data

The ERCB provides detailed production histories for all Alberta oil
anud gas wells. Using digitized ERCB production data {PUBCO, 1990 b), I
calculated drawdown by the procedure described below.

Table 3.9 summarizes the results of the drawdown calculations and
shows the categorics which were eventually culled. Pressures recorded
before the earliest production in the area, in wells more than 10 km from
the nearest active production well and in non-producing formations were
assumed to be undisturbed which left 151 pressures to be checked. The
former and latter assumptions are clearly reasonable and :ie maximum
disturbance radius of 10 km is cautious compared to those applied in
previous studies of PIC (see Section 3.2.3.1).

The Theis Equation

When water is discharged fro.. a well the fluid potential in the
aquifer at the well site is reduced. The potentiumetric surface at the well
site is lowered and a cone of depression centered on the well bore
gradually extends outward into the aquifer as pumping continues. The
energy loss represented by this growing dent on the potentiometric surface
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is manifest as reduced pressure heads within the cone of depression. A DST
conducted within such a cone of depression may indicate a stable pressure
which is nontheless disturbed, is lower than the virgin pressure and may
cause a misinterpretation of the flow fiel:l. Fluid injection will have the
reverse affect creating a mound c: the potentiometric surface and raising
formation pressures above their undisturted lavel.

In a classic study which initiated the modern approach to well
hydraulics, Theis (1935) developed an equation which can be used to
calculate the magnitude of the drawdowi (in terms of hydraulic head) as a
function of the radial distance to the DST well from the pumped well and
the duration of pumping. Using the Theis Equation in this way rei]uires
knowledge of two hydraulic parameters for the aquifer (the transmissivity
and stcrativity) and the rate of fluid discharge at to the production well.
Hydraulic head drawdown (s) which is the difference between the disturbed
and the undisturbed elevaiion of the potentiometric surface can then be
calculated as:

W
= %‘Q (3.3)

where Q is the well discharge (or fluia production rate) in m3/s and T is
the aquifer transmissivity in m2/s. W(u), nown as the well function is
defined as

W(u) = Je'"ud“, (3.4)
u
where
u=2 (3.5)

Here r is the distance from the production well to the DST well in metres,
S is the aquifer storativity, T is the aquifer transmissivity in m2/s and t is
the duration of the pumping interval in seconds. In practice when S and T
are known, Equations 3.3 to 3.5 are applied in reverse order. A value for u
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is calculated first, W(u) is then computed or read from a W(u) versus u
table (e.g. Freeze and Cherry, 1979, p.318) and a solution for drawdown is
obtained from Equation 3.3.

Numerous iciealized conditions are required for the strict 2pplication
of the Theis Equation (ibid., p.315-317). The most stringent condition is
that the aquifer be confined between effectively impermeable aquitards.
The ideal conditions are rarely if ever fully met in nature and subsequent
workers have devised modifications to Theis’ equation to deal with “leaky
aquifers”, partially penetrating wells and so on (ibid., Chapter 8.3).

Justification for Using the Theis Equation in my Study Area

This section outlines arguments for the confined nature of the
aquifers in the present study area on the time scale of production. It is
important to note here that a stratum may function as an effective confining
bed over a period of a few decades (the life of a pumping well) while
transmitting significant quantities of fluid over millions of years. The
existence of apparently confined conditions on a human time scale and of
regional hydraulic coniinuity on a basinal scale over geological time
periods are not imuzually exclusive, rather they indicate the importance of
scale definition to the meaningful determination of permeability.

The study area cross-sections (Figures 1.4 and 1.5), show the
geometry of the strata concerned. The Keg River aquifer lies on crystalline
rocks of the Pre-Cambrian basement and is overlain by the Muskeg-Prairie
Evaporite Fm. The Slave Point Aquifc verlies the Muskeg Fm. and is
itself overlain by the calcareous shales ...d argillaceous limestones of the
Beaverhill Lake Group. Thus the Pre-Cambrian basement, the Muskeg
evaperites and the basal shale of th> Beaverhill Lake Group are the
proposed cor:fining beds for the two Devonian p' ~ducing intervals. Table
3.1 shows the iow average core permeabilities for these unit~ (alt proposed
confining beds exhibit permeabilities below one millidarcy).

In all previous flow studies conducted in the Western Canada
sediuientary basin, the top Pre-Cambrian has been tieat:¢ .. an aquiclude
(T6th 1978; Bachu, 1985; Hitchon et al 1990). Hydrogeologic studies on
the Canadian Shield however, (see Section 4.2.3), have demonstrated that
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topography driven flow systems are active in fracture and fault systems in
Pre-Cambrian crystalline rocks. These discoveries support the possibility
of significant fluid transport in the crystalline basement of the western
Canada basin. Unfortunately permeability data for the basement are very
rare. The geological history of the study area (see Section 1.2.3) provides
some constraints on the permeability distribution.

Given the active tectonism of the Peace River Arch, the basement in
the present study area is probably more fractured than the basement in
tectonically quiescent parts of the basin. If the fractures form a
hydraulically continuous network, they will enhance permeability.
Weathering, during the pre-Middle Devonian period of subaerial exposure
of the Pre-Cambrian surface in the Peace River Arch region, may also
have contributed to basement permeability. Because ve:tical compressive
stress increases with depth (i.e., with the thickness of overburden) fracture
permeability may decrease with increasing depth. Weathering would
obviously be restricted to the exposed basement. It is probable therefore
that the basement permeability is greatest in a relatively shallow zone along
its upper surface.

 If this is the case, the permeable upper surface of the basement will
function as a downward extension of th~ ¥ eg River Aquifer. There are no
high elevation basement outcrops whic: might generate flow systems
within the Pre-Cambrian independent of those in the Keg River, so the
effect of a permeable layer in the upper basement will be limi*ed to
increasing the transmissivity of the Keg River Aquifer. This hypothesis is
supported by the fact that formation water samples recovered from
drillstem tests conducted in the Pre-Cambrian within the study area show
no significant chemical differences from Keg River Aquifer water (sze
Appendix 5).

Muskeg-Prairie Evaporite Fm,

The Muskeg Fm. has been treated in earlier studies as an aquitard
(Té6th, 1978) and as an aquitard and partial aquiclude (Bachu 1985, Hitchon
et al. 1990). The Muskeg Fm. thickens from 40 m in the southeast to over
300 m in the norihwest of the study area. This thickness change 1¢flects
increasing basin depth with distance from the palaeo-shoreline to the
southwest. The Muskeg-Prairie Evaporite Fm. also exhibits a facies
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transition from anhydrite and dolomite in the nearshore environments of
the southwest to halite and anhydrite in the northeast. The most permeable
beds within this formation are cryptocrystalline dolomites in which
anhydrite cement is common. Permeability determinations are rare in the
few core samples taken within the Muskeg. Table 3.1 shows the low lateral
permeabilities typical of dolomites within the Muskeg Fm. The few
permeability data available for the Muskeg Fm. suggest an average
permeability just one order of magnitude less than that of the Keg River
and Slave Point Aquifers. This reflects the sampling bias, all Muskeg core
samples being taken from relatively permeable dolomitic intervals near the
base of the formation. The dense, poorly permeable nature of halite and
anhydrite strata is widely acknowledged. On the time scale of petroleum
production the Muskeg-Prairie Evaporite Fm. is certairly a confining unit.

Waterways Fm.

The Beaverhill Lake Group, which overlies the Slave P»:it: Aquifer,
comprises interbedded shales and argillaceous limestones. The lowermost
unit, the Firebag Fm. (Keith, 1990) thickens westwards from 2 m at the
Sawn Lake field in tl. . east, to 25 m at the fifth meridian. The Firebag
sediment in cores from the Sawti Lake area is a bitumenous lime-mudstone
indicating very slow deposition in a relatively starved basin (Keith, 1990).
Core data obtained in the present study (see Table 3.1) indicate an average
permeability for the Beaverhill Lake Group of 0.4 millidarcies.

In conclusion the assumption of confined flow in the Keg River and
Slave Point aquifers is justified on the basis of the lithology of the
confining strata, available core permeabilities and the minor time scale of
production. Note moreover that if significant leakage through the aquitards
on the time scale of pumping does occur, the Theis Equation will
overestimate drawdown at DST wells. This ensures that no disturbed
pressure data will be overlooked.

There follows a description of the procedure used to compute PID
for the 155 potentially disturbed DST pressures in the present study area.

PID Calculation Procedure
The following procedure was followed for each DST well in turn.
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. Identif luction (and_injection) s whicl .
: he DST d | calculate ] !

Calculate the pumping interval prior to the DST as the DST date
minus the Start of Production/Injection date for all production wells. When
this is a negative value production post-dates thc DS1' and cannot cause
PID. If the calculated pumping interval exceeds the c.nulative production
time for the well given in the Pubco database - use that instead. This
substitution was made for 225 of the 1164 DST-production well
interactions. Three assumptions are made in this step. First that production
once started is continuous. In reality most production wells halt pumping at
intervals to allow the reservoir pressure to recover. Second, that the
continuous pumping period ended at the DST date. While this is probably
usually the case {over half the production wells remain active today) no
check was made for the possible abandonment/suspension of production
wells prior to the DST which would diminish the disturbing effect of
pumping. Thirdly that the production rate was uniform. Figure 3.5 depicts
schematically a case which illustrates these problems.

The main error in this step is to have overestimated the pumping
interval by the time that the well was actually idle. The inaccuracy is
constrained by the total cumulative production time for the well which the
calculated pumping interval cannot exceed.

2. Identif luction (and injection) s within 10 X
radius. Reject those producing from zones other than the
aquifer of interest.

For the production/injection wells which remained from step 1, the
radial distance from the DST well was calculated, retaining for further
calculation all wells within a 10 km radius. Production wells with a
perforated interval mi:-point over 200 m above or below the mid-point of
the packer interval in the DST well were rejected. This removed wells
producing from aquifers other than that in which the DST was conducted.
The well location coordinates in the Pubco database are accurately
surveyed and are corrected to bottom hole coordinates for deviated wells.
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. b acti luction (and injection) well

Using Equation 3.5, u values were calculated for each DST well with
respect to al! production wells in a 10 km radius which were active prior to
the DST date. The aquifer storativity (4.70 E-05) and transmissivity (9.1
E-06 m?/s) values used are arithmetic averages for the Keg River-Granite
Wash aquifer calculated from core data for the study area (see Tables 3.1
and 3.3). The error in the calculated u values arises from the constant
values of S and T applied, and the possible non-circularity of cones of
depression due to low permieability aquifer boundaries or permeability
anisotropy.

It is theoretically possible to obtain more accurate drawdown values
by determining local permeability, porosity and aquifer thickness values
representative of the 10 km well radius for each DST well, although this
would greatly complicate the calculation procedure. The S and T calculated
for the Keg River aquifer in the present study were also used for the Slave
Point aguifer since the hydraulic characteristics of the aquifers are similar.
The Keg River and Slave Point Formations exhibit permeabilities of 11 and
5 md and porosities of 6.3% and 6.2% respectively (see Table 3.1).

4. Extract W(u) value corresponding to r. from Theis Type

r ; T

Equation 3.4 was solved (Istok, 1989) for u values ranging from

0.01 to 20, to cover the data range. Figure 3.6 is a graph of the Theis type
curve constructed from these data. W(u) values were then extracted from
the table corresponding to the calculated u values. The table has a
sufficiently high sample density (100 values per log cycle) that it was
unnecessary to interpolate between tabled W(u) values.

. DST i dividual

production well.

Drawdown in metres, was calculated using Equation 3.3. There were
1196 interactions between the 151 potentially disturbed DST wells in the
present study area, and the 243 active producing wells. Of these, 888
generated u values >20, hence W(u) less than 10-10 and effectively zero
drawdown (see Figure 3.6). The remaining 308 interactions caused
disturbance (partial drawdowns) at the DST wells.
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Toth’ rferenc
Té6th’s Interference Index (Té6th and Corbet, 1986, p. 355) is:

t
=logio ;3 (3.2)

where t is the production time in years and r is the distance between the
DST and the production wells in miles.

Z. Calculate total drawdown at each DST well,

The Principle of Superposition (Freeze and Cherry, 1979, p.327)
states that overlapping cones of depression due to multiple pumping
(production) wells produce a total drawdown at a given observation (i.e.,
DST) well which is the sum of the component partial drawdowns. Partial
drawdowns caused by all active production wells within a 10 km of each
DST well were summed to give the total drawdown.

8. Calculate a Cumulative Interference Index
Since total drawdown is actually the sum of the partial drawdowns
caused by individual production wells, a cumulative interference index was

calculated:
n ti
Z1= 3logio ) (3.6)
1=

which is the sum of the individual indices generated for each DST well.

Evaluatien of the Critica’ Drawdown Parameters

Equations 3.3 to 3.5 show that there are five variables which affect
drawdown. Since constant values of S and T were used there are only three
variables in my drawdown calculations. Drawdown is proportional to the
pumping tizne and the pumping rate at the production well, and inversely
proportional to the square of the distancz between the DST and the
producticii well.
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Figure 3.7 and Table 3.10 illustrate the relative significance of these
3 variables. The vertical axis of the graphs in Figure 3.7 shows partial
drawdown i.e., that component of the total drawdown at a DST well caused
by individual production wells. The negative drawdowns were caused by
injection wellis.

Table 3.10 shows the averages and standard deviations of the 3
variables for different ranges of partial drawdown calculated separately for
production and injection wells. The figure and the table comprise the
results of 1194 interactions betwcen 155 DST and 235 production wells.
The three variables: distance, time and production rate are now discussed

in turn.

Figure 3.7(a) shows clearly that distance is the dominant variable.
All partial drawdowns exceeding 10 m are caused by production wells less
than 3 km from a DST well. Further, both the magniiude and frequency of
drawdowns diminish as distance increases. However, it is also apparent that
minor drawdowns are caused by production wells over distances up to and
presumably exceeding () km {the maximum distance considered). A
sufficient numbe: ¢ these minor partial drawdowns may add up to
significant totai. ~ ‘ear!,  ~rbitrary disturbance distance cut-offs such as the
1.6 km limit used by Fuow and the 4.8 kin limit by T6th and Corbet,
should be applied wiih caution and consideraiion given to the total number
of production wells whi:n may contribute to the drawdown at a given DST
well. Table 3.10 reinfor-. 5 these observations. The partial drawdown
range increases progressively as the average inter-well distance decreases.
Production wells causing »ver 5 m of partial drawdown at DST wells were

on average 1.2 km distant.

2 Production Ti
Figure 3.7(b) shows that all production wells in a 10 km radius
which were active for more than two years before a DST caused
drawdown. The maximum disturbances however are caused by production
wells with fairly short pumping times (less than 3 years) reflecting the
overriding positive influence on drawdc wn of proximity (Figure 3.7(a)).
Table 3.10 shows that the zero drawdowns correspond to the shortest
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pumping intervals (average 0.5 years) whereas | to 5 m drawdowns
occurred when the average pre-DST pumping time was 2.7 years.

3 Production Rate

Figure 3.7(c) shows the effect of the pumping rate on PID. Zero
drawdowns are concentrated at low pumping rates (less than 50 m? per
day), but this is also the range within which the maximum drawdowns
occur. There is no reliable trerid in drawdown related to production rate
and this is also apparent from the average values for different drawdown
ranges shown in Table 3.10. Overall the variability of production rates is
small (only 6 wells exceed 100 m3 per day) which probably reflects
imposed legal production constraints. In conclusion the pumping rate is the
least influential « . the 3 variables affecting PID.

A Refined Interference Index

rtial Dr,

Figure 3.8(a) is a graph of the drawdowns caused at DST wells by
individual production wells (partial drawdowns), versus the interference
index of Téth and Corbet. There is some scatter to the distribution
retiecting the influence of the production rate which is not considered and
also the fact that (as indicated by Equations 3.3 to 3.5) drawdown is not a
log function of t/r2. Nontheless the threshold of PID is well defined at 1=-
9).6 (see Figure 3.8(b)). This is considerably lower than the threshold of
+0.7 used by Té6th and Corbet. Table 3.10 shows that the average
individual interference index increases progressively with increasing
drawdown. As shown in the table maximum partial drawdowns (62
interactions produced drawdown > 5 m) occur at an average I value of
+0.5.

Total Drawdowns

Since total drawdown is actually the sum of the partial drawdowns
caused by individual production wells, a cumulative interference index was

calculated

oot
) iEIIOgIO 2 (3.6)



74

which is the sum of the individual indices generated for each DST well.
Figure 3.9 shows the calculated total drawdowns versus the cumulative
interference index for the 155 DST wells.

As for the individual index in the previous figure, Figure 3.9(b)
shows that the threshold of PID is fairly abrupt. I recognize the threshold
of significant disturbance at XI = 0.2 since no zero drawdowns occur at this
magnitude whereas all large total drawdowns are included. The
discrepancy between my suggested thresholds of I and ZI (-0.6 and +0.2
respectively) and the value of +0.7 used by T6th and Corbet r': . reflect
contrasts between the two study areas: the hydraulic character of the strata
(they considered PID in 3 Mesozoic sandstone formations) and the
production schedules. Further study in different regions would be required
to show whether the thresholds calculated here are applicable outside the
present study area.

Table 3.11 shows relevant statistics for these wells, for each of four
PID ranges (from zero to over 5 metres drawdown): the number of DSTs;
the distance to the closest producing well; the number of active production
wells in a 10 km radius and the calculated XI values.

Finally in Figure 3.10(a), total drawdown versus the distance to the
nearest active production well is graphed while Figure 3.10(b) shows total
drawdown versus the rzumber of active production wells within a 10 km
radius. From the first graph it is clear that all severe drawdowns are for
DST wells <2 km from the nearest active prod:ciion well. Use of this
single culling criterion, which would be v-1y ¢:1:ick and easy to apply
would result in the inclusion of only the th: > scriously disturbed DST
wells around the four kilometre distance mark on the figure.
Simultaneouslx '+ -ever, a large number of undisturbed pressures would
be culled (the . ‘v '5 peints spread along the horizontal axis between 1
and 2 km).

Figure 3..ua) also shows that no significant total drawdown occurs
when the nearest active production well is over 4.5 km distant. This
coincides remarkably well with the drawdown limit radius of 4.8 km
proposed by Té6th and Corbet. The statistics in Table 3.11 reinforce the
relationship, showing progressively smaller average distances to the nearest
production well as the total drawdown increases. The differences between
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the average values for successive ranges of drawdown are marked and the

standard deviations are low.

Figure 3.10(b) shows a very weak positive correlation between total
drawdown and the number of active production wells within a 10 km
radius. The large standard deviations in Table 3.11 mirror the wide spread
of the data points shown in the figure. This criterion is not useful as a
disturbance indicator.

Three Methods for Evaluating PID
In summary, 3 methods of evaluating production disturbance have

been evaluated whose refinement is proportional to the time invested in
their calculation. In order of increasing refinement these are:

1) Cull all pressures obtained from DST wells <2 km from an active
production well (see Figure 3.10(a)). This method would erroncously
cull a large amount of undisturbed dzta.

2) Calculate the cun #%::i;ve interference index:
n tj
2l = Jlogio =5
'El g10 ri2
which considers both distance (r, in miles) and the pumping interval (t,
in years) and reject those wells for which; %i cxeeds 0.2, (see Figure
3.9(a)).

3) Calculate drawdown using: tiie Theis Equation which considers time,
distance, pumping rate and the hydraulic properties of the aquifer.

Conclusions:

1) Accurate evaluation of PID is fundamental to the meaningful
interpretation of subsurface pressure data for detailed flow studies in oil

producing regions.

2) Individual production wells in the present study area cause
disturbance over distances exceeding 10 km although significant
drawdown falls off rapidly with increasing distance. No total
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drawdowns exceeding 1 m were calculated for DST wells > 4.5 km
from the nearest active production well.

3) Total drawdowns are the sum of the partial drawdowns caused by all
contributing production wells. In the present study area each DST well
was subject to the influence of an average of 8 production wells within a
10 km radius. One DST well was subject to the effect of 23 production

wells.
4) PID can be estimated on the basis of:

i) Proximity to the nearest single active production well. This factor is
the best single indicator of PID.

ii) The Cumulative Interference Index. This is a more accurate indicator
of PID requiring the same data but more computation effort than i)

iii) A relevant “drawdown equation” from well hydraulics.

3.2.4 Culling of Production Disturbed Pressure Data

The total drawdown values I calculated are precise but inaccurate
given the certainty of local deviations from the S and T constants used, plus
the possible violation of some of the ideal assumptions underlying the Theis
Equation. For this reason rather than recalculate undisturbed heads, I
culled all the pressure data for which total calculated drawdowns exceeded
I m and identified the remaining data with varying confidence levels. This
resulted in the culling of 63 of the 301 stable pressures from the database.

Figure 3.11.1 shows the distribution of production wells that were
active prior to the most recent DST in my data base. Different symbols
distinguish Keg River-Granite Wash aquifer wells from those in the Slave
Point. Figure 3.11.2 is a con:-.ur map of calculated drawdown in the Keg
River Aquifer. The drawdowits represent conditions at the time of the
individual DSTs which wer: conducted over a period of 30 years. The map
illustrates the maximum er:r that could exist in the Keg River Aquifer
potentiometric surface if *1:) were unaccounted for.
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3.2.5 Rationale for Using Non-Water Recoveries

3.2.5.1 Mud ™¢royeries

Mudr . nay indicate either a packer seat failure or
production ¢ .uus' wiate from the formation. In the former case the
pressure reco.di,f " useless but in the latter case it may be perfectly valid.
A packer seat failure will normally generate a range of effects including an
abnormal build up curve which make it immediately recognizable and the
DST will be classed as mis-run. Extensive mud invasion of the formations
penetrated by the borehole dusiug drilling is common and may cause
supercharging if the reservoir is small. The pre-flow period of a DST is
intended to bleed off any excess pressure due to supercharging and if it
does not the DST will usually show depletion. Depletion is indicated when
the extrapolated pressure for the initial shut in is over 3% higher than that
for the final shut in (Ehrmann, undated). Supercharge and depletion are
causally related because a reservoir that is small enough to experience a
significant pressure increase from mud invasion will also experience a
significant pressure decline during the main flow period of a DST. In
practice, ¢ince supercharge can be recognized from the test results (by
depletion) reliable and dubious mud recovery DSTs can be distinguished.

3.2.5.2 Qil Recoveries

Pore pressures in oil pools are often higher than those in adjacent
water saturated rock. The pressure difference increases with the height of
the vertically continuous oil column, and with the density contrast between
oil and water. This is a simple consequence of hydrostatics. It would be
erroneous to take pressures recorded in oil pools as representative of the
ambient water pressure if the oil is significantly over-pressured. The
potential r.-~~itudes of excess pressure in the oil pools of the present study
area can t«. « .culated using the data in Table 3.12. Presented in the table
are the arithmetic mean averages and standard deviations of pocl heights
(b) and oil and water densities (po and pw respectively) for the Keg River
Formation. The fluid densities are from ERCB data (ERTB, 1991 a),
(ERCB, 1991 b). Botih fluid densities arc correctzd to reservoir conditions.

Assuming that all of these data are from pepulations with
approximately normal distributions, the mean £2 standard deviations will
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cover the range of 95% of the population (Davis, 1973) This range is

included in Table 3.12.
The excess pressure (Pex) generated in the oil at the top of a pool can

be calculated as

Pex = (pw - pp) b g. (3.7)

where pw is the water density, pp is the oil density, g is gravitational
acceleration (9.82 1n s-2) and b the height of the oil column (thickness of
net pay). Thus the maximum excess pressure possible for the oil pools in
the present study area is:

Pex max = (1228-729)*15%9.82 = 74 kPa (3.8)

whereas the average excess pressire (using arithmetic mean values for all
variables) is:

Pex avg = (1156-765)*7*9.82 = 27 kPa (3.9)

Although these are relatively insignificant magnitudes (average mechanical
error of pressure recorders is =75 kPa - see Appendix 3), oil recovery
pressures were not used to construct hydraulic head maps.

3.2.6 Review of the Culled Data Set

A total of 913 DSTs are tabulated in the CIFE database for the 1160
wells in the present study area of which 74% were eventually culled. Only
301 were stabilized of which a further 63 were seriously affected by
production drawdown. Table 3.13 is a summary of the 238 stable,
undisturbed pressures in my database which remained after culling. The
oldest DST used was recorded in January 1953, the most recent in April
1987.

3.3 Temperature Data

The most abundant source of deep subsurface temperature data are
bottom hole temperatures (BH'I's) recorded during the routine geophysical
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logging of petroleum wells. These are the data used in the present study.
BHTSs are obtained mainly by maximum temperature mercury
thermometers mounted on geophysical tools. After drilling has stopped the
mud is circulated for a few hours to “treat” the hole. Geophysical logging
then proceeds, the BHT being recorded when each tool is pulled back to the
surface. Obtaining an accurate temperature reading is unfortunately not a
major priority of the logging operation and BHTs comprise a data base of
notoriously variable quality. As noted in Appendix 3 the theoretical limits
of temperature resolution imposed by the accuracy of the temperature
sensors and by thermal convection in the mud column are at best 0.1°C.
However the actual error in reported temperatures, collected as a low
priority task under uncontrolled conditions is frankly unknown. Leblanc et
al (1982) assume an absolute error of +5.5°C in reported BHTS, but this is

an arbitrary value.

3.3.1 Thermal Disequilibrium and Correction Methods

A more tractable problem than the accuracy of the reported BHTs is
that of the thermal disequilibrium caused by drilling. In a well, circulating
drilling mud cools the lower portion and warms the upper portion of the
borehole as shown in Figure 3.12. The actual shape of the disturbed
temperature curve depends on many factors including the mud composition
and circulation rate, the ground surface temperature and the local
geothermal gradient (Gretener, 1981, p.67). When c.:culation stops the
rock adjacent to the borehole slowly recovers its undisturbed ‘formation
temperature’ which is transmitted to the mud. It is the stable formation
temperature at the bottom of the hole that we seek. Since most BHT's are
measured before thermal equilibrium is attained, the recorded
temperatures are too low. The problem then is how to derive true
formation temperatures from BHTs.

Over the last four decades some 30 different methods to correct
petroleum well BHTs for the effects of thermal disequilibrium have been
devised, many of which are reviewed and compared by Hermanrud (1986).
Early models based on fairly simple assumptions have been succeeded by
models attempting a more sophisticated description of the borehole
conditions. However the latter models require several parimeters (e.g.,
thermal conductivities and heat capacities of the mud and the strata) which
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are only approximately known, so do not necessarily yield better results
(ibid, p.925).

To account for thermal disecuilibrium effects, Homner corrections
were calculated (Homer, 1951) for those BHT measurements with
recorded times of cessation of drilling and of circulation. These data were
subsequently used to calibrate the corrections applied to the remaining data
(see Section 3.3.1). Dowdle and Cobb (1975) show that although
temperature build up is not strictly analogous to pressure build up, Homer
extrapolation gives reasonable estimates of static formation temperature
when the circulation time is short (i.e., less than a day) and the geothe:
gradient is not exceptionally high. A practical description of how to use
Homner plots for BHT correction is given by Fertl and Wichmann, (1977).

Horner plots require multiple temperature measurements at the same
depth in the same well, the total mud circulation time after cessation of
drilling plus the times elapsed since circulation stopped for each
temperature measurement. Often, the circulation time is not available and
in such cases I have used an assumed value. This introduces error of
unknown magnitude.

3.3.2 Culling and Correcting BHT data

BHT data were read from the headers of well logs in the ERCB
microfiche collection (ERCB, 1990 b). Dr. Bachu of the Basin Analysis
Group at the Alberta Research Council provided guidance and assistance in
the culling and correction of these data. Figure 3.13 is a flow chart which
outlines the procedure used.

3.3.2.1 First Stage

A total of 4202 BHT records consisting of between 1 and 5
temperature readings per record, were tabulated for the wells in the study
area. Initial culling removed 145 clearly contradictory records (e.g.
different temperatures reported at the same time in the same well). The
remaining raw data were arranged into three classes:

Class 1: 3196 records with two or more temperature readings including
the time elapsed since circulation stopped
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Class 2: 574 records with single temperature readings including the
time elapsed since circulation stopped

Class 3: 287 records with single temperature readings without time

elapsed since circulation stopped
For Class 1 and 2 records a circulation time of 6 hours was assumed

where the circulation time (tc) was not recorded. This comprises 4 hours
for circulation after drilling stopped (as used by Chapman, 1984), plus an
extra 2 hours for the average time required to drill to TD below the point
of temperature measurement. Two hours is my estimate based on the
location of the thermometers (normally positioned 9 m above the bottom of
the tool), and assuming a penetration rate of 14 minutes per metre for the
lower Elk Point Group sediments or weathered Pre-Cambrian (Helander,
1983). The necessity of including this calculation in the circulation time

was pointed out by Gretener (1981, p.70).
3.3.2.2 Second Stage

Corrected formation temperatures for thc Class 1 data were obtained
by extrapolating to origin (i.e., to infinite time) a Homner plot of the BHT's
versus the dimensionless time variable log[(tc+te)/te] Where tc is the
circulation time and te is the time elapsed since circulation stopped. The
calculation was performed using software written and implemented by Dr.
Bachu at the Alberta Research Council (Bachu, 1988).

Homer analysis of the Class 1 data yielded 25 records with positive
slope (temperatures decreasing over time), 1256 records with zero slope
and 1815 records with negative slope. The positive slope records yielding a
static temperature lower than the measured temperatures were discarded
since none of the temperatures were recorded at shallow depth in a deep
well, which could explain a cooling trend. Example Homer plots are shown
in Figure 3.14. The zero slope data (i.e., two or more temperature
readings all the same value) were added to the Class 2 data for later
processing, retaining only the first temperature reading and time elapsed. It
is assumed here that the temperature was measured once (on the first
logging run), that value being copied for subsequent runs. The negative
slope data were scanned for records where:
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i) The temperature correction AT (Horner corrected temperature minus
final BHT) exceeded 8°C

ii) The correlation coefficient was less than (.5

Log headers of these records were reexamined for data entry
errors, and considering the time and temperature data for cach case
individually, 168 records were rejected, leaving 1747 corrected Class 1
records.

3.3.2.3 Third Stage

Following the procedure developed by AAPG (1976) and used by
Chapman (1984), and Bachu (1988), regression analyses were performed
on the 1747 Class 1 temperature corrections (the Homer corrected
temperature minus the final BHT reading). The regression analysis was
conducted by Dr. Bachu at the ARC using software developed by Bachu for
this purpose. First, least squares regression equations were solved for AT
as a function of depth alone. Solutions were obtained to polynomials of the

form:

AT = ajd + a2d2 + a3d3.--+ apdn (3.10)

where AT is the temperature correction in °C, aj,a7..a, are the polynomial
coefficients and d the depth (in km) of the BHT. The correlation coefficient
was calculated for each solution as an indication of the goodness of fit, and
n was increased until no significant increase in correlation coefficient was
achieved. A reasonable fit (correlation coefficient r2 of 0.593) was
obtained fo: the third order polynomial:

AT = 42.1384d - 41.61642 + 11.7738d3 (3.11)

This equation was used to calculate corrections for the 287 Class 3 records
which had no information beyond the depth and the BHT. Next regression
equations were solved in the same manner for AT as a function of depth
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and time. A correlation coefficient r2 of 0.54 was obtained for the
polynomial:

AT = (92.7675d - 86.5754d2 + 25.6326d3) * log[(tc+te)/te] (3.12)

where t¢ = circulation time and te is the time elapsed since circulation
stopped. This equation was used to correct the Class 2 BHTs.

3.3.3 Temperaturs Data Quality Classes

Of the original 4202 BHTs approximately 90% were retained with
the following breakdown of data quality:

Class 1: 1747 Horner corrected BHTs
Class 2: 1830 BHTs corrected by a polynomial in time and depth
Class 3: 287 BHTs corrected by a polynomial in depth

3.3.4 Review of the Culled Data Set

The temperature data are used in the following chapter to construct a
teinperature map and an average geothermal gradient map. The
distribution of the data are shown on these maps. The data are almost
exclusively from the Pre-Cambrian.

3.4 Water Chemistry Data
3.4.1 Source and Type of Water Chemistry Data

A large database (on microfiche) of major ion analyses is available
from the ERCB for formation waters sampled from oil wells. Water
samples are routinely taken during drillstem tests. They may be caught at
the surface as the pipe is broken down or isolated at depth in a special
chamber in the DST tool (the down hole sampler). Samples may also be
obtained at the surface during production tests. Chemical analyses are

conducted by commercial labs (e.g. AGAT, Core Lab, Geotech etc.) all of
which use standard procedures and produce uniform results (Johnson,
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1988, p.9). Major ion an: ses report concentrations (in mg/L) of the
cations Na*. K*, Ca™ an g and ihe anions CI', HCO3", CO3™ and
SO47". Trac clemer (b . Ra. Sr, I and Br) are occasionally reported.

3.4.2 Cuhing Criteria

£ 11 water samples in © LRCB database (ERCB, 1990 a) are
contaminatcd to some deg-  Johnson, 1988), the purpose of culling is to
remove those analyses which are - -ontaminated that they are
unrepresentative of the true form 1on ..ater omposition. The most
common contaminants are mud .itrate derived {rom "¢ drilling fluid and
acids used in well stimulation. Certain checks can als - be made 1or serions
analytical errors. The Opus Engineering publication Belly River Waicr
Study (Johnson, 1988) is a very useful practical guide to the interpretation
of water chemical analyses from the ERCB database.

3.4.2.1 Initial Culling

For the wells in the present study area, 1568 analyses were available
all of which were viewed on a microfiche reader. Initial culling removed
764 analyses. These comprised duplicated records, incomplete analyses (C}
concentraticn or resistivity only), battery (multiple well) samples and
samples with pH greater than 12 and less than 4 (severcly mud and acid
contaminated respectively). A few analyses of these severely contaminated
waters were recorded to help define the criteria by which to recognize less
contaminated formation waters. For the remaining 804 samples, the
following information was zntered into a spreadsheet: the maj<r and minor
ion concentrations; TDS (calculated); water density and pH (both at 15.6 °C
and one atmosphere); sarnpling daie; the recovery methed (DST, swab,
production test etc.) recovery description and lab comments. I also
recorded well data including the wellhead elevation, the reported formation
name, and the DST packer interval depth rangc.

3.4.2.2 Detailed Culling Criteria

Two approaches to detailed culling were made: numerical
comparisons of selected parameters on a spreadsheet, and graphical
comparisons of overall composition using Stiff and Piper diagrams.
Different criteria were deveioped for the determination of analytical
errors, recognition of acid and nwud contamination.
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3.4.2.3 Analytical Error Recognition

Gross analytical errors can be in some cases be determined by
calculating the ion balance error (IBE) for the analysis. Since electrolyte
solutions are clectrically neutral on a macroscopic scale, ionic imbalance
indicates either that chemical species were present in significant quantity -
that were not included in the analysis or that the concentrations determined

are in error. The ion balance error is calculated as (Freeze and Cherry
1979, p.97):

_ z3mc - ZBma *
IBE (%) = 3 ome + 3 ama 100, (3.13)

where 3 is the valence and m the molality of the major ions. The subscripts
¢ and , represent cations and anions respectively. Major ions only (no trace
elements) were used for this computation. Freeze and Cherry (1979)
suggest a tolerance of + 5%. Johnson (1988) suggests that this should be
relaxed for waters with low TDS where small errors in calculated
concentrations can cause large calculated imbalances. All analyses in my
database with IBE>*+5% were deleted. This check does not apply to many
pre-1980 analyses for which Na concentration is not determined by analysis
but is calculated by difference in order to achieve electroneutrality.

4 r r ri

Table 3.14 shows the criteria used to characterize the ERCB analyses
of Keg River Formation water which comprised the majority (70%) of the
data for the present study. The rationale for each criterion is given in the
second column. The criteria are not individually definitive, rather each was
considered as a warning and samples were accepted or rejected on the basis
of the sum of acid or mud warnings they scored. Samples were accepted as
“pure” Keg River waters with one (of a possible three) acid warnings or
two (of six) mud warmings. The majority (85%) of samples accepted had
zero warnings.

I found the most useful culling criteria to be the Na/Cl ratio and the
pH. The Na/Cl mole ratio is sensitive to both acid and mud contamination.
Hydrochloric acid (HCI) is the acid usually used to enhance the
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permeability of carbonate formations. Cl is added to the formation water
directly from the acid while only Ca and Mg are added from the induced
dissolution of dolomite. An acid wash will usually force the Na/Cl ratio in
the formation water below 0.5. Typical Keg River muds are Na Cl
saturated for drilling through the overlying Muskeg Fm. evaporites and -
therefore have Na/Cl ratios 2 1.0. Gel chem muds used in Cretaceous
formations contain more sodium and the tie ratio is thercfoie even higher.
The Keg River Fm. is dolomite so formation waters naturally contain
appreciable Ca and Mg. The anions arc strongly dominated by Cl so the
Na/Cl ratio is always less than unity. This is also true for Cretaceous
formations. The pH of most formation waters ranges from 5.5 to 8.3, acid
contamination may push the pH below 4.0 while muds often exhibit a pH

over 9.0.

3.4.2.5 Graphical comparisons

Major ion concentrations were converted into thermodynamically
meaningful units by dividing the reported concentrations in mg/L by the
equivalent weights listed in Table 3.15 to yield meq/L and constructed Stiff
diagrams (Stiff, 1951; Freeze and Cherry 1979) for each water sample.

Stiff diagrams display the water chemistry in a visual form which
aids culling once an appreciation has been developed for the shapes
characteristic of specific formation waters, muds and acids. Figure 3.15
shows Stiff diagrams for the arithmetic mean average water chemistry of
all formations in my culled data base. Figure 3.16 shows Piper diagrams
for the same data. Table 3.16 gives the average major ion concentrations
for each formation.

In summary, the most critical information for culling purposes
comprises:

1) Origin of sample (geological formation)
2) Pattern of Stiff diagram

3) pH
>8.3 mud contamination
5.5-8.3 formation water
<55 acid contamination

4) Nal/Cl molar ratio
>1.0 mud contamination
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1.0-0.5 Sformation water
<0.5 acid contamination

3.4.3 Review of the Culled Data Set -

Through detailed culling 401 of the 804 analyses in the ERCB
database that remained after primary culling were removed. The water
chemistry database therefore comprises 403 representative formation
waters. Since there were initially 1568 analyses, 75% were culled.
Regarding the stratigraphic distribution of the dara it is again
predominantly from the Keg River and other Devonian formations.
According to a recent USGS publication (Hem, 1989, p.163) major ions
can be determined under optimum conditions with an accuracy of +2% for
solutes present at concentrations exceeding 100 mg/L, and with an accuracy
of £10% for solutes at less than 1 mg/L.

3.5 Oil Density Dat

3.5.1 ERCB OQOil Analyses
The ERCB (1991 a) have tabulated the average densities (kg/m3) of

individual oil and gas pools for the fields in the study area. Densities are
determined at 15 °C and 101 kPa abs from laboratory analyses of reservoir
fluid samples taken early in the pools production history. The ERCB also
provide the initial solution gas-oil ratios (GOR), and formation volume
factors for oils (OFVF) determined by pressure-volume-temperature
(PVT) analysis. These data were used in the present study to correct the oil
densities to reservoir conditions.

3.5.2 Correcting Oil Densities to Reservoir Conditions

The oil density in the reservoir differs from that at STP because the
temperature and pressure at depth exceed STP and solution gas is dissolved
in the reservoir oil. The gas content of the oil pools in the study area is
relatively low with an average initial solution gas-oil ratio of 40 m3 gas per
m3 of stock tank oil, but is sufficient to significantly reduce the reservoir
oil density. I used the method of Dake (1978) to correct oil densities to

reservoir conditions.



88

Dake uses the principle of mass conservation to determine reservoir
oil density. The oil formation volume factor (OFVF) is the volume of
reservoir oil (containing dissolved gas) which yields 1 m3 of stock tank oil
plus GOR m3 of gas at the well head. Knowing the density of each phase at
STP, we calculate their total mass. Dividing this number by the OFVF
yields the density of the oil in the reservoir. The simplicity of this method
depends on knowing the OFVF. The ERCB do not indicate the density of
the solution gas produced from the oil pools in the present study area so 1
uscd the average value given for the Liege gas field.

3.5.3 Review of the Data Set

Oil density data are summarized in Table 3.17. Qil density data were also
uscd to construct oil pool density maps for the Keg River and Slave Point
Formations (Figures 4.26 and 4.27) and to evaluate the static “over-
pressure” in oil recovery DSTs (see Table 3.12).

3.6 Production Data
3.6.1 ERCB Production Record>: PUBCO CD-Rom

Production data to December 1990 were obtained in digital form
(PUBCQO, 1990 b) for the 391 production and 16 injection wells in the
study area. The ERCB provide production dates and perforation depths.
They give the formation name, field and pool names and well type
(wildcat, production well etc.). They provide monthly and cumulative fluid
production statistics (for oil, gas and water) and also give the monthly and
cumulative production times. From these I calculated an average
production rate for each well which was used in the evaluation of
production induced drawdown of DST pressures. Production activity in the
study area is described in Section 3.2.3.2.

3.6.2 Review of the Data Set

The production data are presumed to be accurate. Some of the
limitations in the accuracy of the data were discussed in Section 3.2.4. The
geographic distribution of production wells is shown in Figure 3.11.1.

In the following chapter the culled data are manipulated to make a

hydrogeological evaluation.
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the Rock Framework and Indicator Patterns

In this chapter the culled data are manipulated to make a
hydrogeological evaluation. This chapter provides methods and techniques
of mapping, graphical analysis and interpretation.

4.1 Representation of the Rock Framework

Most data in the study area are concentrated in the Keg River and
Slave Point Aquifers which are the focus of this study. A sketchy outline
will be drawn for various other units where sufficient data is available in
an attempt to understand how the above mentioned aquifers interact
hydraulically with the basin as a whole. Figure 4.1 shows the distribution
of wells in the study area and the producing formations in the different oil
fields. Also shown on Figure 4.1 are the reef edges in the Keg River and
Slave Point Formations (Podruski et al., 1987). The displacement of the
Slave Point reef margin relative to that of the Keg River Fm. reflects the
Devonian transgression, the coastline shifted to the southwest over time, as
the sea advanced up the Peace River land mass.

Note that the Slave Point Formation is producing oil at the Senex and
Kidney fields which are 60 km east of the reef edge. This sugges:s that oil
has migrated through the Slave Point Fm. east of the Sawn Lake field and
that the sparsely drilled area between Sawn Lake and Panny, may contain
additional oil pools. The Keg River fields conform closely to the reef edge.
The Keg River formation is a pcorly permeable reservoir at Senex and
Kidney and becomes even tighter as the reef facies pass into thin shaley
basinal facies. It is clear from the paucity of wells west of the reef margin
that there is little expectation of Keg River production beyond it. The
Liege gas field in the southeast comner of the study area is accumulated in
the Grosmont and lower Mannville sands. I do not have much data for
these units beyond the region in which the gas field lies, so will devote little

attention to it.

4.1.1 Computer Contouring
Most of the contour maps for this study were generated using the

graphics program Surface II (Sampson, 1975) on the University of Alberta
mainframe computer. The Surface II contouring algorithm takes an x, y, z
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data set of irregularly spaced oilwell data (where x and y are location
coordinates and z is the variable to be contoured) from which it calculates
estimated values of the z variable at each node of a rcgular grid. The
estimated values are then contoured to produce a map. The procedure for
calculating the estimates can be modified by changing: the search radius;
the number of nearest neighbor data points used for averaging; weighting
factors for distance from the node etc. Two extrapolation procedures are
available whereby estimated z values can be constrained by the range of the
input data or allowed to exceed that range. The program is therefore quite
flexible and allows the user considerable control over the appearance of the
final map. Furthermore the grids can be saved and subsequently
manipulated (e.g., one subtracted from another to produce isopach maps).

The advantages of machine contouring are speed and uniformity of
procedure. The latter quality is also a limitation however since informed
interpretation may dictate a variety of ways treating the data in the
production of a single map. For some maps, dummy data points were
added to attain a desired interpretive efiect. Computer contouring is least
reliable when data are sparse.

4.1.2 Structure Contour Maps

Structure contour maps were generated for the Keg River and Slave
Point Aquifers and also for the underlying Pre-Cambrian basement and the
overlying sub-Cretaceous unconformity. Table 1.1 shows the stratigraphic
relationships between the various formations discussed in this section. The
cross-sections (Figures 1.4 and 1.5) illustrate the geometric relations.

The Pre-Cambrian surface (Figure 4.2) shows marked structural
relief, commensw ate with the active tectonic history of the Peace River
Arch, the northern limit of which (O'Connell et al., 1990) is shown on the
figure. Also shown is the outline of a 1600 Ma granite intrusion in the
basement called the Trout Mountain Batholith (Burwash, 1990). The
granite is less dense than the ambient ferromagnesian gneisses (Burwash,
1990) and extensional faulting in the late Pre-Cambrian and Early
Palaeozoic (Cant, 1988) probably caused block faulted portions of the
batholith to rise isostatically above the level of the surrounding Arch. The
resulting horsts were submerged during the Middle Devonian transgression
and were consequently colonized by robust stromatoporoids and corals to
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form the high energy portions of the Keg River fringing reef and
subscquently the most permeable, structurally elevated portions of the Keg
River Formation. This may partly explain the location of the Keg River oil
fields in the study area over the batholith (compare Figures 4.1 and 4.2)

The regional dip of basement is about 3 m/km (less than 0.2 © dip
WSW). There is a clear correlation between the positions of the known oil
fields and positive structural elevations of the basement. There are a
number of structural basement highs (open and closed) in the study area
which have been only sparsely drilled. These areas have been highlighted
and represent regions within which potential exploration targets will be
sought in the overlying aquifers.

The next surface mapped, is the top of the Keg River Aquifer
(Figure 4.3) which comprises the dolomitic Keg River Fm. and the
feldspathic sands and conglomerates of the Granite Wash Fm. The Keg
River Aquifer top has a regional slope of 4.2 m/km (less than 0.25 © dip)
and the relief is similar to that of the underlying basement. The Keg River
Fm. reef margin is shown and I have indicated a number of structural
highs on its shoreward side on the map. In the northeast, four pinnacle
reefs can be discerned. To date no oil has been discovered north of east of
the reef edge. The aquifer transmissivity is significantly reduced beyond
this limit, and although the pinnacle reefs in the basin do have reasonable
permeability, oil apparently cannot traverse the intervening area. Separate
conceptual plays exist for the carbonates and clastics in this unit (Podruski
et al., 1987). For the Granite Wash, the following trap types are

recognized:

1)  Stratigraphic traps at the up-dip (northeast) edge of deposition.

2)  Stratigraphic-structural traps where local pre-Devonian structures
influence sandstone deposition.

3)  Structural traps where younger structures pool oil in continuous
sheet sands.

For the Keg River Fm., a single trap type has been recognized, i.e.:

1)  Structural-stratigraphic traps where Keg River reef facies are
developed over pre-existing basement fault blocks.
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The reservoir properties of the pools discovered so far, indicate that
lithofacies trends within the reef are important. The eastern shelf edge, as
at the Senex oilfield, comprises muddy wackestones and recovery factors
are low. Higher energy trends as in the Panny field have better
permeability and higher recovery factors.

The three triangles drawn on the map identify the groups of wells
used to calculate gradients (hydraulic head and structure) as described in
Section 4.2.1.1.

The Slave Point Aquifer is separated from the Keg River by the
Muskeg-Prairie Evaporite Fm. The evaporites filled in much of the relief
on the top of Keg River Fm. which is clear from Figure 4.4. The Slave
Point Aquifer shows considerably less relief than the Keg River Fm.,
dipping WSW at 3.75 m/km. As indicated earlier, oil production in the
Slave Point has been established 60 km east of the Slave Point resf margin
in western parts of the Kidney and Senex fields. The high-graded areas on
Figure 4.4 indicate prospective structures up-dip of the Sawn Lake field.
These are clearly comparable in magnitude to the structure at Sawn Lake.
Greater resolution (i.e., a smaller contour interval and a finer grid) would
undoubtedly reveal structural closure at most of these sites.

The last structure contour map shows the Pre-Cretaceous
unconformity and basal Mannville sands which corresponds to the top of
the Upper Devonian Aquifer (Figure 4.5). Different well symbols and
patterns distinguish the basal Mannville sands and the various Paleozoic
formations that subcrop the unconformity where the sands are absent. The
unconformity has a very gentle WSW dip of 0.6 m/km (contour interval
for this map is 10 m). The map shows that Bluesky sand is absent over the
subcrops of the two dolomitized formations, the Grosmont and Winterburn
in the east. The Wabamun and Banff limestones are largely sand covered.
The sand distribution may reflect differential relief at the time of
deposition (the dolomites forming elevated ridges on the sea floor) possibly
indicating that dolomitization occurred prior to Bluesky deposition. The
high permeability of the Upper Devonian carbonates and the sandstone
renders this surface an important conduit for lateral flow.
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4.1.3 Isopach Maps
One objcctive of this study is to determine the degree of hydraulic

communication between aquifers separated by thick aquitards. The Keg
River and Slave Point aquifers are separated by the Muskeg Aquitard. It is
reasonable to suppose that such communication will be enhanced where the
aquitard is thin. Figure 4.6 is an isopach map of the Muskeg. The Muskeg
Fm. thickens to the northeast (from 40 to 300 m) reflecting the increased
basin depth with distance from the shoreline in the southwest. Interrupting
this general trend are a number of anomalous “hollows”. The two in the
northeast are due to Keg River Fm. pinnacle reefs but all of those in the
southern half of the area are associated with structural highs on the Pre-
Cambrian (open circles on the map) and no unusual development in the
Keg River Fm.

Figure 4.7 shows the well logs for the two wells indicated on the
isopach map which form a short transect across the hollow in Tp.93 R.2
WS5. The Muskeg Fm. in well 16-23 is devoid of halite as indicated by the
caliper log (track #2). The compensatory thickening of the Watt Mountain
Fm. fixes the timing of the dissolution as a very early event, possibly even
syndepositional. It has been suggested that fluid migrating through the Pre-
Cambrian caused dissolution of soluble salts in the Muskeg to produce these
hollows which are well-known in this area (Anderson et al., 1988).
Possibly meteoric water recharging the Peace River peninsula, discharged
offshore creating a freshwater plume in the hypersaline evaporating basin
thereby preventing local salt accumulation. Regardless of their origin these
hollows are optimal locations for hydraulic communication between the

Keg River and Slave Point Aquifers.

4.1.4 Hydraulic Conductivity Maps
Figures 4. to 4.10 are computer-generated hydraulic conductivity

maps of the three Paleozoic aquifers. Hydraulic conductivity (K) was
calculated from core permeability using:

K =k + 208 Q.7
Hw
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where, in consistent units, hydraulic conductivity is in m/s, k is
permeability in m2, p, is freshwater density in kg/m3, g is the gravity
constant (9.82 m/s) and [y is the dynamic viscosity in Pa.s. ERCB core
permeabilities are given in millidarcies which are converted to m2 by
(Freeze and Cherry, 1979):

millidarcy * 9.87¢-10 = m2 4.1.1)

Where available, local values of temperature (to determine viscosity) were
obtained, otherwise average values for the relevant formations were used.
For the Keg River Aquifer, the average water temperature is 38 °C (see
Table 3.17). Bear (1972) gives a viscosity value of 6.5¢-4 Pa.s for water at
this temperature, hence:

Po g 1000*%9.82

L = 65e4 = 15.11e+6 4.1.2)
Thus for the Keg River I'm. where local values of the fluid parameters
were not available the following conversion was made:

k (millidarcies) * 9.87e-10 » 15.11e+6 = K (m/s) 4.1.3)

which accounts for the in situ viscosity of the Keg River formation water.
Except for the Keg River Aquifer, the data abundance and distribution is
very poor.

For the Keg River Aquifer the area of maximum conductivity is
where the Granite Wash sands are thickest, in the southwest (Figure 4.8).
The high permeability of these sandstones combined with low water
viscosity due to high temperatures yields a conductivity in the 10-6 m/s
range. Moving northeast onto the Keg River reef, conductivities remain
fairly high ranging from 10-6 m/s down to to 10-8 m/s where the very high
density brines are located. Beyond the reef, conductivities decline
basinward. Anticipated lithofacies trends along the reef (high and low
energy depositional environments) are not apparent on Figure 4.8. This
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may indicate a more complex pattern of permeability in the Keg River Fm.
than simple reef models suggest, or that the core data for this aquifer do
not accurately reflect the true permeability distribution. The hydraulic
head distribution (described below) indicates that the latter is probably the
case.

Lacking a permeable clastic facies in the study area, the Slave Point
aquifer (Figure 4.9) has a lower hydraulic conductivity than the Keg River
aquifer. The conductivity in the Sawn Lake field is probably the highest in
the region (10-6 m/s in the Joan field is suspect). If that data point is
excluded then the 10-8 m/s contour roughly parallels the reef margin. Note
that conductivity does not decrease appreciably in the Slave Point aquifer
between Sawn Lake and the wells at the Senex and Kidney fields.

Hydraulic conductivity in the Upper Devonian-Basal Cretaceous
Aquifer (Figure 4.10) is clearly much higher than in the older Paleozoic
aquifers. Because this hydrogeologic unit is very thick compared to the
Keg River and Slave Point aquifers its transmissivity is huge.

4.1.5 Transmissivity in the Keg River Aquifer

Data are most abundant for the Granite Wash and Keg River
Formations, so transmissivity was calculated for this aquifer alone (Figure
4.11). The transmissivity calculation procedure is described in Appendix 4.
There is generally an inverse relationship between thickness and
permeability in the Keg River Fm. since the dolomites are most permeable
over structural highs where the aquifer is thin, so the transmissivity range
is somewhat muted compared to the range of hydraulic conductivities
(compare Figures 4.11 and 4.8). Transmissivity varies over just three
orders of magnitude versus five orders of magnitude for the conductivity.
The transmissivity value of 10-6 m2/s used in the calculation of production
induced drawdown (Section 3.2.3) is clearly a representative average. The
lowest transmissivities are in the west central area (Tp.94 R.12 W5) and in
the east (Tp.100 W4). Figures 4.11 does not indicate a drop in
transmissivity at the reef margin, rather transmissivity increases to the
north. This is at variance with geological expectation and probably reflects
the paucity of core in the northern part of the study area and the bias to
permeable (potential reservoir) intervals in both the sampling and analysis

of core.
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12 R (ati f Indi P
4.2.1 Pressure

4.2.1.1 Hydraulic Head Maps

Conventional hydrogeological interpretation of a freshwater
equivalent hydraulic head map as a potentiometric surface assumes
confined flow in a horizontal aquifer with isotropic permeability. When
there is no vertical motion and no water density contrast it can be safely
inferred that flow is in the direction of decreasing head.

Keg River Aquifer

Figure 4.12 shows the freshwater equivalent hydraulic head
distribution for the Keg River Aquifer. Hydraulic heads were calculated
using the best quality DST pressures as described in Chapter 3. Qil
recovery pressures were excluded and only water and a few carefully
screened mud recoveries were used.The dip of the Keg River Aqnifer is
slight but the formation water comprises brines of variable density. Before
inferring flow directions from freshwater equivalent head gradients, the
possible influence of buoyant forces must be evaluated.

Variable Density Water
By using freshwater equivalent heads to infer flow directions in

gently dipping aquifers saturated with variable density brines we implicitly
assume that since the flow is quasi-horizontal, buoyant forces are
negligible. Bear (1972) discusses instability in variable density brines and
presents the correct formulation of Darcy’s Law for evaluating the flux of
an inhomogeneous fluid in which convective currents may arise due to
variations in solute concentration. Bear’s formulation, for an anisotropic
medium (1972, p.654, Equation 10.7.45), can be written for flux in the x
direction, using partial derivative notation as:

k odhy k d
ax=- "1 (po g+ 53) - 1 (e (ow—po) 53): 4.2.1)
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For the point under consideration, ky is the permeability of the brine
saturated aquifer in the x-direction, p the fluid viscosity, oh/ox is the
freshwater equivalent head gradient and 9z/dx the gradient of the aquifer
in the x-direction. The point water density is pw.and po is a hypothetical
reference fluid density (i.e., freshwater). Motion is thus caused by two
driving forces: the first term in brackets in Equation 4.2.1, proportional to
the negative gradient of the freshwater equivalent hydraulic head
distribution at the point; and the second term in brackets that constitutes the
buoyant force. The latter force impels a fluid particle of density po,
immersed in a fluid of density pw, vertically upwards. This term is the x-
direction component of the total buoyant force for petroleum given as

Equation 2.1:

P

Ep = - grad z, g (pw - Pp)- (2.1)

Davies (1987) simplified Equation 4.2.1 by assuming a medium with
isotropic permeability, and substituting hydraulic conductivity (K):

k
x _kpog

T 2.7)

for the relevant rock-fluid properties. Equation 4.2.1 can be rewritten as:

q=-K (gradh) - uLW (g (ow - po) grad z) » g—j 4.2.2)

which simplifies to, (Davies, 1987, p.4):

q=-K (grad h +-&Vp——& grad z) (4.2.3)
(o]

or since p, is unity (1.0 ¥*10-3 kg/m3):
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g=-K (grad h+ (pw—1) grad z) 4.2.4)

The first term within the brackets is the freshwater equivalent head
gradient at the point considered. The second represents the buoyant force ™
that is usually assumed to equal zero. The real flow direction is the
resultant of these two vectors.

Equation 4.2.4 shows clearly that it is not the absolute magnitude of
the buoyant term that determines whether density-related effects are
significant but rather its magnitude relative to the head gradient. The ratio
of the density-related buoyancy term to the freshwater head term (Bear,
1972, p.654), is termed the driving force ratio (DFR) by Davies (1987,

p.6):

|grad z|

- I)Ig—r;‘—ﬂ- (4.3)

DFR = (pw

Bear (1972, p.654) states that when DFR»1, buoyant forces dominate and
the flow regime is one of free convection. When DFR«1, on the other
hand, the flow is governed mainly by external head gradients and the flow
regime is one of forced convection. Davies (1987) showed that buoyant
forces were significant in a gently dipping confined aquifer saturated with
variable density water for a study area in New Mexico. Flux vectors
computed from the freshwater equivalent heads distribution alone
(Equation 2.9) were compared with those accounting for buoyant forces
(Equation 4.2.4). Davies determined that the approximate threshold at
which a buoyant force became significant in the New Mexico study area
was at DFR=0.5. This threshold corresponded to a possible deviation
between the orientations of the freshwater and buoyancy modified flux
vector of up to 30 degrees. Davies noted that this threshold could vary
depending on local flow conditions.
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Calculation of DFR for the Keg River Aquifer

The average fluid density for the Keg River Aquifer corrected to
reservoir conditions (Table 3.17) is 1.156 *103kg/m3. Grad z = 0.00325 is
the regional dip on the top of the Keg River Fm. scaled from the Keg
River structure contour map between Tp.90 R.12 WS and Tp.102 R.23
W4, Finally grad h = 0.00116 is the average freshwater equivalent head
gradient scaled over the same interval from Figure 4.12. Substituting these

regional values into Equation 4.3 yields:

DEFR regional = 0.44 4.4)

which is close to Davies’ threshold value. Local areas in which the
freshwater head gradient will not represent the true flow direction will be
where the head gradient is slight, the water density is high and the aquifer
is steeply dipping.

Inspection of Figure 4.12 (hydraulic head) reveals the lowest head
gradients in the southwest and northeast quadrants of the study area. The
greater salinity of the water (Figure 4.24) and the local steep dip of the
aquifer (Figure 4.3) in the northeast quadrant suggest that the freshwater
head vector in this area (oriented northeast) is directly opposed by a
buoyant force vector oriented down dip.

To investigate further, the specific discharge or water flux was
determined by Equation 4.2.3 for three regions in the study area centred
on: Tp.92 R.9 W5; Tp.97 R.2 W5 and Tp.100 R.6 WS respectively
(Iocations shown on Figure 4.12). Table 4.1 shows the head and elevation
data used to determine the gradients grad h and grad z. Figures 4.13.1 to
4.13.3 are scaled plan view vector diagrams illustrating these component
gradients and their vector sum representing the buoyancy modified driving
force (labelled F on the Figures). The deviations due to buoyancy both in
terms of the magnitude and orientation of the driving force are tabulated in
Table 4.2, which also shows the driving force ratios (Equation 4.3)
calculated for the three locations. In the southwest DFR=0.1 and buoyancy
is unimportant. In the northeast where the local dip is steep and the water
density is high, DFR=3.4. At this location, the downdip flow of heavy
brine dominates and the true driving force exceeds that inferred from the
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freshwater head by a factor of three while the force orientation deviates
1230 from -grad h. Finally in the north, DFR=0.7. Figure 4.13.3 shows
how at this location, the buoyancy-modified flow force is greatly
diminished since the local head and buoyant forces are almost directly
opposed.

Table 4.3 presents the calculated lateral flow rates for the three
areas. Locally representative hydraulic parameters from my core database
were used. Flow rates vary from nearly 2 m/y at the southwest site in
permeable Granite Wash sands, to just 15 mm/y in the northeast. Here
buoyancy driven flow is retarded by the head gradient. In the northern
region where the component forces are nearly balanced, flow is very
sluggish attaining a flux of less than 3 mm/y with a northeasterly
orientation. The final column in the table shows the time period required
for a unit volume of fluid to move laterally 10 km, i.e., to cross one
township. This time varies from about 6 000 y in the south to 66 000 y in
the northeast and over three million years in the north.

In summary, water in the Keg River Aquifer is therefore entering
the study area from the south (flowing north) and leaving across the
northern boundary. Flow to the northeast is retarded because of the heavy
brine occupying updip locations which is impelled downdip against the
regional head gradient. In areas of relatively steep dip the buoyancy driven
flow dominates.

Hydraulic Head for the Keg River Aquifer

In marked contrast to the hydraulic conductivity and transmissivity
maps (Figures 4.8 and 4.11) the head map indicates a tremendous barrier
to flow which coincides exactly with the reef margin (see Figure 4.1). The
steep head gradient flexure striking northwest to southeast, reflects the
huge expenditure of energy required to force water from the transmissive
reef into the relatively thin and shaley basin facies. The head map therefore
reveals a transmissivity barrier known from lithofacies analysis (Campbell,
1987), that was invisible from core permeability data. This immediately
demonstrates the utility of the fluid potential distribution as an exploration
tool. Potentiometric surface analysis has been used in a similar fashion to
successfully locate coarse sand lenses encased in shale in the Belly River
Fm. of central Alberta (Parks, 1989; Rostron and Téth, 1991).
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Comparison of Hydraulic Head to Ground Surface Topography
Jor the Keg River Aquifer

Comparison of Figure 4.12 (hydraulic head) with Figure 4.14
(ground surface topography) shows a reasonable correspondence between
the ground surface and the head distribution in the southwest, and a flatter-
surface in the northeast. Trout Mountain in the s::utheast and the southern
Buffalo Head Hills in the southwest are reasonably well represented by the
700 m equipotential, but the northern Buffalo Head Hills and Birch
Mountain have no influence. There is a linear NNE oriented zone of low
heads running across the southern half of the study area which creates a re-
entrant in the 700 m equipotential in the south and includes the closed low
at the SW comner of the Panny field at Tp.94 R.7 W5. This linear low
directly underlies my interpreted extrapolation of the Misaw pre-glacial
channel (see Figure 1.7) which Hitchon et al. (1990), considered effective
in focussing discharge from this aquifer further south.

In the south and west then, overhead ground surface topographic
elements are well represented. In the north and east the potentiometric
surface is flatter. as formation fluids drain towards the outcrop. This
reinforces Toth’s (1978) conclusion that flow in the deepest aquifers is not
at steady state. Rather a decaying palaeoflow system exists in the Keg River
Aquifer that is currently adjusting to the modern boundary conditions
established during the Pleistocene. It appears that the study area straddles
the interface between the fossil (southern) system and the modem system in
the north.

This map is similar in most respects to Téth’s, Figure 16 (T6th,
1978, p.822) which was constructed from much less data than subsequently
became available for the present study. The main difference is that I have
not included three very high pressures that T6th accepted but could not
really explain to his own satisfaction (ibid., p.823). Accepting these
pressures Téth envisaged a large potentiometric mound in the Keg River
Aquifer under Birch Mountain with fluid potential elevations some 200 m
above the present ground surface (ibid., Figure 16). I consider two of the
three DSTs to be supercharged and the third to have a faulty pressure
recorder (my analyses of the high pressures are presented in Appendix 2).
With the Birch Mountain high potential mound removed, the “bleeding off”
of potentials in the northeast half of the study area to the low elevation
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outcrop becomes more apparent. It is interesting to speculate that T6th’s
misinterpretation of this pressure data (assuming that my interpretation is
correct) played a role in stimulating his profoundly impoitant
conceptualization of palacoflow systems.

Lateral Flow Rates
Table 4.3 shows that lateral flow rates in the Keg River Aquifer are

subdued. Average linear velocities range from 1.7 m/year in the southwest
down to 3 mm/year in the northeast. The main controls on flow vclocity
are the hydraulic conductivity (two orders of magnitude higher in the
Granite Wash Fm. than in the Keg River Fm.), the freshwater head
gradient and the aquifer dip.

Slave Point Aquifer
Figure 4.15 shows the hydraulic head distribution in the Slave Point

Aquifer. A number of unreliable data were included for this map since the
good data were so restricted and the map is rather unsatisfactory. It does
suggest however that the Slave Point heads are uniformly lower than the
Keg River and thus the closed lows on the Keg River head map may be
discharging upwards through the Muskeg evaporites into the Slave Point.
Also heads appear to decrease to the north where the potentiometric
surface is “deflated” due to the proximity of the low elevation outcrop
shown in Figure 1.6.

Upper Devonian-Basal Cretaceous Aguifer

Figure 4.16 shows the hydraulic head distribution in the Upper
Devonian-Basal Cretaceous Aquifer. The map comprises mainly Cretaceous
data in the west and Upper Devonian in the east. The high heads around
Tp.98 W4 probably indicate upward flow from the Devonian to the
unconformity rather than a barrier to eastward flow. Note that these heads
are all higher than the surface water elevations shown on Figure 1.9 and
water at the unconformity is certain to be moving east and north.



103

2.1.2 0il Heads: Applicati ¢ the UVZ Method

Theory of the UVZ Method

Using Hubbert’s UVZ method (Hubbert, 1953, p.1986-1988';
Dahlberg, 1982, Chapter 6) we can calculate oil equipotentials to determine
the hypothetical flow directions and accumulation sites that would exist for
petroleum particles of a given density that were placed in the flow field.
The Keg River Aquifer has sufficient data for the application of the
method.

Conceptually, the UVZ method accounts for the buoyant impelling
force acting on an isolated oil particle and for the hydraulic impelling
force also acting upon it which is determined by the local direction and rate
of water flow. The shape of the upper surface of the aquifer of interest
then determines the locations of potential accumulation sites which will be
in regions where the slope of the aquifer top exceeds the tilt of the total
impelling force vector. In practice this means that oil pools will form in
structures whose downstream dip is greater than the hydrodynamically
maintained tilt of the oil-water interface. Where hydraulic gradients are
low and flow is weak, buoyant forces will be dominant and accumulations
will occur at the culminations of structures as in a hydrostatic environment.
Where gradients are high and water flow is strong, all potentially oil-
bearing structures may be “flushed out”, and the oil will be transported
further downstream. Intermediate conditions will produce accumulations in
positions of hydrodynamic equilibrium on the downstream flanks of
structures. Such accumulations will exhibit inclined oil-water contacts,

tilted in the direction of water flow.

Limitations of the UVZ Method

The UVZ method considers the migration and accumulation of
minute oil particles. The migration of tiny oil particles is probably
relatively unimportant in secondary migration since even if oil enters the
carrier bed in such a form, the small particles will naturally coalesce.

I Note the typographic error on p-1986: , the denominator of the second term in Equation 47 should be p, and not
pw as written. There is a second typographic error on p.1991 of this paper: Equation 55° should read u=v-z and not

u=v+z as written.
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Unless some force exists to create tiny volumes initially and to prevent
these from amalgamating within the carrier bed, the greater part of
migration will be as continuous phase stringers of oil. The buoyant force as
defined in Hubbert’s UVZ method does not account for the vertical extent
of an oil stringer (Tissot and Welte 1978, p.343, present a formulation that
does account for the height of the stringer).

Furthermore, the method does not account for the capillary gradients
which exist even in a relatively homogeneous aquifer (Davis, 1987). Nor
does it account for the varying water and oil flow fields that evolve in
response to changes in relative permeability of the medium to each fluid as
an oil accumulation forms (Rostron and Té6th, 1991). With these limitations
in mind, the UVZ method is still useful for identifying prospective
accumulation sites in a region of active fluid flow.

Application of the UVZ Method

Hubbert devised the UVZ method as a graphical procedure. The
method requires two maps (freshwater equivalent hydraulic head and a
structure contour map of the top of the reservoir bed) plus knowledge of
the local water and petroleum density (pw and pp respectively). The
hydraulic head map is redrawn onto the structure contour map with each
hydraulic head contour multiplied by a so-called tilt-amplification factor:
Pw /(pw - pp) (Hubbert, 1953, p. 1987). The modified heads are values of
the v function, so we have thus far produced a map of the structure of the
top of the reservoir on which v contours are superimposed. Going over
this map, wherever the two sets of contours intersect, a u value is
calculated by subtracting the elevation of the top of the reservoir (z) from
the v value. Finally the u values are contoured. Low closures of the u map
indicate regions of fluid potential minima for oil i.e., hydrodynamic oil
traps.

Mathematically the UVZ method can be stated as:

u=v-2z (4.5)

where
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__Pp
u= o hp (4.6)
and
v=—Pw hy 4.7)
Pw - Pp

In the present study a UVZ map, was created using the Surface II
graphics program (Sampson, 1975). Using the best quality hydraulic head
data (stable and undisturbed DST pressures) for the Keg River Aquifer, 1
generated a hydraulic head grid (see Section 4.1.1 for an outline of the
Surface II method of grid construction). Figure 4.12 is a contoured
representation of this grid. The grid was stored for later use. I used
PUBCO formation tops data (PUBCO, 1990 b) to generate a grid of z
valuves (Figure 4.3), which was also stored. I next obtained average values
of Keg River oil and water density, corrected to reservoir conditions
(Table 3.17) to calculate the following ratios:

Pp 764 _
Pw-pp 1156 - 764~ 1.95, (4.8)

pw 1156
bw - Pp _1156-764-2'95' 4.9)

I then applied Equation 4.7 to obtain a matrix of v values. Next,
applying Equation 4.5 I created a u matrix by simply subtracting the z
matrix from the ¢ matrix (all the grids were spatially identical so that
corresponding values in the matrices represented the same map location).
Finally I multiplied the u matrix array by 1/1.95 to obtain a matrix of oil
heads. This matrix served as the grid for the construction of the oil head

map shown as Figure 4.17.
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Keg River Aquifer UVZ Map

‘The map shows the same trend as the hydraulic head map with a
large minimum closure at the southwest corner of the Panny Field. A
number of smaller closures exist in the relatively flat areas upstream
(southwest) of the high gradient flexure. This whole zone is highly
prospective for future discoveries and constitutes a new petroleum play in
this region: the Keg River Hydrodynamic Play. The northward oil head
gradient in the southern map area may have important implications for the
regional pattern of migration on the Peace River Arch and this will be
discussed in the next chapter.

4.2.1.3 Pressure versus Depth

Decreasing hydraulic heads in the three aquifers just described
clearly indicate an upward directed hydraulic gradient for the entire sub-
Cretaceous section. However freshwater heads do not directly indicate
vertical flux (Lusczynski, 1961). To investigate the nature of vertical flow
I constructed a pressure-depth plot of all stable, undisturbed pressure data
grouped by ranges of wellhead elevation for the study area (Figure 4.18).

Figure 4.18 shows the data split into two groups. The shallow wells
tested the Bluesky, Winterburn and Grosmont Formations The deeper
pressures are from the Keg River and Slave Point Aquifers. Very clearly
both groups show that that the low elevation wells (i.e., those wells situated
in lowland areas) have higher pressures and steeper pressure gradients than
those from upland areas. Topography driven flow and the dynamic
nressure increment as described in Chapter 2 (Section 2.6.1.1) provide an
explanation for these phenomena. The fact that the phenomena exist
throughout the study area confirms the hydraulic continuity of at least this
part of the western Canada basin. Figure 4.19 expresses the same
relationship in a slightly different way. Pressure versus depth ratios were
calculated for each DST and these were then plotted against wellhead
elevations. Again the data fall naturally into two groups, each of which
shows that the P/D ratio increases as the wellhead elevation declines. It is
difficult to conceive of any process other than the dynamic pressure
increment that would cause such a systematic trend over a region as large
as the study area.
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Note that the shallow pressures (group A in Figure 4.18) regardless
of the overlying ground surface elevation are significantly subhydrostatic.
This could be due to downward flow (from Cretaceous strata) towards the
highly permeable aquifer straddling the sub-Cretaceous unconformity in
response to the exposure of low elevation outcrop outside the study area as
discussed in Section 4.2.1. Alternatively the low pressures may reflect shale
rebound in response to the erosion of overburden or the wasting of
Pleistocene ice sheets. Téth and Corbet (1986), Parks (1989) and Corbet
and Bethke (1992) have investigated rebound phenomena in the WCSB.

Vertical Flow Rates
To evaluate the possibility of upward flow from the Keg River

Aquifer, across the Muskeg Formation to the Slave Point Aquifer, a
pressure versus depth plot was constructed for the region of Twps. 94-95,
Rs.6-7. The potentiometric surfaces for the Keg River, Slave Point and
Basal Cretaceous-Upper Devonian Aquifers (Figures 4.12, 4.15 and 4.16)
suggest that water is converging laterally toward this site in each aquifer.
Since heads also decrease progressively upwards this may be the site of an
upward flowing discharge plume. From the water density profile for this
area (Table 4.4) the hydrostatic pressure gradient was calculated and is
plotted on Figure 4.19.1, along with the culled DST pressures measured in
the area. The observed vertical pressure gradient exceeds the hydrostatic
gradient indicating that upward flow across the Muskeg Aquitard does
occur. Applying Equations 2.10 and 2.11, indicates upward average linear
flow rate of about 0.2 m/year in the Keg River Fm. Table 4.5 presents the

data used in this calculation.

4.2.2 Temperature
The purpose of reviewing the temperature distribution is to gain

understanding of the thermal regime (see Section 2.6.2). In a convective
thermal regime flowing water is the agent of heat transport. Since water is
also the agent of petroleum transport we expect that petroleum may
accumulate in regions with distinct thermal characteristics (“hot spots”,
positive geothermal anomalies etc.). If we can show in a given region that
convective heat transport is important, then patterns of temperature
distribution may help to elucidate flow paths, migration paths and
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accumulation sites. In a conduction dominated thermal regime there is no
such active relationship between petroleum migration and heat transport.

4.2.2.1 Basement Temperaiure and Average Geothermal

The bottom hole temperatures (BHTs) are contoured in Figure 4.20.
I have also contoured the average geothermal gradient i.e., the BHT and
surface temperature difference divided by BHT depth (Figure 4.21). The
temperature map shows a fairly erratic distribution. There is a westerly
warming trend but temperatures fluctuate significantly in every direction.

It is difficult to see how the flow pattern in Figure 4.12 could
contribute to such a distribution. The influence of convection should be
apparent in a bending of isolines in the direction of flow. Considering
other possible causes of the temperature distribution, basement heat flux
variations seem an unlikely cause since the Trout Mountain Batholith (see
Figure 4.2) which is potassium feldspar-rich should be an excellent heat
generator and yet underlies the relatively cool central area. According to
the heat generation map in Bachu and Burwash (1991) the pattern of heat
generation on the Peace River Arch is complex so there are probably many
other heat sources in the area. More knowledge of their distribution is
required to evaluate this factor. The scale of the map of Bachu and
Burwash (1991, Figure 7) precludes close comparison.

Thermal conductivity variations in the overlying sediments may be
influential. The eastern half of the study area has the most thermally
conductive cover due to the presence of Cold Lake salt, the thick
development of the Muskeg Fm. (halite and anhydrite facies) plus the
Grosmont Fra. (dolomite) in place of Ireton shale to the west. Thermal
conductivities for halite and dolomite are 5.7 and 4.7 Wm/°C respectively
(see Table 3.4). In the west the Muskeg is thin (and lacks halite) and the
Grosmont Fm. pinches out into Ireton Fm. shale. The thermal conductivity
of the well compacted Ireton shale is probably less than 1.6 Wm/°C. Thus
with a more thermally conductive cover, the basement in the east should be
cooler than that in the west which indeed it is. Comparison between the
average geothermal gradient map and Figure 4.22, the maximum thickness
(i.e., upper limit of possible thickness) of halite in the Muskeg Fm. shows
some remarkable local scale correlations. Note for example the elongate
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high (30 °C/km plus) between Tps. 90 to 95 on the Fifth Meridian and the
halite low in the same position in Figure 4.22. Similarly the gradient high
in Tp.101 R.24 W4 and its adjacent low in R.1 W5 correspond to thick and
thin halite closures on Figure 4.22 in precisely the same locations. The fact
that gradients in the east on Figure 4.21 are generally higher than those in~
the west (contrary to expectation considering the bulk conductivity of the
overlying section) is rather perplexing. Local conductivity variations
apparently affect the average geothermal gradient between basement and
land surface in fine detail and yet the bulk conductivity of the cover has no
discernible effect. This must indicate the influence of an additional factor.

Figure 4.23 shows the thickness of sedimentary cover or the depth to
basement for all wells that penetrated the Pre-Cambrian. All else being
constant, basement temperatures will be higher where the cover is thicker.
The cover is thickest under the Buffalo Head Hills. Next is Trout Mountain
in the south then Birch Mountains in the east. These are also the hottest
parts of the basement ion the study area. In the centre of the study area and
to the northwest cover is thin and the basement is cool. This factor then
would seem to have the strongest correlation with temperature. Where the
cover is thick (i.e., where the depth is greatest) the basement is hot.

One final remark. I would suggest that the temperature and
geothermal gradient highs north of Tp.99 and between Rs. 5 and 10 are
either bad data or indicate the presence of a basement heat source, since
their location does not correlate with absent halite or cover thickness.

(222 T ure A lies and 0il Field

Convective heat flow is unimportant in this area, so the temperature
data do not reveal any anomalous characteristics with respect to oil field
locations. Basement temperatures range from below 40 °C for most of the
Panny field to over 50 °C for Sawn Lake. Isolines do not cluster around
the oil field areas. The same is true of the geothermal gradient distribution.
Gradients range from 25 °C/km at Sawn Lake and Red Earth to 30 °C/km
at Trout and Kidney and up to 35 °C/km at Redfish. Comparing the Keg
River hydraulic head map (Figure 4.12) to the geothermal gradient map
none of the closed head lows correspond with geothermal gradient highs.
At the scale of investigation possible for this study, no convective effect is
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apparent and the conclusion is that heat transport in this part of the basin is
very clearly conduction dominated.

4.2.3 Water Chemistry
4,2,3.1 TDS Maps

My objectives in mapping hydrochemical trends are:

1) to discern what role flowing water plays in modifying the water
chemistry within the aquifers in the study area;

2) to evaluate the hydrochemical composition of oil field brines and to
recognize if possible some distinctive hydrochemical characteristics by
which oil field waters on the Arch and possibly elsewhere can be
distinguished from ‘barren’ waters;

3) to identify hydraulic links between discrete aquifers and evidence of
active cross-formational flow.

Figure 4.24 is a map of the total dissolved solids (TDS) in the Keg
River Aquifer. First what trends exist in the TDS distribution? Maximum
total ion concentrations (over 300 g/L) occur in the south at Trout field,
and also in the east and northeast in the Keg River basin facies. There are
two closed salinity lows in the central area aligned with the Keg River reef
margin. The lowest salinities occur in the west where the salinity drops
below 100 g/L.

Chebotarev (1955) and Téth (1984, p.15) postulated that a
downstream salinity increase should occur within a flow system due to
increased residence time and total area of rock-water contact. Inspecting
the Keg River Aquifer TDS distribution (Figure 4.24) in relation to
freshwater heads (Figure 4.12) no TDS increase is apparent along the
northerly flow path. Instead, there is a general trend of salinity increase
from less than 200 g/L in the west to over 300 g/L in the east. This trend is
interrupted by a linear northwest-southeast oriented body of relatively
dilute brines (the closed lows referred to above) located roughly over the
Keg River reef margin. If the TDS lows represent dilution due to mixing
the source of relatively fresh water is problematic.
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The average compositions of water samples from the Keg River Fm.,
Granite Wash Fm. and the Pre-Cambrian show no significant differences
despite the lithological diversity of the host rocks (see Figure 3.15 and
especially 3.16 where the three waters plot at a single point in the
combined field of the Piper diagram). All are Ca Cl or Na Cl brines with:
an average TDS around 200 g/L. So where else could the dilute water come
from?

Juvenile water from the crystalline basement is a possibility,
although Hitchon and Friedman (1969) determined that the isotopic
character of all formation waters in the WCSB could be explained as
mixtures in various proportions of isotopically light meteoric water and
diagenetically modified sea water. Recent hydrogeological studies on the
Canadian Shield sponsored by the Canadian Nuclear Fuel Waste
Management Program (Fritz and Frape eds., 1987) have proven the
existence of active topography-driven fluid flow systems in fractured zones
of crystalline rocks. Gascoyne et al., (1987) describe active local flow
systems within each of four widely separated plutons on the Canadian
Shield extending to depths of at least 300 m, possibly underlain by more
deeply circulating regional scale systems (ibid., p.60). The estimated
compositions of “parent brines” in these crystalline rocks however are Ca
Cl solutions with TDS values ranging from 378 to 418 g/L. In view of
these discoveries on the Shield we cannot rule out the possibility of
significant fluid transport in the crystalline rocks underlying the WCSB,
however they would not appear to be a likely source of fresh water.

An obvious explanation for the observed trend is the presence of
halite in the Muskeg Fm. overlying this aquifer. I made a simple map
(Figure 4.22) by picking the first and last occurrence of halite in the
Muskeg Fm. in about 70 wells for which I had a caliper log for the
relevant interval. I then contoured the calculated thicknesses which
represent the upper limit of possible halite thickness in the Muskeg for each
well.

The map correlates remarkably well with the observed TDS
distribution. The 250 g/L. TDS low centred on Tp.93 R.2 W5 correlates
with the dissolution hollow (i.e., absence of halite) at the same location.
This is the same solution hollow that featured in Figure 4.7. The lowest
TDS values in the aquifer occur around the zero edge of halite in the west,
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and the TDS maxima correspond to halite thickness maxima in the east and
northeast. Given that halite dissolution appears to be the source of the TD®
it would seem reasonable to expect, that the existing flow system would
redistribute the salt mass and that there might be some saline plumes
visible, especially in highly transmissive areas. It is particularly surprising
that there are no TDS maxima associated with the closed lows on the head
map. If water is converging in these locations why is there no increase in
concentration? In summary halite dissolution appears to control the pattern
of salinity but flow is ineffective in transporting the dissolved mass.

In terms of distinctive major ion hydrochemical characteristics for
oil field waters I attempted to discern some unique chemical signature for
oilfield versus barren formation waters by using the petroleum indicator
criteria proposed by Palmer, Sulin, and Bojarski as reported by Collins
(1975). These included:

1)  Schoeller’s index of base exchange (IBE)

2)  Schoeller’s approximation of CaSO4 saturation

3)  Schoeller’s SO4 classes (VERY HIGH through NORMAL)

4)  Schoeller’s Cl Concentration Classes (VERY HIGH through
NORMAL)

5)  Palmers Water Classes (1, 3 and 5)

6)  Sulin’s Water Types (C1-Ca, SO4-Na, HCO3-Na and Cl-Mg)

7)  Sulin’s C1-Ca Type Classes (S15253, S1S2A2, S1A2S2 and S251S3)
8)  Bojarski’s modified Cl-Ca Water Types (I through V)

Although all the oil field waters are indeed of the various petroleum
indicator types so too are the barren waters. The range in composition of
the waters co-produced with oil from the various Keg Ri* _r and Granite
Wash oilfields is equal to the total range of all waters sampled. None of
these parameters could be used to predict on the basis of major ion
chemistry whether a given Keg River or Granite Wash water sample was
obtained from a producing well or a dry hole. Hitchon et al., (1974, p.
469-470) suggested that iodide is an petroleum indicator for Palaeozoic
strata in the WCSB. Analytical determination of Iodide concentrations in
my database were to sporadic to be useful, and I could not evaluate the
utility of this ion as a hydrochemical indicator.
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I also mapped various major ion ratios (Na/Cl, Ca/Mg, and SO4/Cl)
for both the Keg River and Slave Point Aquifers. Again I was unable to
discern distinctive characteristics for the oil fields. The situation is
adequately illustrated by Figure 4.24. The TDS range of the oil field brines
(from 150 g/L in Tp.89 R.11 W5 adjacent to the Otter and Ogston fields, -
to 300 g/L at Tps.89-90, Rs.3-4 W5 in the Trout-Kidney Field region)
incorporates virtually the total range of salinities in the aquifer. The TDS
map for the Slave Point Aquifer (Figure 4.25) though lacking data within
the Sawn Lake oilfield suggests that its salinity is below 150 g/L. In
summary I was unable to discern any hydrochemical characteristics
distinctive to the oil fields. I was therefore unsuccessful regarding the
second objective.

Finally what of evidence for cross-formational flow between the Keg
River and Slave Point Aquifers? Because hydraulic heads throughout the
Keg River are higher than in the Slave Point Aquifer, there exists a
potential for upward flow. Vertical flow tlirough the Muskeg evaporites
with consequent dissolution of soluble chloride and sulfate minerals should
create a high TDS anomaly where the water enters the Slave Point.
Inspection of Figure 4.25 reveals an isolated TDS high (300 g/L) in the
Slave Point Aquifer at Tp.94 Rs.6-7 WS5. The Keg River head map (Figure
4.12) shows that this is the location of a major local depression on the Keg
River potentiometric surface which is also a local minimum in the Slave
Point (Figure 4.15) and in the overlying Upper Devonian-Basal Cretaceous
Aquifer (Figure 4.16). Moreover this is the location at the ground surface
of the intersection of the two large pre-glacial channels (Figure 1.7) and of
two present day surface drainage channels the Loon and Wabasca Rivers
(Figure 1.6). This feature would appear to be a major discharge zone
funnelling water from the base of sediments towards low water table
elevations at the land surface. Note that the oil pools in the southwest part
of the Panny oilfield are clustered in the region of the fluid potential
minimum,

Lusczynski (1961),Té6th (1979) and Maccagno (1991) have shown
that freshwater equivalent heads cannot be used to determine vertical flux.
Instead a pressure versus depth plot can be used. Using the vertically
changing densities of formation waters from the surface to and across the
interval of interest, we construct a nominal pressure versus depth curve
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(applying Equation 1.1). Field data are then posted, and their position in
relation to the nominal curve will reveal their static or dynamic state. If a
data point plots on the nominal curve this means that the pore pressure is
perfectly balanced by the weight of the overlying fluid column. Hence
there is no possibility of vertical fluid motion at the point in the subsurface
where the pressure was recorded although there may be vigorous lateral
flow. If a data point plots above the curve, this indicates the water has
energy in excess of the weight of the overlying fluid column and hence
upward flow at that location. If a point plots below the nominal curve
downward flow is inferred. Because ahydrostatic pressure in a
hydraulically continuous environment requires fluid movement, (or rather
because fluid motion driven by the potential field causes the pore pressure
at various locations to be ahydrostatic) Téth (1978) coined the phrase
“dynamic pressure increment” to describe the difference between nominal
and observed pore pressures (see also Section 2.6.1.1).

12.3.2 TDS A Ii | 0il Field
Although the GHT predicts that hydrocarbons should occur in

association with high TDS waters (and there are many good reasons why
this association should exist) it is clearly not the case that most of the oil
field waters in the present study area are so enriched.

Salinity patterns in the Keg River and possibly also in the Slave
Point, appear to be controlled by halite dissolution in the intervening
Muskeg Aquitard but flow is apparently ineffective in distributing the
dissolved mass within the aquifers. I was unable to discern any major ion
hydrochemical characteristics distinctive to the oil fields. None of the
petroleum indicators proposed by Palmer, Sulin or Bojarski successfully
distinguished waters co-produced with oil from those recovered in dry
holes.

The most favourable indicator of the mechanism by which TDS
highs and oil fields are linked (i.e., cross-formational discharge) may exist
at the present time as the ascending “plume” or “chimney”, emanating from
the Keg River Fm, and channeling water vertically through Muskeg
Aquitard to the Slave Point Aquifer. The plume may extend through the
Upper Devonian platform rocks to the Bluesky Fm. and even to the
topographic lows on the land surface overhead. Oil pools in Tp.94 R.5-6
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W5, at the southwest comer of the Panny Field are clustered at the base of
the plume in the Keg River Fm. This feature is arguably an example of the
main trap type postulated by the GHT: a vertically extensive regional
discharge zone. Clearly the Slave Point Fm. and overlying units should be
considered prospective (notwithstanding the difficulty of moving petroleum
through aquitards). The Slave Point structures highlighted in Figure 4.4,
would be suitable receptacles for any oil that migrated “up the chimney” or
laterally through the Slave Point Aquifer towards the potentiometric

depression.

4.2.4 Oil Density

.2.4.1_Oil Density M

When separate phase oil migrates along a carrier bed due to
buoyancy, the lightest components will accumulate in the first traps
encountered. This will result in an increase in the average density of the
pools in the direction of transport. The traps may be structural,
stratigraphic or hydrodynamic. Migration in aqueous solution should
theoretically produce the reverse trend because the lightest fractions are
also the most soluble and would tend to exsolve last. More complex
migration fractionation patterns than those described above have been
conceived by various authors (e.g., Silverman, 1965; Illich et al., 1981) but
these will not be considered here, since my knowledge of the oil character
in the study area is limited to its density and dissolved gas content.

Figure 4.26 is a contour map showing average oil pool densities for
the Keg River Aquifer fields, obtained from the (ERCB, 1991 a). Figure
4.17 (Keg River Aquifer oil heads) showed that the present migration
direction in the study area is northward across the southem boundary and
then towards the northeast Figure 4.26 shows that average oil pool densities
decrease towards the northwest. This would favour a solution migration
mode if transport was from the south as my head data suggest. Other
alternatives are limited. Possibly migration was from the north and we are
simply viewing the trend from the wrong end? The Duvernay equivalent
Muskwa Fm. occurs north of the Peace River Arch where it will be mature
if it is indeed a source rock. Podruski et al., (1987) consider that north to
south migration is uniikely because all pools discovered so far are on the
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southern and eastern sides of the Arch. Also the northern Arch has a
narrower shelf because its margin dips more steeply than the southern side.
Figure 4.27 shows the oil density distribution of Slave Point oils. Again a
northward density decrease is apparent, although here the sample (only
three fields) may be too small to be meaningful. Maps of the initial solution
gas-oil ratio (not shown) show that the density variations are caused by
differences in gas content. In both the Keg River and Slave Point Aquifers,
the heaviest oils (density of 790 kg/m3) exhibit a gas-oil ratio of 30 m3/m3
whereas the lightest oils (<750 kg/m?3) contain up to 55 m3/of solution gas
per m3 oil.

It could be that the variations we see are minor and essentially
random. The effectiveness of processes such as the adsorption of polar
components by clays, dissolution of light components by water,
biodegradation by oleophyllic bacteria etc., are determined by
heterogeneities in the reservoir. For example clays are not present in all
pore channels; water washing may be limited to bulk flow pathways while
bacterial colonies will be excluded from excessively hot or saline
environments. Thus fractionation processes may affect one pool and not its
neighbor. I suspect that local phenomena of some sort are important in this
area because oil density variations between individual pools (posted at a
larger scale and not shown here) are even more crratic than suggested by
the contours in Figure 4.26. For instance the maximum and minimum
density oils for the entire region occur in two pools in the Kidney field that
are less than 15 km apart. In conclusion oil density distribution patterns do
not seem to throw much light on the migration pattern.
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o ion of Results - Ramifications for Oil
Mierati he Peace River Arel

In this final chapter I will consider how topography induced flow
influenced the migration and accumulation of petroleum on the Peace River
Arch. As mentioned in Chapter 1, Allan and Creaney (1989) have
produced geochemical evidence that the Duvernay Fm. an Upper Devonian
(Leduc age equivalent) shale of starved-basin type, is the source rock for
all petroleum in the Middle Devonian aquifers of the Peace River Arch
region. Their argument for buoyancy-driven migration structurally up and
stratigraphically down, into Middle Devonian aquifers was outlined in
Chapter 1. Piggot and Lines, (1991) pointed out that the Duvernay Fm. was
not deposited on the Arch which would consequently have been bypassed
by up-dip migration parallel to its axis. Piggot suggested that Duvernay oil
was somehow drawn into the dolomitized portion of the Slave Point Fm. on
the Arch and thence into the reservoir beds where it is now found. The
migration pattern suggested by Piggot seems rather contrived: downwards
from the Duvernay, then laterally along basin strike into the dolomitized
Slave Point Fm. around the Arch. Even though the dolomitized Slave Point
may be relatively permeable, permeability does not cause flow, and Piggot
gives no explanation of the forces which could have caused downward and
horizontal flow. The Slave Point Fm does not seem the most logical choice
as carrier bed. His main point though is sound: that buoyancy alone

explain the presence of petroleum in the present study area or elsewhere on

the Arch.
Figure 5.1 illustrates the problem. The Leduc reef complex fringing

the Peace River Arch is shown in dark stipple (Dix, 1990) surrounded by
the lighter stipple outline of the Granite Wash coarse permeable clastic
apron which is developed directly on the Pre-Cambrian surface (Trotter,
1989). The Granite Wash Fm. achieves a thickness in excess of 100 m in
fault bounded structures on and adjacent to the arch and is two orders of
magnitude more permeable than the Keg River Fm. Thick Duvernay shale
accumulated in deeper water environments to the south. The up-dip limit of
oil maturity for the Duvernay source rock (Piggot and Lines, 1991) and its
northern equivalent the Muskwa Fm is shown superimposed on Figure 5.1.
This line follows the -1200 m structure contour on Pre-Cambrian basement
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(O’Connell et al, 1990) and is thus parallel to basin strike. Clearly, pure
up-dip migration from south of the Arch would have bypassed the present
study area. The question is then, what force diverted the oil generated to
the south of the Arch driving it northwards onto the Arch to form the oil
fields in the present study area?

Figure 5.2 reveals a second element to the problem. This is a cross-
section along the axis of the Arch (location shown on Figure 5.1). Note at
the base of section that the Keg River and Slave Point aquifers diverge
eastwards as the Muskeg Fm. thickens between them. Clearly if oil is to
access to Slave Point it must do so early i.e., any oil that migrates within
the Granite Wash Fm. far enough to the east to be below the Muskeg Fm.
will be effectively isolated from the Slave Point Fm. Returning to the plan
view, this is why I have shown the oil migration arrows converging near
the northeast tip of the Leduc platform. If they did not do so all oil would
have bypassed the Slave Point Aquifer.

At the present time there is a strong northward-dipping hydraulic
gradient in the southern part of the study area (see Fignre 4.12). Oil heads
in the study area decrease to the northeast (see Figure 4.17) The bold
arrow in Figure 5.1 represents the general direction of oil migration.
There are a number of UVZ closures in the study area which correspond to
known and potential oil pools.

If the present pattern of flow existed at the time of oil migration this
would fully explain the northward movement of oil onto the Arch. Water
was the agent that diverted the northeast buoyant rise of oil and drove the
oil north into the permeable near shore facies of the Middle Devonian
aquifers which are now oil reservoirs.
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Conclusi

I will describe the conclusions to my thesis in relation to the working
hypotheses listed in the Introduction.

/ The pore water is in motion.
Pore water motion is inferred from the hydraulic head distribution

in three major aquifers and the observed hydraulic continuity of the
sedimentary strata. Calculations for the Keg River Aquifer indicate lateral
flow rates (average linear flow velocities) on the order of millimetres to
metres per year depending on the local magnitude of hydraulic
conductivity. Vertical flux in the Keg River Aquifer is of a similar

intensity.

2 Gravity-driven flow generated by the topographic relief of the water
table is the main force causing fluid motion.

As shown by a regional pressure versus depth plot (Figure 4.18) and
a pressure:depth ratio versus wellhead elevation plot (Figure 4.19)
subsurface pressures are linked to the topographic relief of the overlying
ground surface. This indicates that the relief of the water table drives flow
in the study area. However the relationship is complex and boundary
conditions both within and beyond the study area are influential.

The low elevation outcrop of the sub-Cretaceous unconformity and
of Devonian strata to the north and east exerts a strong influence on flow
patterns in all formations in the northeastern half of the study area. In the
southwest, at greater depth, the influence of the overlying ground surface
topography is more apparent. The potentiometric surface of the Keg River,
and possibly also the Slave Point Aquifers exhibit characteristics of both
surfaces. Close to the present day outcrop the potentiometric surfaces in the
Devonian aquifers flatten out as formation fluids drain towards the low
watcr table elevations in the outcrop region. This finding reinforces T6th’s
(1978) conclusion that flow in the deepest aquifers is not at steady state.
Rather a decaying palaeoflow system exists in the Keg River Aquifer that is
currently adjusting to the modern boundary conditions established during
the Pleistocene. It appears that the study area straddles the interface
between the fossil (southern) system and the modern system in the north.
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Density-driven flow is also locally significant. Heavy brines are
produced in the Keg River Fm. by the dissolution of halite in the overlying
Muskeg Fm. These brines are impelled down-dip by buoyancy and in areas
where the aquifer dip is steep, override freshwater head gradients, which
generally impel water up-dip.

3 Flow patis within and between aquifers can be determined using
existing oilwell data.

Flow patterns were determined from existing oilwell daia, but
improved recording procedure in the field would yield more better quality
data, facilitating clearer resolution of basin hydraulics. Most historical oil
industry data are unrepresentative. Particular effort should be made to
determine permeabilities and DST pressures for low permeability strata.
As noted above, the three potentiometric surfaces I constructed reflect the
progressively increasing influence of the low elevation outcrop proceeding
from the deepest aquifers to the unconformity (compare Figures 4.12, 4.15
and 4.16). Flow in all aquifers is directed to the north and east of the study
area (see Figure 1.9). The southwest parts of the Keg River and Slave Point
aquifers retain the high fluid potentials imprinted by the land surface prior
to the exhumation of the outcrop. The high TDS contents of the waters of
the Slave Point Fm. in the southeast (see Figure 4.25) mirror very
generally the TDS distribution in the Keg River (see Figure 4.24) and may
reflect upward flow from the Keg River in the past. Upward, cross-
formational flow from the Keg River to the Slave Point Aquifer across the
Muskeg Aquitard was demonstrated in the central study area.

4 The flow pattern will reflect aquifer heterogeneities.

Core permeability data did not reveal the presence of the Keg River
reef edge, which was however clearly indicated by hydraulic head
gradients. This demonstrates the utility of the hydraulic head map as an
exploration tool. Alone, the hydraulic head distribution can reveal
transmissivity variations in aquifers which are not apparent from
contoured point values of permeability measured in rock core.
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b) The geothermal regime is convective: average vertical temperature
gradients and subsurface temperatures are influenced by forced convective

heat transport via topography-driven flow systems.
Regarding temperature distribution at the Pre-Cambrian surface, and the

pattern of average geothermal gradients, my conclusions are in general
agreement with Hitchon et al (1990). The geothermal regime in the Peace
River Arch region is dominated by conductive heat flow, thus thermal
conductivity (i.e., lithology) and the thickness of sedimentary cover are the
main controls. Flow rates in this region are apparently too low for
convective heat transport to be effective.

-~

6 Distribution patterns of major ions are influenced by flow patterns:
water salinity (total dissolved solids) increases downstream.

Salinity in the Keg River and Slave Point Aquifers is controlled by
proximity to halite in the Muskeg Aquitard, with halite dissolution
producing local TDS highs. Salinity does not generally increase along the
flow path. One major exception is the chemical anomaly in the Slave Point
Fm. caused by a vertically ascending plume at Tp.94 Rs. 6 and 7 (see
Figure 4.25). The discharge plume transports water upwards from the Keg
River across the Muskeg evaporites to ‘contaminate’ the Slave Point
Aquifer. This plume may extend to the sub-Cretaceous unconformity and is
associated with a closed potentiometric low and a large oil pool in the Keg
River Fm. (see Figure 4.12). The plume is within the fossil flow system
and suggests that in the past, when the current low elevation outcrop of the
Devonian aquifers was buried under Cretaceous strata, vertical flow across
aquitards to low elevations of the land surface overhead was more

significant.

7 Average oil pool mass density increases downstream.

This hypothesis was disproven. The average densities of oil pools in
the study area vary within a narrow range (810 to 870 kg/m3 or 43 to 31°
API) and no clear control on oil pool mass density was determined. It was
concluded that in the study area, variations in oil density are unaffected by

water flow.

8 Oil pools are concentrated in regional discharge zones.
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Much evidence supports this hypothesis. Inspection of the freshwater
head distribution in the Keg River Aquifer (Figure 4.12) reveals that the
southwest portion of the Panny Field, the northeast part of Kidney and all
of the Ogston, Red Earth and Joan fields lie within closed lows or at least
in regions of locally reduced head. The oil head map for the Keg River
Aquifer (Figure 4.17) reveals 9 closed lows, 7 of which correspond with
the positions of known oil fields. Closed oil head lows occur at Panny
(Tp.94 R.5 W5 and Tp.96 R.5 W5), Kidney (Tp.92 R.6 WS), Joan (Tp.91
R.9 W5), Red Earth (Tp.89 R.7 W5) and also at northwest Trout (Tp.90
R.2 W5) and southeast Senex (Tp.92 R.2 W5). The oil head map indicates
that a region of flat hydraulic gradient on the southwest (high
transmissivity) side of the steep gradient flexure, extending from Tp.96
R.10 W5 to Tp.94 R.8 WS. These are the most favourable regions for
exploration and constitute what may be termed a hydrodynamic play for
the Keg River Fm. in the study area.

9 Petroleum migration paths and accumulation sites are being/have
been influenced by topography-driven flow systems.

My work indicates that the present northward directed water flow is
a potential agent for driving petroleum onto the Peace River Arch which
would have been by-passed by purely buoyancy driven migration. I also
demonstrate that accumulation sites on the Arch are often (but not
exclusively) in regions of fluid potential minima, and have identified a
potential hydrodynamic petroleum play in the region.

In summary, this work started by outlining the scientific theory
underpinning hydraulic theories of petroleum migration. From a
theoretical point of view, it is as erroneous to ignore water flow as a
potential agent of petroleum transport, as it would be to ignore buoyancy.
Where hydraulic gradients are steep, petroleum will not necessarily
accumulate in structural apices and hydrogeologic understanding is
required to determine where true accumulation sites will be. Converging
flow can create petroleum traps independent of structure. Evaluation of
hydrodynamic effects would be considerably enhanced if subsurface data
were recorded in the field with greater care. The present research has

demonstrated:
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the inadequacy of the conventional rock-trap oriented
approach to migration;

the need to consider both the driving forces for fluid flow and
the permeability pathways available for migration;

that most of the known oil accumulations in the study area are
in regions of hydrodynamic stability;

the existence of a hydrodynamic oil play in the study area.
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(After Open University Press, 1976)

Figure 1.1 Tectonic Elements of North America and Location of Western
Canada Sedimentary Basin

Shows present extent of western Canady. se-snentary basin (WCSB),
extent of basin during Middle Devonian (Els “‘oint Basin) and Middle
Devonian craton uplifts including the Peace tuver Arch.
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Darcy's Law for water flow
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Figurc 2.2 Vector Diagram [lustrating the Twin Components

of the Driving Force for Water Flow
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3-8-99-7-W5

FFORMATION GROSS LITHOLOGY
AGE  AMES WIRELINE LOGS
[ awsanar
CALIPER () DENSTTY
CRETACEQUS
WABISKAW I'M sandstone
WINTERBURN
GROUP silty dolomite
GROSMONT FM dolomite and shale
o
LOWER IRETON FM shale
=4
DEVONIAN
BEAVERHILL LAKE GP limestone and shale
SLAVE POINT FM limestone
FORT VERMILLION FM anhydrite
WATT MOUNTAIN FM dstone and shale
MUSKEG ¥M anhydrite and halite
KEG RIVER FM dolomite 100
nhvdri . 50
CHINCHAGA FM anhydrite, dolomite
sandstone and shaie
0
PRE-CAMBRIAN granite MFETRES

Figure 3.1 Characterisiic Log Signatures for Palacozoic Formations
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The material on this page has been removed for the National Library of
Canada microfilm copy of the thesis, because of copyright restrictions.

Figure 3.2 is a GEOTECH core analysis report histogram, showing the
normal (bell-shaped) frequency distribution of porosity in a core sample
from the Keg River Formation.

Reference: ERCB, 169} -..

i'igure 3.2 Forosity Frequency Histogram
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The material on this page has been removed for the National Library of
Canada microfilm copy of this thesis, because of copyright restrictions.

Figure 3.4 is a GEOTECH core analysis report histogram, showing the
log-normal frequency distribution of horizontal permeability in a core

sample from the Keg River Formation.

Reference: ERCB, 1991 c.

Figure 3.4 Permeability Frequency Histogram
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a)

b)

c)

Partial Drawdown (m) at DST Well

Partial Drawdown (m) at DST Well

Partial Drawdown (m) at DST Well
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M S ap to 10 km
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80 1 .
arrow shows range of zcro drawdown
(all wells >2 y old causc drawdown)
60
40 4 + . most significant drawdown Is caused by
l + prod. wells < 2 y old
-E +
20 ++1
+ + +
" R T e T i
-
J| +
0T T T T T T 1
0 2 4 6 8 10 12 14 16
Pre-DST Production Time (years)
80 -
+
60
+
40 - *
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Pumping Rate (n”3/day) at Prodnction Well

Figure 3.7 The Influence on Drawdown of:
a) Distance; b) Production Time and c¢) Production Rate
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Figure 3.8 Partial Drawdown Versus:
a) All Data; b) Disturbed Wells at Enlarged Scale
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E Total drawdown at 155 DST wells, .
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g 80 Interference indices due to individual production
D wells arc summed for the cumulative indices shown here.
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Figure 3.9 Total Drawdown Versus Cumulative Interference Index

a) All Data
b) Disturbed Well Data at Enlarged Scale
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To TEMPERATURE ~————3»

Borehole temperature too warin

Borehole temperature too cool

True Formation Temperature Profile

Borehole temperature
profile after drilling.
Arrows indicate

temperature recovery \ BHT
after fluid circulation stops.

LEGEND

To: Ground Surface Temperature
Tf : True Bottom Hole Temperature
BHT: Measured Bottom Hole Temperature

Modified after Gretener (1981)

Figure 3.12 Thermal Disequilibrium in a Borehole After Drilling
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Cations meg/l Atons

5000 3000 1000 0 1000 3000 SO
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Ca Y HCOY + COD
Mg SO4
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Ca 11CO3 + CO3
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Ca HCOY + COD
Mz SO4
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Slave Point Fm, 26 analyses
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Figure 3.15 Stiff Diagrams Showing Average Formation Water
Compositions
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Cations

No.| TDS Formation No. of
(mg/) Name Analyses
1 15664 | Bluesky 23
2 13390 | Wabamun 10
3 | 144357 | Winterburn 5
4 25013 Grosmont 16
5 | 50537 | Ireton 9
6 1 191703 | Slave Point 26
7 | 238549 | Muskeg 4
8 | 257142 | KegRiver 232
9 | 195865 | Granite Wash 65
10 | 217964 | Pre-Cambrian 13

Figure 3.16 Piper Diagram Showing Average Composition

of Formation Waters in the Study Area
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16-23-93-2W5 10-33-93-25W4

WIRELINE LOGS WIRELINE LOGS
FORMATION GumRsT  somc
NAMES

GAMMA RAY
CALIPER (~~-)  DENSTTY

BEAVERHILL
LAKE GP

SLAVE POINT FM
2

FT. VERMILLION FM

WATT
MOUNTAIN FM

MUSKEG FM

KEG RIVER FM

CHINCHAGA FM i ﬁ

PRE-CAMBRIAN * halite dissolution
in Muskeg Fm over
Pre-Cambrian
structural high

** timing fixed by METRES

compensatory *** no halite dissolution
thickening in
Watt Mtn Fm

Figure 4.7 Muskeg Fm. Salt Distribution in Adjacent Wells -
Probable Halite Dissolution
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Appendices
\opendix 1 Lal Procedure for Core Analysi

The procedure described here is taken ftom a corc a alysis report of
Robertson Research. Additional information is from the Geotech manual
“Applications of Core Analysis” prepared for Dome Petroleum.

Al.1 Core Retrieval
Conventional core retrieval involves tripping to fit a special core bit

and hollow core barrel to the drill string. Drilling then proceeds and a
column of rock (the core) is obtained in the inner barrel. When the desired
amount of core has been cut, it is snapped off at the base as the drill string
is lifted off bottom. The barrel is then returned to the surface, the core is
removed, quickly sealed in numbered containers and dispatched

immediately to the laboratory for analysis.

Al.2 Core Preparation
When received in the lab the core is laid out on tables, checked for

proper order and drilling fluid residuum is cleaned off, care being taken
not to contaminate the formation fluids within the core. A brief lithological
description is made to facilitate sample selection.

Spectral Gamma Ray Log

The spectral gamma ray log measures the natural gamma
radioactivity of the core in API units: % potassium; ppm uranium and ppm
thorium. This log is used to correlate the top and base of the core with

downhole geophysical logs.
g le_Selecti | Cutti

Samples are selected according to the clients instruction or at the
discretion of the core company geologist. Samples are horizontally drilled

plugs (2” diameter) or full diameter slabs, cut or drilled with fluid
appropriate to the lithology. For highly fractured core, small rock chips

can be analyzed.
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Sample Cleaning and Drying

Samples used for permeability and porosity determinat.on are
cleaned usually with toluene, in a CO2 - toluene extractor or with a vapour
phase extractor. Samples are dried in a steam heated oven at a temperature
of approximately 100 °C. Humidity controlled ovens are used to prevent
shrinkage in sensitive clays. Samples destined for fluid summation and
residual saturation determination are preserved in their original condition.

A1.3 Residual Saturations - Fluid Summations

A retort oven is used to distill fluids from fresh core samples from
which residual oil and water saturations can be obtained quickly. A slower
extraction-distillation process (the Dean Stark method) gives more accurate
determinations.

Al.4 Porosity
Porosity is defined as the ratio of pore volume to the total rock

(bulk) volume and is usually expressed as a percentage i.e.

pore volume

Porosity (%) = puik volume ~ 190

Porosities of common petroleum reservoir rocks range from 10% to 20%
for sandstones and 5% to 25% for carbonates.

Laboratory D [nati Porosi

Since the bulk volume of a rock comprises the grain volume plus the
pore volume, porosity can be determined by measuring any two of these
three quantities. A variety of methods are used to determine porosity. The
grain and bulk volume are determined directly by gravimetric or
volumetric methods and the void volume by extraction of gas or air
content, by saturation with a liquid or by calculation from Boyle’s Law
upon compression or expansion of gas in the sample. All methods require
the prior extraction of fiuids and drying of samples.
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rosity Deter
Core porosities may exceed the in situ reservoir porosity if the
sample has expanded appreciably since the release of the subsurface
confining pressure, or has been damaged during coring or subsequent
handling. Geotech indicate that their Boyle’s Law porosimeter gives grain
volume determinations with an error of +/- 2%.

Al1l.5 Permeability
Permeability is an empirically determined measure of the force

exerted against fluid flow due to the size, shape, surface area and geometry
of the grains and pores or other channels of a rock. It is measured in units
of darcies. One darcy permits one millilitre of fluid with a dynamic
viscosity of one centipoise (e.g. water at 20 °C) to flow at a rate of one
centimetre per second through a one centimetre cube of porous material
under a pressure gradient of 101 kPa (one atmosphere). One darcy is
approximately equal to 10-8 cm?2. Intrinsic permeability (k) is the
permeability of a porous medium to any liquid at 100% saturation and is an
invariant property of the medium. Different lithological materials exhibit
intrinsic permeabilities which range over some 13 orders of magnitude, an
enormous range compared to that for porosity. Most reservoir rocks
exhibit permeabilities in the 1-1000 millidarcy range.

The presence of multiple immiscible fluids (e.g. oil, gas and water)
generally reduces the effective permeability (k) of the rock to each
individual fluid. In such a case the relative permeability of the medium to
each individual fluid must be determined by experiment with the particular
rock-fluid system. Relative permeability (k) is defined as:

kl'= l_lcf$

where k. = effective permeability to a given fluid at partial saturation
k = the intrinsic or absolute permeability to a fluid at 100%

saturation

Irreducible or residual saturation occurs when the saturation level of
one fluid in a multi-fluid system is sufficiently low that the relative
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permeability of the medium to that fluid is zero. A fluid at residual
saturation is effectively immobile regardless of the intrinsic permeability
of the medium. Permeability determinations from standard core analyses
are made with respect to a single fluid and are therefore intrinsic
permeabilities.

Finally permeability is a tensor property whose magnitude usually
varies with the direction of measurement. In most sedimentary materials
the maximum permeability is parallel to bedding.

Laboratory Determinati P

Permeability is determined by simply measuring the rate of flow of a
fluid of known viscosity (usually air or nitrogen gas) through a sample
under a known pressure gradient. Permeability can then be calculated from
Darcy’s Law (Equation 2.8). To prevent turbulent flow which would
invalidate Darcy’s Law, relatively low pressures are used. For horizontally
drilled plugs permeability is measured parallel to the plug axis. For full
diameter slabs three measurements are made: the maximum horizontal
permeability the horizontal permeability at 90 © and one vertical.

Accuracy of Permeability Determinations

As mentioned for porosity determinations, core permeabilities will
exceed the in situ reservoir value if the sample has expanded appreciably
under the pressure release associated with removal from the subsurface, or
has been damaged during coring or subsequent handling.

Secondly core permeabilities are measured with respect to air or
nitrogen gas. Because gas molecules at low pressure are less subject to
frictional drag on pore walls than liquids, gas flow rates may be twice as
high as liquid rates. This so-called “Klinkenberg effect” can thus result in
calculated permeabilities which are twice as high as they should be. Gas
permeabilities are easily converted to liquid permeability (the permeability
to gas is proportional to the mean pressure used during the measurement of
flow), by applying a correction factor proportional to the pressure used in
the determination.
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\ lix 2 Ouantitative DST_Int ati

A2.1 Drill Stem Test Proccdure
A drillstem test (DST) is a short term production test conducted on a

temporarily completed well. A DST tool, attached to the drill string, is
lowered into the well bore and positioned opposite the geologic inte. val of
interest. This interval is then sealed off from the mud column in the well
bore by one or more inflatable packers. Qil industry DSTs are of a few
hours duration, and usually comprise two periods of production during
which formation fluids flow into the drill string (reducing the pressure in
the formation) followed by shut-in periods during which the pressure
buildup is monitored by pressure recorders mounted in the DST tool. The
rate and nature of pressure recovery are determined by the hydraulic
character of the geologic media in the isolated interval. From proper
interpretation of the test data we can infer:

i) The stable pore fluid pressure (p;) of the geologic interval tested

ii) The permeability of the interval

iii) The radius of investigation of the test.

A2.2 Pressure versus Time Buildup Plots

I _Horner Plots

A Horner (semi-log) plot, graphs the pressures recorded during the
shut-in periods (pys) on a linear vertical scale against a dimensionless time
variable (¢t + At/ At) on a logarithmic horizontal scale. Here ¢ is the
cumulative flow time and At is the time elapsed since shut-in.

A number of simplifying assumptions are implicit in Homer analysis
including: .

i) single phase fluid flow in the reservoir

iil)  radial flow to the well bore

iii)  horizontal reservoir of infinite extent

iv)  wells fully penetrate the reservoir

Ramey's idealized figure (Figure A2.1) shows a number of
characteristic pressure buildup curves that may be generated during a DST
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as they would appear on a Homer plot, and indicates their probable origin.
Note that one shut-in period of a DST produces a single curve - the
multiple curves on the figure represent numerous possibilities
superimposed. The patterns of pressure buildup fall into three distinct
phases.

1) EARLY PHASE: The early pressure buildup is dominated by flow
within and immediately adjacent to the wellbore (collectively termed
wellbore storage effects), and is independent of the geologic-hydraulic
character of the tested interval. This phase of pressure buildup may reveal
formation damage (permeability reduction around the wellbore caused by
drilling), or stimulation (permeability enhancement due to induced
fracturing or acid treatment). See curves A and B on Figure A2.1.

2) MIDDLE PHASE: A later phase of the shut-in response is
controlled by flow within the formation. Pressure buildup during this
phase is determined by the geologic-hydraulic character of the porous
media within the tested interval. If flow through the formation to the weil
is radial, the buildup curve on a Horner plot will be a straight line whose
slope is inversely proportional to the transmissivity of the medium (see
curve C on Figure A2.1). This is the “correct” straight line for the
determination of the formation permeability. If flow is non-radial (e.g.,.
linear, bi-linear and spherical flow are all possible), then no meaningful
straight line will appear on a Horner plot and the data must be analyzed on
a different type of plot. I describe some of these alternative plots below.

3) LATE PHASE: The radius of investigation during a DST
increases with time. Reservoir boundary effects may be evident in the final
phase of the pressure buildup. Pressure depletion due to drawdown within
a small finite reservoir, or due to pumping in an adjacent well may also be
apparent during this phase. See curves D and E on Figure A2.1. Note that
abrupt discontinuities (e.g.,. ‘impermeable’ faults, reef margins etc.) will
be easier to detect and interpret than gradual changes in permeability or
formation thickness which may give the appearance of some kind of non-
radial flow. Since petroleum industry DST’s are usually short term tests
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with a radius of investigation limited to a few tens of metres, t+.undary
effects are rarely seen in practice.

Two differences between Figure A2.1 and a typical oil industry DST
should be noted. First the duration of a typical DST is rather short so two
log cycles are usually sufficient to display the entire pressure buildup
(Ramey’s figure shows five log cycles). Second, since most DSTs involve
two periods of flow and shut-in, two distinct curves are gencrated. Because
the second flow and shut-in periods are longer than the first, the correct
straight line usually develops during the second shut-in period.

2 Plots Relevant to Non-Radial Flow

Different fluid flow geometries (radial, linear and spherical flow
etc.) are governed by different flow equations. A graphical solution to a
given equation will, in the absence of wellbore effects plot as a straight line
on a graph of pressure versus some function of time, with appropriate axes
(Ershaghi and Woodbury, 1985, p. 335). It is theoretically possible
therefore, to diagnose the type of flow by graphing a single data set on
numerous type plots and simply searching for a straight line. The type of
plot on which a straight line appears will diagnose the relevant flow

geometry.
The Log-Log Plot

Well-Bore I E
Since radial flow is dominant in many porous media, a Homer plot is

the best bet for a “first look” at the data. A useful adjunct to the Horner
plot, is a log-log graph of the pressure rise pws - pwf, where pwf is the
pressure recorded at the end of the flow period prior to shut-iz, versus At
the time elapsed since shut-in. On such a plot, well bore storage effects will
produce a straight line with unit slope. Having identified the time at which
wellbore storage effects e:xd on a log-log plot, one can return to the Horner
plot and identify the start of the correct semi-log straight line by simply
eliminating storage effects.
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Linear Flow in Vertical Fractures
The log-log plot is also useful for identifying linear flow in vertical
fractures which is manifest as a distinctive straight line with a half slope.

Linear, Spherical and Bi-linear Flow Plots
Other plots of pressure versus some function of time which
theoretically yield straight lines for specific types of flow include: pyy

versus \] At for linear flow, pys versus 1/\] At for spherical flow, and pyg

versus ifA_t, for bi-linear flow. Characteristic curves for the first three
flow types are shown in Figure A2.2,

The use of these plots in transient pressure analysis over the last few
decades is described in an excellent review paper by Ramey (1982).
Ershaghi and Woodbury (1985), are less enthusiastic about the diagnostic
properties of such plots, and present field evidence that pressure versus
iime d2ta “or one particular known style of flow will often produce
“psevc s raizht” lines on two or more characteristic plots

A2.3 Formulas used in DST interpretation
The stable formation pressure p; (known as the “initial” pressure but

which actually means the stable and possibly disturbed formation pressure
at the time of the test) can be derived from:

ey t+ Dt
Pws =pi-m *log—pH =,

where Pws = shut-in pressure (kPa)
pi = “initial” (stable) formation pressure (kPa)
m = slope of the build up curve
t = cumulative flow time (min)
Dt = time elapsed since shut-in (min).

which is an equation for a straight line of the form y = a + m * x. Thus a
plot of pys versus log (¢t + At/ At), produces a straight line of slope m
whose intercept on the vertical axis at log (z + At/ At) = 1 is equal to
pi, the stable formation pressure. In practice a semi-log plot is used with
(t + At/ Ar) plotted on the log axis. The slope (m) of the Horner plot
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“correct straight line” for liquid analysis (kPa/log cycle) determined from
the final buildup is

_2121Bgau
mM=""%b
where B = OFVF, the oil formation volume factor (m3/m3)

ga = average liquid productioi ate during test (m3/day)
u = dynamic viscosity of liquid in ¢P (mPa.s)

k = permeability (millidarcy)

b = net pay thickness (m)

An increase in slope of a buildup curve with time elapsed may
inciicate a decrease in the permeability or thickness or an increase in fluid
viscusity e.g., a fluid interface in a petroleum pool. It is assumed that the
production rate remains constant throughout the test.

The permeability of the formation to reservoir fluids and the
approximate radius of investigation of the test a;. ‘letermined as follows:

kb 2121B
Transmissibility = m . qa,

. 2121 Bga . m
Permeability = & == B

kt
Approx radius of investigation = 0.000 49 * Fme

where k = permeability (millidarcy)
t = cumulative flow time (min)
f = effective poreaity (fraciion)
m = dynamic viscosity +f liquid in cP (mPa.s)
¢ = liquid compressivility (per kPa)
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I constructed Horner and log-log plots for 24 wells in the present
study area, and used the formulas given above to calculate the stable
formation pressure, formation permeability and radius of investigation of
the test.

A sample of these plots and my DST analysis charts are presented below.
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A2.4 L3T Analysis Charts, Horner and Log-Log Plots for
Selected DSTs.

DLS Location DST#  Calculated My Evaluation
Head (m) of Test Quality
10-34-91.24W4 1 616 Reliable
11-33-94-22W4 1 1030* Supercharged
6-31-98-22W4 1 1039* Faulty Device
3-31-100-22W4 2 1062* Supercharged

* Used by Té6th (1978, Figure 16) for Keg River Aquifer potentiometric surface.
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BRITISH Units RESERVOIR Parameters FLUID Parameters
DLS Well ID 10-34-91-24-W4 |Thickness (m) 10 Density @STP
KB (ft) 1785 Porosity Frac 5.3% Viscosity cP 0.65
DST# 1 Temp (C) 1! 40 beta (per kPa) 4.80E-07
Depth from 3610 alpha (per kPa) 4.77E-08
Depth to 3680
Elev from -1825 Date of Test 26 Mar 1968
Elev to -1895
Formation KEG RIVER HORNER Plot
BUILDUP data Time min Pressure psi  |extrapolation slope psi
Initial Hydrostatic 2006 psi per log cycle
Pre-Flow 3 90
2nd Flow 60 | 400
Initial Shut In 30 1648 1672 593
Final Shut In 90 1632 1679 | 206
Final Hydrostatic 2006
Hydrostatic Horner Extrap
Initial minus Final (psl) 0 -7
% Depletion (>3% is serious) 0.00% -0.4%
Horner Slope Ratio (1st:2nd) 2.88
RECORDER CORE DATA none
Type MECH Metric Equivalents Depth from
Depth ft 3633 1107 Depth to
Elevation ft -1848 -563 Perm am.(mD)
Range psi 4000 27579 Porosity
Mech error (+/-) 10 69
PIPE SIZES capacity m3/m volume m3 Slow rate m3/d
DC ID (inch) 2.875 .004 179 26.6
DC length (ft) 140.35
hole radius (mm) !! 100 total volume m3
Pipe ID (inch) est. 3.826 .007 .983 1.162
FLUID RECOVERY (ft) density (Ib/gal) |RESULTS (metric units)
water 575 10.100 Transmissibility (mD*ml/cP) 40
mud Capacity (mD m) 26
oil Permeability (mD) 26
gas Approx Investigation Radius (m) 49
TOTAL 575 Skin Factor (+ve = damage) 2
COMMENTS Dynamic Pressure Increment (kPa) 702
Final SI extrapolation used to calculate head FW Equiv Hydraulic Head (m) 616
Well “cleaned up" on final SI +/- mech error (m) 7
Pressure is representative FW head elevation above KB (m) 72
ABBREVIATIONS
alpha aquifer compressibility
beta water compressibility
mech mechanical
DC drill collar
SI shut in

Table A2.1 DST Analysis Table for 10-34-91-24W4, DST#1
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Horner Plot for 10-34-91-24-W4, DST#1
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Figure A2.3 Homer and Log-Log Plots for 10-34-91-24W4, DST#1
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BRITISH Units RFESERVOIR Parameters FLUID Parameters
DLS Well ID 11-33-94-22-W4 |Net Pay (m) est. 10 Density @STP 1.27
KB (ft) 2564 Porosity Frac 53% Viscosity cP 0.65
DST# 1 Temp (C) !! 40 beta (per kPa) 4.80E-07
Depth from 4143 alpha (per kPa) 4.77E-08
Depth to 4227
Elev from -1579 Date of Test 19 Feb , 1973
Elev to -1663
Formation KEG RIVER ] HORNER Plot
BUILDUP data Time min Pressure psi  extrapolation slope psi
Initial Hydrostatic 2371 psi per log cycle
Pre-Flow 5 79
Final Flow 60 | 92
Initial Shut In 60 2100 2157 1626
Final Shut In 90 1883 2086 847
Final Hydrostatic 2362
Hydrostatic Horner Extrap
Initial minus Final (psi) 9 71
% Depletion (>3 % is serious) 0.38% 3.3%
Horner Slope Ratio (initial:final) 1.9
RECORDER COREDATA none in Kegr
Type LNZCH Metric Equivalents Depth from
Depth (ft) 4154 1266 Depth to
Elevation (ft) -1590 485 Permaumn. (mD)
Range (psi) 4000 27579 Porosity
Mech error (+/-) 10 69
PIPE SIZES capacity m3/m volume m3 Slow rate m3/d
DC ID (inch) 2.875 .004 443 9.825
DC length (ft) 34739
hole radius (mm) 1! 100 total volume m3
Pipe ID (inch) 3.826 .007 .000 443
FLUID RECOVERY (ft) density orconcn |RESULTS (metric units)
water Transmissibility (mD*m/cP) 4
mud 90 10.700 Capacity (mD m) 2
oil Permeability (mD) 02
gas Approx Investigation Radius (m) 15
TOTAL 90 Skin Factor (+ve = damage) -2
COMMENTS Lost circ at 4159 depth, 15 Feb, 1973. |FW Equiv Hydraulic Head (m) 1030
Hydraulic head 248 m above ground +/- mech error (m) 7
Serious depletion - reservoir SUPERCHARGED Dynamic Pressure Increment (kPa) 2439
FW head clevation above KB (m) 248

| Keg River = 32 m thick (no pinnacle reef)

ABBREVIATIONS

alpha aquifer compressibility
beta water compressibility
mech mechanical

DC drill collar

SI shut in

Table A2.2 DST Analysis Table for 11-33-94-22W4, DST#1
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Horner Plot for 11-33-94-22-W4, DST#1
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Figure A2.4 Horer and Log-Log Plots for 11-33-94-22W4, DST#1
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BRITISH Units RESERVOIR Parameters FLUID Parameters
DLS Well ID 6-31-98-22-W4 Net Pay (m) est. 10 Density @STP
KB (ft) 2189 Porosity Frac 5.7% Viscosity cP 0.69
DST# 1 Temp (C) DST 36.63 beta (per kPa) 4.80E-07
Depth from 3484 alpha (per kPa) 4.98E-08
Depth to 3750
Elev from -1295 Date of Test 28 Fcb, 1968
Elev to -1561
Formation MUSKEG-KEG RIVER | HORNER Plot
BUILDUP data Time min Pressure psi  extrapolation slope psi
1st Hydrostatic 1992 psi per log cycle
Pre-Flow 5 98
2nd Flow 240 960
1st Shut In 60 1989 2034 1393
2nd Shut In 120 1860 2016 323
2nd Hydrostatic 1968
Hydrostatic Horner Extrap
Initial minus Final (psi) 24 18
% Depletion (>3% is serious) 1.20% 0.9%
Horner Slope Ratio (1st:2nd) 43
RECORDER CORE DATA
Type MECH Metric Equivalents | Depth from (m) 1080.2
Depth (ft) 3464 1056 Depth to (m) 11110
Elevation (ft) -1275 -389 Perm am.(mD) 0.35
Range (psi) 3300 22753 Perm g.m. (est.) 0.012
Mech error (+/-) 8.25 57 Porosity 5.73%
PIPE SIZES capacity m3/m volume m3 Jlow rate m3/d
DC ID (inch) 2.875 4.19E-03 2.30E-01 1.25E401
DC length (ft) 180
hole radius (mm) !! 111.125 total volume m3
Pipe ID (inch) 29 4.26E-03 1.90E+00 2.13E+00
FLUID RECOVERY (ft) density or concn  JRESULTS (metric units)
water 1640 1.234=0.533psi/ft |Transmissibility (mD*m/cP) 12
mud 10=0.519psi/ft  |Capacity (mD m) 8
oil Permeability (mD) 0824
gas Approx Investigation Radius (m) 50
TOTAL 1640 Skin Factor (+ve = damage) -2
COMMENTS Keg River Fm 73m thick (pinnacle reef?) FW Equiv Hydraulic Head (m) 1039
Final flow pressure=960psi/0.533=1801 ft recovery? +/- mech error (m) 6
Fw head 372 m above ground! Dynamic Pressure Increment (kPa) 3656
Extrapolated pressure > hydrostatic, recorder reading high? FW head clevation above KB (m) 372
ABBREVIATIONS
alpha aquifer compressibility
beta water compressibility
mech mechanical
DC drill collar
SI shut in

Table A2.3 DST Analysis Table for 6-31-98-22W4, DST#1
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Horner Plot for 6-31-98-22-W4, DST #1
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Figure A2.5 Horner and Log-Log Plots for 6-31-98-22W4, DST#1
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BRITISH Units RESERVOIR Parameters FLUID Parameters
DLS Well 1D 3-31-100-22-W4 (Net Pay (m) est. 10 Density @STP
KB (ft) 2351 Porosity Frac 2.5% Viscosity cP’ 0.65
DST# 2 Temp (C) ! 40 beta (per kPa) 4.80E-07
Depth from 3650 alpha (per kPa) 3.35E-08
Depth to 3710
Elev from -1299 Date of Test 1 March, 1970
Elev to -1359
Formation KEG RIVER HORNER Plot
BUILDUP data Time min Pressure psi  |extrapolation slope psi
1st Hydrostatic 2117 psi per log cycle
Pre-Flow 10 143
2nd Flow 150 | 296
1st Shut In 60 2074 2086 184
2nd Shut In 150 1921 1972 162
2nd Hydrostatic 2098
Hydrostatic Horner Extrap
Initial minus Final (psi) 19 114
% Depletion (>3% is serious) 0.90% 5.5%
Horner Slope Ratio (1st:2nd) 1.1
RECORDER CORE DATA
Type MECH Metric Equivalents Depth from 1069.848
Depth (ft) 3672 1119 Depth to 1106.424
Elevation (ft) -1321 -403 Perm am. (mD) 0.1
Rang : (psi) 4000 27579 Perm g.m. est. 0.002
Mech error (+/-) 10 69 Porosity 2.5%
PIPE SIZES capacity m3/m volume m3 flow rate m3/d
DC ID (inciz) 2.875 004 443 6.249
DC length (ft) 347.39
hole radius (mm) !! 111.125 : total volume m3
Pipe ID (inch) est. 3.64 ( 007 251 694
FLUID RECOVERY (ft) density or concn  {RESULTS (metric units)
water 235 Transmissibility (mD*micP) 12
mud 235 Capacity (mD m) 8
oil Permeability (mD) 0.8
gas Approx Investigation Radius (m) 62
TOTAL 470 Skin Factor (+ve = damage) 10
COMMENTS FW Equiv Hydraulic Head (m) 1062
Head 345m above ground! +/- mech error (m) 7
SUPERCHARGE and depletion of small reservoir Dynamic Pressure Increment (kPa) 3392
FW hcad elevation above KB (m) 345

Keg River = 105m (pinnacle)

ABBREVIATIONS

alpha aquifer compressibility
beta water compressibility
mech mechanical

DC drill collar

SI shut in

Table A2.4 DST Analysis Table for 3-31-100-22W4, DST#2
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Horner Plot for 3-31-100-22-W4, DST#2
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Figure A2.6 Homer and Log-Log Plots for 3-31-100-22W4, DST#2
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Appendix 3 Instrument Error
A3.1 Pressure

DST pr re_recorder
According to the DST Manual produced by Lynes United Services
(Ehrmann, undated), pressure recorder instrument errors can be calculated
as:

Mechanical recorder error = +/- 0.25% of fuli range

Electronic recorder error = +/- 0.05% of full range
Both types of reccrder are most efficient when opeiating in the middle of
full range. In the present study area, the Keg River - Granite Wash aquifer
lies at a depth of around 1500 m. Nominal hydrostatic pressure is therefore
about 15 000 kPa g, (10 kPa/m * 1500 m) so the recorder range is usually
set at about 30 000 kPa (4354 psi). The average instrument errors in the
present study area are thus:

+/- 75 kPa, for a mechanical recorder set at 30 000 kPa full range

+/- 15 kPa, for an electronic recorder set at 30 000 kPa full range
These pressures are equivalent to between 1 and 8 m of fresh water
hydraulic head respectively.

A3.2 Temperature

BHT rature recorder

Most deep subsurface temperature data are obtained during the routine
logging of oil wells. A temperature sensitive device (max temperature
mercury thermometer in old wells or an electrical temperature sensor in
more recent ones) is lowered into the borehole as part of a geophysical
tool, and the temperature recorded. Theoretically, the degree to which this
recorded temperature represents the true formation temperature is affected

by three factors:

1)  The reading accuracy of the temperature measuring device
2)  The thermal instability of the bore hole fluid
3)  The thermal disequilibrium around the well due to drilling
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Instrusrent Accuracy

Mercury aximum thermometers measure 2 single teinperatuie per run
which i3 assigned to the maximum depti: reached by ‘he 150l. According to
» iratener (p.35) temperatures are at best accurate te +/- 0.1 C or F.
Ficectrical devices are rnore accurate, modern thermistors for example have

a resolution of +/- .01 C (0.02 F).

Thermat Instability

Hales (1931) investigated thi thermal stability of a fluid filled tube
subjected to a temperature gradient. His calculations indicate that most cil
wells wiil be thermally unstable, the drilling flnid flowing by convective
overturn within the borehole. Gretener (1981, p.27,31) presents field
cvidence which confirms Hales’ calculations and concludes that in oilwells,
thermal instabilities of +/- 0.02 C (+/- 0.04 F) are common, which places a
jimit on ¢ resolution of temperature logging tools.

Therpgi _Disequilibrixm

The aci-on of drilling and the circulation of d1 ‘ing fluid in the borehole
distarls formation temperatures. In general the degp portion of the
borehole is cooled and the shallow part is warmed (see Figure 2.12).
Bu:tem hole temperatures are recorded before thermal equilibrium is
raestablished and are therefore lower than the true formation temperature.
The method I used to correct BHTs is given in Section 3.3.2.

Reporting Errors

Historically BHTs have been: collected as a low priority task under
uncontroiled conditions so recording and reporting errors are both
possible. No systematic correction can be made for such eirors other than
to cull wildly erroneous values. Leblanc et al (1982) assume an absolute

error of =5 © °C in reported BHTs.

A3.3 Water Chemistry

According to a recent USGS public..ion (Hem, 1989, p.163) major ions
can be determined under optimum conditions wiih an accuracy of 2% for
solutes present at concentrations exceeding 100 mg/L, and with an accuracy

of £10% for solutes at less than 1 mg/L.
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Ad.1 Culled Pressure Data
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A4.2 Culled Temperature Data
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LE . § T R M ESQ|Elevation| Depth{ Formationy Tt BHT Quality | Grad T'*
(m) (m) (dep C) (1-4) (dep C/hm)
0 6 21 8 1 5 0 =745 1487 | Pre-Cambrian | 36.2 3 23
0 1510 89 2 5 0 -689 1480 | Prc-Cambrian | 49.5 1 2
0 5 12 8 2 5 0 -724 1532 | Pre-Cambrian | §7.2 2 36
0 1517 89 2 5 0O -780 1564 | Pre-Cambrian | 45.6 3 28
0O 14 18 89 2 5 0O 187 599 | Grand Rapids | 26.2 2 40
0 1418 8 2 5 0 -742 1528 | Chinchaga 454 2 28
0 1418 8 2 5 0 -742 1528 | Chinchaga 45.7 2 29
0O 1328 88 2 5 0 -751 1505 | Pre-Cambrian | 39,9 1 25
0 2 10 89 3 5 0 -691 1452 | Keg River? 62.0 1 41
0 3158 3 5 0 -713 1510 | Pre-Cambrian | 45.2 1 29
O 1115 89 3 5 0 <753 1539 | Pre-Cambrian | 47.1 1 29
0 5 22 8 3 5 0 <733 1518 | Pre-Cambrian | 41,9 1 26
0 3278 3 5 0 =746 1516 | Pre-Cambrian | 39.9 1 25
0 1 30 8 3 5 0 -785 1531 | Pre-Cambrian | 47.8 1 30
0 3 3 8 3 5 0 -738 1514 | Pre-Cambrian | 42.2 1 27
0 1619 88 5 5 0 -349 1575 | Pre-Cambrian | 38.8 1 23
0 1619 8 5 5 0 -849 1575 | Pre-Cambrian |  39.1 2 24
0 1619 8 5 5 0 -849 1575 | Pre-Cambrian | 41.2 2 25
0 1221 8 6 5 0 -844 1507 | Pre-Cambrian | 38.2 3 24
0 4 4 89 7 5 0 917 1532 | Pre-Cambrian | 42.7 1 27
0 16 5 8 7 5 0 -864 1472 | Pre-Cambrian | 43.3 1 28
0 106 8 7 5 0 -922 1515 | Pre-Cambrian | 49.5 1 3i
0 11 9 89 7 5§ 0 -886 1472 | Pre-Cambrian | 47.8 3 31
2 217 8 7 5 0 -872 1455 | Pre-Cambrian | 59.6 2 40
0 8198 75 0 93 475 Wabamun 27.8 2 54
0 1619 89 7 5 0 914 1478 | Pre-Cambrian | 39.6 2 25
0 1023 8 7 § 0 -883 1480 | Pre-Cambrian | 40.3 3 26
0 1023 8 7 5 0 -883 1480 | Pre-Cambriar. | 46.0 3 30
0 154 89 8 5 0 <935 1466 | Pre-Cambrian | 44.0 1 29
0 2 6 89 8 5§ 0 -786 1300 Muskeg 430 1 32
0 4 6 89 8 5 0 -893 1405 | Pre-Cambrian | 46.4 2 32
0 12 6 89 8 5 0 -957 1466 | Pre-Cambrian| 454 3 30
0 127 89 8 5 0 -952 1460 |Pre-Cambrian?| 40.2 3 26
0 1108 8 5 0 -527 1079 |Beaverhill Lk.?] 24.6 4 21
0 1 108 8 5 0 -909 1461 | Pre-Cambrian | 47.1 1 31
0 9 08 8 5 0 918 1467 | Pre-Cambrian?| 45.3 1 29
0 511 8 8 5 0 -920 1474 | Pre-Cambrian?| 49.8 1 32
0 3128 8 5 0 -927 1498 | Pre-Cambrian | 58.2 1 38
0 3158 8 5 0 -880 1412 | Pre-Cambrian { 42.1 3 28
0 1215 89 8 5 0 -892 1430 | Pre-Cambrian | 45.2 1 30
0 1316 88 8 5 O -904 1422 | Pre-Cambrian | 39.4 1 26
0O 11 18 89 8 5 O -932 1438 | Pre-Cambrian | 38.7 3 26
0O 1519 8 8 5 0 -932 1435 | Pre-Cambrian | 36.9 1 24
0 6 21 89 8 5 0 -906 1425 | Pre-Cambrian | 39.8 3 27
0 4 22 89 8 5 O 918 1450 | Pre-Cambrian | 44.] 3 29
0 7 228 8 5 0 -900 1436 | Pre-Cambrian | 53.5 1 36
0 522 8 8 5 0 -823 1355 Muskeg 40.5 1 28
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LE .S T R M ESQ} Elevation| Depth |  Formationt Tf BHT Quality|{ Grad T*
(m) (m) (deg C) (1-4) (deg C/km)
0 1622 8 8 5 0 -905 1437 | Pre-Cambrian 40.7 1 27
0O 3 24 89 8 5§ 0 -917 1467 | Pre-Cambrian 494 3 32
0 1525 89 8 5 0 -644 1180 | Beaverhill Lk.| 27.8 3 22
0 1525 89 8 5§ 0 -887 1423 |Pre-Cambrian?| 46.8 | 31
O 526 89 8 5 0 -897 1428 | Pre-Cambrian | 43.7 3 29
0 1526 89 8 5 0 -899 1428 | Pre-Cambrian | 41.8 1 28
0 1327 89 8 5 0 -902 1420 | Pre-Cambrian | 39.1 3 26
0 8 28 89 8 5 0O -889 1407 | Pre-Cambrian | 41.9 3 28
0O 1128 89 8 5 0 11 400 Wabamun 21.5 3 49
0 1032 8 8 5 0 910 1411 | Pre-Cambrian | 52.5 1 36
0O 41 8 9 5 0 -966 1466 | Prc-Cambrian | 44.9 3 29
01 9 8 9 5 0 -942 1450 | Pre-Cambrian | 44.5 1 29
0 3128 9 5 0 951 1451 | Pre-Cambrian | 46.5 1 31
C 416 8 9 5 0 -950 1456 | Pre-Cambrian | 49.9 2 33
0 4 16 89 9 5 0 -950 1456 | Pre-Cambrian | 62.5 2 42
0 1621 8 9 5 0 -933 1440 | Pre-Cambrian | 41.3 3 27
0 14228 9 5 0 -928 1434 | Pre-Cambrian | 39.9 3 26
0 4 23 89 9 5 0 -967 1470 | Pre-Cambrian | 33.9 3 22
0 1626 89 9 5 0 -935 1434 | Pre-Cambrian | 43.1 1 29
0O 6 28 89 9 5 0 118 386 Wabamun 21.2 3 50
0 7298 9 5 0 -929 1433 | Pre-Cambrian | 39.5 1 26
0 9 30 89 9 5 0 -946 1455 | Pre-Cambrian | 32.6 1 21
0 9 31 8 9 5 0 -930 1436 | Pre-Cambrian | 36.7 1 24
0 1034 89 9 5 0 -892 1393 Keg River 25.7 2 17
0 7 35 8 9 5 0 -942 1442 | Pre-Cambrian { 34.0 3 22
0 1 1 8 105 0 -949 1471 | Pre-Cambrian | 47.4 1 31
0 111 8 105 O 78 451 Wabamun 17.2 3 34
0 1 10 8 105 0 -930 1473 | Pre-Cambrian| 51.9 3 34
0 3 11 89 105 O -938 1475 | Pre-Cambrian | 36.5 1 23
0 1211 8 105 O 971 1510 | Pre-Cambrian | 44.6 1 28
0 7 138 105 0 -968 1487 | Pre-Cambrian | 53.0 1 34
0 1015 8 105 O -966 1509 | Pre-Cambrian | 59.0 1 38
0 1016 8 105 0 -964 1518 | Pre-Cambrian | 54.9 3 35
0 1017 8 105 O -980 1546 | Pre-Cambrian | 42.5 1 26
0 1018 8 10 5 O -969 1549 | Pre-Cambrian | 48.3 3 30
0 14 18 8 10 5 O -964 1546 | Pre-Cambrian | 49.3 1 31
0O 1120 8 105 O -980 1548 | Pre-Cambrian | 44.0 1 27
0 4 25 8 105 O -938 1465 | Pre-Cambrian | 53.6 1 35
0 1 26 8 105 0 109 421 Wabamun 24.4 2 53
0 6 28 8 10 5 O -967 1521 | Pre-Cambrian | 42.2 2 26
0 14 28 8 105 O -967 1519 | Pre-Cambrian | 44.8 1 28
0 6 29 8 105 0 -968 1538 | Pre-Cambrian| 55.6 3 35
0 6 32 8 105 0 -946 1512 | Pre-Cambrian ] 49.2 2 31
0 6 32 8 105 0 -974 1541 | Pre-Cambrian | 55.7 2 35
0 1032 8 105 O -952 1512 | Pre-Cambrian?| 52.9 2 34
0 14 32 8 105 O -962 1530 | Pre-Cambrian | 48.1 2 30
0 3 3 8 1 5 0 -994 1621 | Pre-Cambrian | 39.7 3 23
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LEL S T R M ESQ|Elevation| Depth]  Formationt Tt BHT Quality | Grad T*
(m) (m) (dep C) (1-9) (deg C/hm)
0 5 4 8 11 5 0 -993 1631 | Pre-Cambrian | 45.8 1 27
0 1 5 8 115 0 -990 1630 | Pre-Cambrian | 40.6 3 A
0 16 5 8 11 5§ O -990 1640 | Pre-Cambrian |  37.8 1 2
0 5 8 8 115 0 -1009 1660 | Pre-Cambrian | 47.7 1 28
01 9 8 115 0 -1006 | 1641 | Pre-Cambrian | 47.1 3 27
0 1 11 8 11 5 O -995 1600 | Pre-Cambrian | 47.2 1 28
0 9 16 8 11 5§ O 964 1606 | Pre-Cambrian | 44.5 1 26
0 2 19 8 115 0 -999 1683 | Pre-Cambrian |  46.0 1 26
0 7 21 8 11 5 0 -981 1628 | Pre-Cambrian | 384 3 22
0 12 33 8 11 § 0 -994 1650 | Pre-Cambrian | 45.0 3 26
0 4 35 89 11 5 0 -988 1607 | Pre-Cambrian | 49.9 R 30
0 9 13 8 12 5 0 -957 1651 | Pre-Cambrian | 50.3 [ 29
0 4 23 89 125 0 -1023 | 1772 | Pre-Cambrian | 37.3 3 20
0 1 24 8 125 0 -987 1690 | Pre-Cambrian | 42.1 3 24
0 5 32 8 125 0 -1019 | 1752 | Pre-Cambrian | 45.1 1 25
0 1 33 8 125 0 -1004 | 1778 | Pre-Cambrian | 45.2 2 24
0 1 33 8 12 5 0 -1004 | 1778 | Pre-Cambrian | 54.1 1 29
0 3 34 8 125 0 -1009 | 1780 | Pre-Cambrian | 50.7 3 27
0 1 36 89 12 5 0 -1010 | 1720 | Pre-Cambrian | 47.2 1 26
0 101 8 135 0 -1041 1777 | Pre-Cambrian | 39.9 1 21
0 1020 89 13 5 O -1009 | 1703 | Pre-Cambrian | 429 2 24
0 1035 8 135 0 -995 1711 | Pre-Cambrian | 50.3 1 28
0 14 5 8 145 0 -1039 | 1748 | Pre-Cambrian| 48.0 1 26
0 4 7 8 145 0 -1037 | 1748 | Pre-Cambrian | 45.7 3 25
0 8 15 8 145 0 -1003 | 1702 Muskeg? 43.7 | 25
0 1018 8 145 0 -1026 | 1707 | Pre-Cambrian{ 39.7 1 22
0 3 30 8 145 0 -1055 | 1745 | Pre-Cambrian | 55.2 1 31
0 139 1 5 0 -656 1224 | Pre-Cambrian | 37.8 1 29
0 51 9 2 5 0 -718 1384 | Pre-Cambrian | 40.4 3 28
0 127 90 2 5 0 -723 1439 | Pre-Cambrian | 41.1 3 27
0 2189 2 5 O 717 1352 | Pre-Cambrian | 43.0 3 30
0 11 18 90 2 5 O <763 1406 | Pre-Cambrian { 48.6 1 33
0 11239 2 5 0 -685 1359 | Pre-Cambrian | 42.7 1 30
0 8 1 9 3 5 0 -747 1510 | Pre-Cambrian | 41.5 1 26
0 152 9 3 5 0 -761 1535 | Pre-Cambrian | 54.2 3 34
0 6 3 9 3 5 0 -752 1530 | Pre-Cambrian | 43.4 1 27
6 9 7 9 3 5 0 -752 1520 { Pre-Cambrian | 32.1 1 20
0 8 8 90 3 5 0 -748 1536 | Pre-Cambrian | 57.4 3 36
0 109 90 3 5 O -754 1542 | Pre-Cambrian | 42.2 1 26
0 1411 9 3 5 0 -730 1507 | Pre-Cambrian | 39.6 1 25
0 6 12 90 3 5 0 -724 1487 | Prc-Cambrian | 434 3 28
0 81290 3 5 0 -736 1480 | Pre-Cambrian{ 41.6 3 27
0 1512 90 3 5 0 -728 1466 | Pre-Cambrian | 40.9 1 27
0 4 1390 3 5 O -741 1473 | Pre-Cambrian | 40.0 1 26
0 141390 3 5 0 -704 1405 | Pre-Cambrian { 46.0 1 31
0O 8 14 90 3 5 0 =730 1464 | Pre-Cambrian | 38.7 1 25
0 9 1490 3 5 0 -729 1440 | Pre-Cambrian { 40.0 I 26
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ILE IS T R M ESQ|Elevation| Depth | Formationt Tf BHT Guality] Grad T*
(in) (m) (deg C) (1-4) (deg C/km)
O 1114 90 3 5 0 -732 1435 | Pre-Cambrian |  46.1 1 31
0O 14 16 90 3 5 0 -758 1501 | Pre-Cambrian | 42.8 1 27
0O 8 I8 90 3 5 0O -756 1500 | Pre-Cambrian | 45.0 1 29
0 1021 90 3 ¢ 0 =771 1422 | Pre-Cambrian 43.5 3 29
0O 1 24 90 3 5 0 -733 1390 | Pre-Cambrian | 43.6 3 30
0 3 24 90 3 5 O =726 1410 | Pre-Cambrian | 40.8 )| 28
0 1224 90 3 5 0O -735 1370 | Pre-Cambrian | 39.3 1 27
0 4 25 9 3 5 O -728 1357 | Pre-Cambrian | 36.1 1 25
0O 8 25 90 3 5 0O =727 1355 | Pre-Cambrian | 424 1 30
0 6 26 99 3 §5 O -758 1386 | Pre-Cambrian | 37.8 2 26
0 6 26 90 3 5 0 -756 1384 | Pre-Cambrian| 40.0 2 27
0 1630 90 3 5 O -784 1407 | Pre-Cambrian | 42.1 3 29
0 236 90 3 5 0 178 460 Wabamun 22.1 3 44
0 236 9 3 5 0 -767 1405 | Pre-Cambrian| 38.4 1 26
0 148 9 4 5 0 -831 1560 | Pre-Cambrian| 48.6 3 30
0 1032 90 4 5 0 -758 1413 | Pre-Cambrian| 38.4 3 26
0 1221 90 5 5 0 -791 1525 | Pre-Cambrian| 39.7 3 25
0 1223 90 5 5 O -824 1548 | Pre-Cambrian| 57.7 4 36
0 1 329 5 5 0 -787 1520 | Pre-Cambrian| 43.2 3 27
0 1032 90 5 5 0 -778 1511 | Pre-Cambrian | 41.4 2 26
0 1032 90 5 5 0 -778 1511 | Pre-Cambrian | 44.7 1 28
0 1432 9 5 5 0 =769 1505 | Pre-Cambrian | 44.9 3 29
0 16 8 9 6 5 0 -833 1482 | Pre-Cambrian | 38.1 3 24
0 109 90 6 5 0 -822 1487 | Pre-Cambrian | 39.3 1 25
0 1413 90 6 5 O -786 1515 | Pre-Cambrian | 43.3 1 27
0 3 5 9 75 0 -877 1419 | Pre-Cambrian | 45.3 2 31
0 7 129 7 5 0 -855 1446 | Pre-Cambrian| 49.6 1 33
0 8 27 99 7 5 0 -874 1433 | Pre-Cambrian| 44.5 4 30
0 8 27 90 7 5 O -874 1433 | Pre-Cambrian | 54.2 3 K]
0 4 3 90 8 5 0O -947 1456 | Pre-Cambrian | 62.0 2 41
0 11 5 9 8 5 0 -926 1422 | Pre-Cambrian | 40.8 3 27
0 1511 99 8 5 0 -343 860 Ireton? 26.4 2 28
0 1511 99 8 5 O -895 1407 | Pre-Cambrian | 41.8 1 28
0 525 9 8 5 0 435 939 Ireton 23.9 2 23
0 5259 8 5 0 444 948 Ireton 25.7 2 25
0 6 26 90 8 5 O -875 1382 | Pre-Cambrian | 35.7 1 24
0 331 9 8 5 0 -895 1391 | Pre-Cambrian | 62.1 3 43
01 4 9 9 5 0 110 390 Wabamun 222 4 52
0 96 9 9 5 0 -940 1445 | Pre-Cambrian | 394 3 26
0 3129 95 0 -925 1423 | Pre-Cambrian | 31.7 4 21
0 6 27 90 9 5 0 115 385 Wabamun 20.3 1 47
0 1031 9 9 5 0O -949 1455 | Pre-Cambrian | 32.0 1 21
0 1035 9 9 5 0 137 362 Wabamun 20.2 4 50
0 4 4 9 105 O -983 1538 | Pre-Cambrian| 51.7 2 32
0 4 4 9 105 2 -986 1541 | Pre-Cambrian|{ 52.6 1 33
0 1 5 9 105 O -956 1517 | Pre-Cambrian | 52.9 2 34
0 3 5 9 105 0 -682 1243 | Beaverhill Lk.| 47.2 2 36
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LE L § T R M ESQ|Elevation| Depth | Formationt Tt BHT Quality | Grad T*
(m) (m) (deg C) (1-4) (deg CAm)
0 3 5 90 105 O -993 1555 | Pre-Cambrian | 36.2 1 N
0 3 5 9 105 0 -989 1551 | Pre-Cambrian |  S1.5 4 kP
0 3 5 9 105 0 -989 1551 | Pre-Cambrian | 53.7 2 KK]
0 105 90 10 5 O -985 1544 | Pre-Cambrian | 56.8 2 KR]
0 7 6 9 105 0 -972 1542 { Pre-Cambrian | 48.7 1 30
0 3 11 9 105 0 -937 1464 | Prc-Cambrian | 45.5 2 30
0 3 11 90 10 5 O -937 1464 | Pre-Cambrian| 50.5 4 KK]
0 1014 20 105 0 -579 1100 Ircton 35.7 1 K} |
0 1014 90 10 5 O -948 1469 | Prc-Cambrian | 34.0 1 22
0 7 159 105 0 -959 1487 | Pre-Cambrian | 50.4 1 33
0 9 22 90 105 O -937 1465 | Pre-Cambrian |  39.0 1 25
0 1025 90 10 5 O -959 1474 | Prc-Cambrian | 42.0 1 27
0 11 27 90 10 5 O -945 1483 | Pre-Cambrian | 51.7 1 34
0 4 1 9 115 0 -993 1587 | Pre-Cambrian | 38.9 3 23
0 101 90 11 5 O -989 1572 | Pre-Cambrion | 37.2 1 22
0 7 3 9 11 5 0 972 1582 | Pre-Cambrisa |  39.7 1 24
0 7 1290 11 5 0 -979 1550 | Pre-Cambrian | 37.3 3 23
0 7 12 90 11 5 O -1011 1582 | Pre-Cambrian | 41.2 3 25
0 6 16 90 11 5 O 975 1608 | Pre-Cambrian |  60.5 1 36
¢ 5 25 90 11 5 O -1004 | 1587 | Pre-Cambrian | 43.0 3 26
0 7 26 90 11 5 O -997 1605 | Pre-Cambrian | 36.5 1 21
0 4 35 90 11 5 0 -980 1600 | Prc-Cambrian | 47.8 1 29
0 Il 6 9 12 5 0 -1016 | 1734 | Pre-Cambrian | 43.2 1 24
0 1510 90 12 5 O -990 1744 | Pre-Cambrian | 429 1 23
0 6 12 90 12 5 0 -991 1705 { Pre-Cambrian | 65.7 1 37
0 14 19 90 12 5 O -967 1735 | Pre-Cambrian | 58.7 1 33
0 1522 90 12 5 O -998 1708 | Pre-Cambrian | 55.7 1 31
0 10 23 90 12 5 O -990 1703 | Pre-Cambrian | 45.2 1 25
0 7 29 90 12 5 0 -877 1609 Muskeg? 52.7 4 32
0 6 3090 125 O -992 1773 | Pre-Cambrian | 36.9 1 20
0 1533 90 12 5 0 -998 1735 | Pre-Cambrian | 40.9 1 22
0 6 35 90 12 5 0 -992 1730 | Pre-Cambrian | 38.9 1 21
0 121 9 13 5 0 -886 1612 Muskeg? 46.8 1 28
0 2 2 9 135 0 -996 1715 | Pre-Cambrian | 41.8 2 23
0 2 2 9 13 5 0 -996 1715 | Pre-Cambrian | 42.3 1 23
0 10 2 9 135 O -988 1712 | Pre-Cambrian | 64.3 4 36
0 3 6 9 135 0 -1028 | 1728 | Pre-Cambrian | 50.0 1 28
0 6 23 9 13 5 0 -1011 1786 | Pre-Cambrian | 37.0 1 20
0 5 24 90 13 5 O -1069 | 1854 | Pre-Cambrian | 57.0 1 30
¢ 7 26 90 13 5 O -1014 | 1812 | Pre-Cambrian| 55.3 1 29
0 1528 90 13 5 O -997 1783 | Pre-Cambrian | 63.3 1 34
0 2 329 135 0 -1008 | 1818 | Prc-Cambrian | 39.9 1 21
0 14 36 90 13 5 O -1012 | 1812 | Pre-Cambrian | 47.7 1 25
0 102 9 145 0 -1024 | 1730 | Pre-Camnbrian | 570 1 32
0 6 8 9 145 0 -1023 1730 | Pre-Cambrian | 47.2 3 26
0 1527 9 145 0 -1038 | 1827 | Pre-Cambrian | 55.0 1 29
0 6 35 90 145 0 -1023 | 1832 | Pre-Cambrian | 49.8 1 26
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LE 1. S T R M ESO[Elevation| Depth | Formationt Tf BHT Quatity| Grad T*
{m) (m) (deg C) (1-4) (deg C/km)
0O 10 6 99 1 5 0 -728 1320 | Pre-Cambrian | 54.8 3 40
0O 6 9 91 2 5 0 -726 1355 |Pre-Cambrian?} 34.4 1 24
0O 6 14 91 2 5 0 -677 1255 | Pre-Cambrian?] 32.5 4 24
0 8 28 91 2 5 0 -733 1287 | Pre-Cambrian | 38.0 i 28
0O 529 91 2 5 0 716 1290 {| Pre-Cambrian | 36.2 | 27
0O 6 2 91 3 5 0 -778 1397 | Pre-Cambrian | 46.4 1 32
0 161099 3 5 0 -760 1408 | Pre-Cambrian | 48.2 3 33
0 22191 3 5 0 <773 1395 | Pre-Cambrian | 32.2 1 22
0 1121 99 3 5 0 776 1381 | Pre-Cambrian| 52.4 3 36
0 7 2891 3 5 O -7160 1351 |Pre-Cambrian?| 33.1 1 23
0 9 3091 3 5 0 -747 1337 {Pre-Cambrian?{ 39.6 1 28
0 1630 91 3 5 O -781 1370 | Pre-Cambrian | 43.3 3 30
0 9 5 91 4 5 ¢ -748 1364 | Pre-Cambrian | 40.7 1 28
9 710091 4 5 0 -766 1400 | Pre-Cambrian | 41.0 1 28
0 1521 91 4 5 0 -780 1339 | Pre-Cambrian | 40.0 3 28
0 131 91 55 0 140 518 Wabamun 20.6 4 36
2 131 91 5 5 0 <750 1410 | Pre-Cambrian | 44.3 1 30
0 5 3 91 5 5 0 -814 1495 |Pre-Cambrian?} 38.7 1 25
0 8 4 91 55 0 -7172 1476 | Pre-Cambrian | 439 3 28
0 8 7 91 5 5 0 -799 1456 | Pre-Cambrian{ 41.9 2 27
0 8 7 91 5 5 O -799 1456 | Pre-Cambrian| 42.1 1 28
0 9 8 91 5 5 2 -811 1516 | Pre-Cambrian | 50.2 1 32
0 2 9 91 5 5 0 -752 1452 | Pre-Cambrian { 42.2 3 28
0 159 91 5§ 5 0 -771 1460 | Pre-Cambrian| 35.9 3 23
0O 1 1191 55 0 -756 1373 | Pre-Cambrian | 36.5 1 25
0 1 11 91 5 5§ 0 -756 1373 | Pre-Cambrian| 37.9 1 26
0 9 1191 5 5 0 167 445 Bluesky 27.2 1 57
0 911 91 5 5 0 -735 1347 | Pre-Cambrian | 38.1 2 27
0 2 1491 55 0 =797 1403 | Pre-Cambrian | 39.9 1 27
0 2 1491 55 0 =797 1403 | Pre-Cambrian | 44.9 2 31
0 101591 5§ 5 O -815 1427 | Pre-Cambrian?| 35.9 3 24
0 4 1991 5§ 5 0 -835 1505 | Pre-Cambrian| 40.0 2 25
0 7 20091 5 5 0 -795 1430 | Pre-Cambrian | 39.6 1 26
0 1523 91 § 5§ O -757 1353 | Pre-Cambrian | 34.7 1 24
0 1525 91 5 5 0O -761 1330 | Chinchaga 40.7 1 29
0 152591 5 5 2 -792 1361 | Pre-Cambrian | 61.6 3 44
0 22991 5 5 O -743 1358 | Pre-Cambrian{ 38.3 1 27
0 6 29 91 5 5 0 -736 1356 | Pre-Cambrian | 41.0 3 29
0 1 3091 5 5 0 -745 1383 | Pre-Cambrian | 42.1 1 29
0 123 91 5§ 5 0 -810 1403 | Pre-Cambrian| 36.4 1 24
0 8 4 91 6 5 0 -833 1485 | Pre-Cambrian | 49.4 3 32
0 12 4 91 6 5 0 -818 1444 | Pre-Cambrian{ 40.3 1 27
0 131091 6 § O -899 1552 | Pre-Cambrian | 51.1 1 32
0 121491 6 5 0 -808 1439 | Pre-Cambrian | 48.1 1 32
0 217 91 6 5 0 -869 1440 | Pre-Cambrian | 44.2 2 29
0 1523 91 6 5 O =797 1418 | Pre-Cambrian | 136.6 1 24
0 1420 91 6 5 0 -763 1368 | Pre-Cambrian | 45.7 1 32
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Elevation| Depth

LEL S T R MESQ

(m)
0 1129 91 6 5 O
0 3 3 91 6 5 0
0 9 35 91 6 § ©
0 9 35 9 o 5§ ,
0 123 ¢ 6 5§ = 784
0 217 . 7 § 0 -615
0 217 01 7 5 0 -908
0 217 91 7 5 0 -9
0 7 2391 7 5 0O -8
0 2 2691 7 5 0 ¢
0 1427 91 7 5 O -850
0 1028 91 7 5 O -897
0 4 3491 7 5 0 -885
0 153 91 7 5 O -867
0 6 3591 7 5 0 -848
0 8 6 99 8 5 O -890
0 8 6 91 8 5 0 -890
0 4 8 91 8 5 O -881
0 4 8 91 8 5 0 -881
0 1218 91 8 5 0 -909
0 131891 8 5 O -929
0 9 2091 8 5 0 -938
0 7 4 91 9 5 O 150
0 156 9T 9 5 0 -956
0 21391 9 5 0 -185
0 21391 9 5 0 -391
0 21391 9 5 0 911
0 1021 91 9 5 O 114
0 22591 9 5 0 -903
0 7 26 91 9 5 O -907
0 7 26 91 9 5 0 -907
0 53 91 105 0O -705
0 5 3 91105 O -946
0 123 91 10 5 O -951
0 123 91 10 5 O -951
0 2 4 91 105 O 917
0 104 91 10 5 O -927
0 11 4 91 105 O -941
0 2 5 91 105 O -956
01 9 91 105 O -573
0 3 9 91 105 O -957
0 1222 91 10 5 ¢ -969
0 1225 91 10 5 O -921
0 12 3 91 11 5 O -970
0 111 91 11 5 O -969
0 8 16 91 11 5 O -972
0 1025 91 11 5 O -955

Formationt

BHT Qualuy

Grad T*

_____ () (deg ) (1-4) (dep C/kin)

| 144 | Pre-Cambrian | 62.7 3 43
Ve Pre-Cambrian | 329 i 23
1159 Slave Point 48.8 1 40
1434 | Pre-Cambrian | 46.2 4 31
i370 | Pre-Cambrian | 41.2 1 29

Y Slave Point 258.5 4 24
{417 { Pre-Cambrian | 42 S 2 29
1417 { Pre-Cambrian | 439 4 30
1365 | Pre-Cambrian | 34.0 1 23
{357 1 Pre-Cambrian | 38.6 3 27
1% Pre-Cambrian | 44.6 1 31
1< P Camboe o 46.2 3 31
1 Pre-Cambran - 4.7 | 34
1309 { Pre-Cambrian | 33.1 3 23
1353 | Pre-Cambrian § 35 2 i
1388 | Pre-Cambrian | 3.4 2 -
1388 | Prc-Cambrian | 35.4 4 24
1380 | Pre-Cambrian { 36.6 4 25
1380 | Prc-Cambrian | 38.2 2 26
1407 | Pre-Cambrian { 45.7 4 K}
1428 | Pre-Cambrian 39.8 2 26
1431 { Pre-Cambrian | 42,7 1 It}
354 Wabamun 20.2 4 51
1470 | Pre-Cambrian |  39.0 1 25
683 Grosmont? 327 4 a5
889 Ircton 339 4 36
1409 | Prc-Cambrian | 39.6 4 27
394 Wabamun 19.5 1 A4
1403 | Prc-Cambrian{ 39.§ 1 2
1411 | Pre-Cainbrian | 49.7 2 34
1411 | Pre-Cambrian | 63.0 2 43
1255 | Bezverhill Lk.| 44.4 3 34
1496 | Pre-Cambrian | 37.1 1 "3
1504 | Pre-Cambrian | 36.1 4 23
1504 | Pre-Cambrian | 39.0 | 25
1474 | Pre-Cambrian { 429 3 28
1483 j Pre-Cambrian y 54.4 3 35
1502 | Pre-Cambrian | 42.2 | 27
1521 | Pre-Cambrian| 52.0 3 33
1126 Ircton? 24.1 2 20
1521 { Pre-Cambrian ! 36.0 1 22
1528 | Prc-Cambrian | 49.3 3 31
1449 | Pre-Cambrian | 51.8 3 34
1712 | Pre-Cambrian | 37.0 1 20
1651 | Pr:-Cambrian | 38.9 3 22
1747 | Pre-Cambrian | 409 3 22
1550 | Slave Poir.t? 375 I 23
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L 1. S T R M ESQ|Elevation] Depth | Formationt Tf BHT Quality | Grad T*
(m) {m) {(deg C) (1-4) (deg C/km)
0O 3 30 91 11 5 0O -967 1752 {Pre-Zambrian?| 43.3 1 24
O 14 6 91 12 5 0 -983 1810 | Pre-Cambrian | 47.8 3 25
0O 8 7 91 125 0 -994 1814 | Pre-Cambrian 394 3 21
0O 9 7 91 125 0 -996 1801 | Pre-Cambrian | 434 3 23
0O 117 91 125 0 -984 1787 | Pre-Cambrian | 42.5 3 23
0 12 8 91 12 5 0 -985 1781 | Prc-Cambrian | 42.7 3 23
0159 91 125 0 -988 1786 | Prc-Cambrian | 48.5 3 26
¢ 4 11 91 12 5§ 0O -958 1770 |Prc-Cambrian?] 40.1 1 22
0 8 14 91 125 0 -983 1794 | Pre-Cambrian | 41.6 1 22
0 4 17 91 12 5 O -995 1770 | Pre-Cambrian | 42.3 1 23
0 2 18 91 12 5 0O -993 1770 | Pre-Cambrian | 41.3 3 22
0 4 18 91 12 5 0O -989 1785 | Pre-Cambrian?| 44.0 3 24
0 1018 91 12 5§ O -1002 | 1762 | Pre-Cambrian | 44.8 3 24
0 1218 91 12 5 0 -998 1768 | Pre-Cambriun?| 45.9 1 25
0 21991 125 0 -985 1780 | Pre-Cambrian | 46.3 1 25
0 6 19 91 125 O -994 1771 | Pre-Cambrian | 48.8 1 26
0 1019 91 12 5 O 974 1765 | Pre-Cambrian | 43.9 1 24
0 1219 91 12 5 O -988 1763 | Pre-Cambrian | 44.5 1 24
0 7 20 91 12 5 O -960 1776 | Pre-Cambrian | 41.2 1 22
0 1420 91 12 5 O 972 1780 | Pre-Cambrian | 62.8 1 34
0 1521 91 125 O -998 1790 | Pre-Cambrian | 39.8 1 21
0 1326 91 12 5 0 -997 1779 | Pre-Cambrian { 62.7 2 34
0 4 28 91 12 5 O -980 1772 | Pre-Cambrian | 39.8 1 21
0 4 28 91 12 5 O -980 1772 | Pre-Cambrian | 42.9 2 23
0 132091 125 O -950 1752 | Pre-Cambrian | 52.8 1 29
0 2 29 91 125 O -972 1781 | Pre-Cambrian | 57.2 1 31
0 1429 91 12 5 O -983 1795 | Pre-Cambrian| 54.5 1 29
0 1629 91 12 5 O -143 949 Wabamun 2590 1 24
0 1629 91 12 5 O -694 1500 | Beaverhil Lk.{ 48.5 4 31
0 1629 91 125 O -989 1796 | Pre-Cambrian| 39.4 1 21
¢ 6 30 91 125 O -1001 1770 | Pre-Cambrian| 48.6 1 26
0 1330 91 125 O -991 1770 | Pre-Cambrian | 49.8 3 27
0 4 31 91 125 O -698 1500 | Beaverhill Lk.| 41.8 1 27
0 4 31 91 125 O -981 1784 | Pre-Cambrian{ 47.3 1 25
0 8 3291 125 O -995 1800 | Pre-Cambrian | 45.6 1 24
0 1032 91 125 O -149 938 Wabamun 48.8 3 50
0 1032 91 125 O -1003 | 1792 | Pre-Cambrian | 47.0 1 25
0 4 33 91 125 O -145 950 Wabamun 304 1 30
0 4 33 91 125 O 975 1780 | Pre-Cambrian | 50.1 1 27
0 10 2 91 135 O -767 1575 | Beaverhill Lk.| 36.3 1 22
0 10 2 91 135 O -1042 | 1850 | Pre-Cambrian| 49.4 1 26
0 16 5 91 13 5 O -1050 | 1824 | Pre-Cambrian | 43.1 1 23
0 1110 91 135 0 -1024 | 1790 | Pre-Cambrian | 65.7 1 36
0 8 12 91 135 0 -990 1800 | Pre-Cambrian | 41.5 3 22
0 9 12 91 135 O -984 1790 | Pre-Cambrian | 45.2 1 24
0 1112 91 135 0 -1009 | 1812 | Pre-Cambrian| 52.8 1 28
0 2 13 91 135 O -863 1650 Muskeg? 40.9 3 24
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LE L § T R M ESQ|Elevation| Depth [ Formationt Tt BHT Quality | Grad T*
(m) (m) (deg ) (1-) (dep C/kim)
0 4 13 91 13 5 0O -1003 1797 | Pre-Cambrian | 58.7 1 2
0 4 2091 13 5 O -1023 1771 | Pre-Cambrian | 40.5 3 22
0 2 24 91 135 0 -1009 1767 | Pre-Cacabrian | 57.0 1 31
0 1524 91 13 5 O -860 1620 Muskeg? 57.8 3 M
0 22591 135 0 -857 1618 Muskeg? 50.9 1 30
0 1625 91 135 0O -1002 1790 | Pre-Cambrian | 43,0 | 23
0 1027 91 13 5 O -1001 1775 | Pre-Cambrian | 42.3 1 23
0 1027 91 13 5 O -1001 1775 | Pre-Cambrian | 43.8 4 24
0 6 32 91 13 5 O -905 1668 Muskeg? 46.8 1 27
0 1535 91 13 5 O -1020 | 1830 | Pre-Cambrian | 50.6 [ 27
0 1 36 91 135 ¢ -859 1667 Muskeg? 38.5 1 22
0 5 2 91 145 0 -1022 | 1828 | Pre-Cambrian| 43.6 1 23
0 15 4 91 145 0 -645 1430 Ircton 373 2 25
0 15 4 91 145 0 -1020 | 1805 | Pre-Cambrian | 46.5 | 25
0 7 1Y91 145 0 -1049 { 1797 | Pre-Cambrian | 43.0 3 23
0 1420 91 14 5 O -1030 | 1760 | Prc-Cambrian | 48.2 1 26
0 132591 145 0 -1063 1816 | Pre-Cambrian{ 47.4 1 25
0 1231 91 14 5 O -1082 | 1808 | Pre-Cambrian | 46.3 4 25
0 1631 92 1 5 0 -684 1284 | Pre-Cambrian | 37.6 | 28
0O 11 8 92 3 5 0 -754 1322 | Pre-Cambrian | 33.6 3 24
0 6 18 92 3 5 0 =715 1326 | Pre-Cambrian?| 44.5 1 32
0 6 19 92 3 5 0 -725 1351 |Pre-Cambrian?}{ 33.5 3 23
0 81 92 45 0 -731 1301 |Pre-Cambrian?| 37.9 1 28
0 15 4 92 4 5 0 -185 735 Ircton 22.8 3 28
0 15 4 92 4 5 0 -739 1289 | Pre-Cambrian | 36.2 3 27
0 137 92 4 5 0 =762 1323 | Pre-Cambrian?| 37.5 1 27
0 7 9 92 4 5 0 -743 1300 | Pre-Cambrian | 40.0 1 29
0 16 20 92 4 5 0O -743 1274 | Pre-Cambrian | 40.3 2 30
0 1622 92 4 5 0 -746 1322 | Pre-Cambrian| 38.8 3 28
0 1123 92 4 5 0O -711 1294 | Pre-Cambrian | 28.6 | 21
0 1124 92 4 5 0 -703 1320 | Pre-Cambrian | 39.1 1 28
0 8 26 92 4 5 0 -701 1289 | Pre-Cambrian | 40.1 1 30
0 11 26 92 4 5 O -715 1298 | Pre-Cambrian?| 52.1 3 39
0 7 27 92 4 5 0 =726 1300 {Pre-Cambrian?] 36.3 | 26
0 7 31 92 4 5 0 -154 1321 | Pre-Cambrian | 39.8 3 29
0 1131 92 4 5 O =157 1327 | Pre-Cambrian | 41.8 2 30
0 7 33 92 4 5 0 -729 1279 | Chinchaga 349 2 26
0 7 34 92 4 5 0 -693 1269 | KegRiver? 324 1 24
0 153 92 4 5 0 -714 1286 | Keg River? 52.6 1 39
0 6 35 92 4 5 0 176 408 Bluesky 24.5 1 55
0 6 35 92 4 5 0 -663 1247 Muskeg 34.5 2 26
0 1435 92 4 5 0 -700 1283 {Pre-Cambrian?| 34.2 4 25
0 6 36 92 4 5 0 -737 1362 | Pre-Cambrian | 32.3 3 22
0 5 3 92 5 5 0 -753 1343 | Pre-Cambrian | 374 2 26
2 5§ 3 92 5 5 0 -753 1343 | Pre-Cambrian | 51.7 2 37
0 13 3 92 5 5 0 -746 1327 { Pre-Cambrian § 39.1 3 28
0 6 5 92 5 5 0 -769 1378 | Pre-Cambrian | 43.2 1 30
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LE LS T R M ESQ|Elevation| Depth | Formatio.t Tf BHT Quality| Grad T*
(m) (m) (deg C) (1-4) (deg C/km)
0O 4 10 92 5 5 0 -748 1323 | Pre-Cambrian 41.1 1 30
0O 1410 92 5 5 0 -755 1324 | Pre-Cambrian | 40.0 | 29
0O 1115 92 5 5 0 -750 1320 | Pre-Cambrian 39.5 1 28
O 1116 92 5 5 0 -760 1351 | Pre-Cambrian 36.9 2 26
0O 9 1892 5 5 0 -795 1378 | Pre-Cambrian | 40.6 3 28
0O 1127 92 5 5 0 -802 1393 | Pre-Cambrian | 27.5 3 18
0O 1128 92 5 5 0 =777 1370 | Pre-Cambrian | 36.9 3 25
0O 7 32 92 5 5 0 -823 1396 | Pre-Cambrian | 40.3 3 27
0 9 3292 5 5 0 -765 1338 | Pre-Carabrian | 40.6 3 29
0O 6 33 92 5 5 0 -800 1372 | Pre-Cambrian | 46.3 3 32
2 336 92 5 5 0 -778 1347 | Pre-Cambrian | 39.1 3 28
2 33 92 5 5 0 -841 1410 | Pre-Cambrian | 47.) 1 33
0 4 2 92 6 5 0 -784 1366 | Pre-Cambrian | 48.2 1 34
0 143 92 6 5 0 -821 1383 | Pre-Cambrian | 45.5 3 31
0O 1030 92 6 5 0 -844 1347 | Pre-Cambrian | 37.3 3 26
0 1330 92 6 5 0 -863 1360 | Pre-Cambrian | 38.8 3 27
0 4 1392 7 5 0 -849 1351 | Pre-Cambrian | 329 3 23
0 216 92 7 5 0 -363 860 Ircton 159 1 16
0 2 16 92 7 5 0 -864 1360 | Pre-Cambrian | 36.6 1 25
0 1123 92 7 5 0 -838 1338 | Pre-Cambrian | 37.1 1 26
0 72592 7 5 0 -811 1307 | KegRiver? 39.8 3 29
0 105 92 8 5 O 917 1409 | Pre-Cambrian | 34.1 4 23
0 1222 92 8 § 0 -880 1362 | Pre-Cambrian | 39.6 3 28
0 6 27 92 8 5 O -883 1365 | Pre-Cambrian | 51.2 3 36
0 1016 92 9 5 0 -891 1403 | Pre-Cambrian | 36.7 1 25
0 4 29 92 10 5 O -984 1554 | Pre-Cambrian | 46.6 1 29
0 6 7 92 115 0 89 704 Wabamun 28.6 3 38
0 1313 92 11 5 0 -945 1554 |Pre-Cambrian?] 45.8 2 28
0 217 92 115 0 -983 1748 | Pre-Cambrian | 54.0 1 30
0 1621 92 11 5 0 975 1663 | Pre-Cambrian | 50.3 4 29
0 1630 92 11 5 0 -991 1743 | Pre-Cambrian | 59.0 1 33
0 16 33 92 11 5 0 -974 1660 | Pre-Cambrian | 38.9 1 22
0 1535 92 11 5 0 -945 1563 | Pre-Cambrian | 54.3 3 33
0 9 3 92 125 0 -1003 | 1775 | Pre-Cambrian | 45.9 1 25
0 4 6 92 125 0 -1024 | 1845 | Pre-Cambrian | 39.2 1 20
0 7 12 92 12 5 O 977 1770 | Pre-Cambrian | 47.2 1 26
0 6 29 92 125 O 85 693 Wabamun 232 1 31
0 131 92 135 0 -994 1773 | Pre-Cambrian | 44.2 2 24
0 2 2 92 135 0 -869 1688 Muskeg? 35.3 1 20
0 7 2 92 135 0 -860 1675 Muskeg? 48.8 1 28
0 10 7 92 13 5 0 -1019 | 1765 | Pre-Cambrian | 39.8 1 21
0 6 11 92 13 5 ¢ 87 732 Banff 30.9 1 39
0 1414 92 13 5 0 -1014 | 1778 | Pre-Cambrian | 58.8 1 32
0 8 27 92 135 0O -990 1755 | Pre-Cambrian | 40.1 1 22
0 1030 92 13 5 0 -1027 | 1737 | Pre-Cambrian | 35.2 4 19
0 14 34 92 13 5 O -1008 | 1770 | Pre-Cambrian | 39.7 3 21
0 55 92145 0 -1087 | 1841 | Pre-Cambrian | 56.7 2 30
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LE L. § T R M ESQ|Elkevation| Depth | Formationt T BHT Quality | Grad 'T*
| (m) (m) (ep Y (1- (Jep C/hm)
0 5§ 5 92 145 0 -1087 1841 | Pre-Cambrian{  §7.0 1 30
0 5 14 92 145 0 917 1665 Muskegp? 319.7 1 23
0 7 24 92 145 0 -1053 1745 | Pre-Cambrian | S5.1 1 30
0 5 30 92 145 0 -1071 1819 | Pre-Cambrian | 60.6 1 n
0 7 8 93 1 5 O -725 1387 | Pre-Cambrian | 39.0 1 27
N0 1010 93 1 5 O -682 1335 | Pre-Cambrian | 47.4 3 M
2 101093 1 5 0 -681 1334 ! Pre-Cambrian | 48.5 3 15
0 1623 93 2 5 O -700 1355 | Prc-Cambrian | 39.9 1 28
0 143 93 3 5 O -688 1318 | Pre-Cambrian | 35.1 3 25
0 10 5 93 3 5 O -700 1310 | Pre-Cambrian | 38.6 1 28
0 111093 4 5 O -742 1317 | Pre-Cambrian | 33.8 2 24
0 7 31 93 4 5 0 -776 1341 | Pre-Cambrian |  43.6 1 K} |
0 4 4 93 55 0 -7173 1346 | Prc-Cambrian | 46.3 2 33
01 5 93 55 0 -756 1330 | Pre-Cambrian |  44.1 3 B )
0 9 5 93 55 0 -744 1323 | Pre-Cambrian|{ 35.3 3 25
0 107 93 5§ 5§ O -788 1364 | Pre-Cambrian | 45.4 1 32
0 1 8 93 5 5 0O -735 1320 | Pre-Cambrian | 41.0 3 30
0 5 8 93 5 5 0 -728 1317 | Pre-Cambrian | 43.8 1 32
0 6 8 93 5 5 O -504 1093 |Ft. Vermillion?}] 42.4 2 37
0 6 8 93 5 5 0 -181 1371 | Pre-Cambrian{ 54.3 4 IR
0 51793 5 5 0 -768 1346 | Pre-Cambrian | 38.8 2 27
0 1017 93 5§ 5 O =793 1367 | Pre-Cambrian | 38.0 1 26
0 1217 93 5 5 0 -741 1313 | Prc-Cambrian | 41.8 1 30
0 1 1893 5 5 0 -780 1354 | Granite Wash?} 43.3 3 30
0 1519 93 5 5§ 0 173 1347 | Pre-Cambrian | 40.2 3 28
0 1120 93 5 5 0 -740 1313 | Pre-Cambrian | 38.7 3 28
0 4 3093 5 5 0 -164 1333 | Pre-Cambrian{ 40.0 3 29
0 7 30 93 5 5 0 -753 1330 | Pre-Cambrian | 51.9 | 38
0 11 30 93 5 5 O -761 1333 | Pre-Cambrian | 39.2 3 28
0 6 5 93 6 5 0 -817 1321 Chinchaga 32.8 1 23
0 111393 6 5 0 -785 1343 | Pre-Cambrian ] 38.0 I 27
0 9 2 93 7 5 0O -870 1360 | Pre-Cambrian | 35.9 1 25
0 8 36 93 7 5 0 -818 1325 | Pre-Cambrian?| 38.6 1 28
0 1010 93 8 5 O -879 1360 |Pre-Cambrian?| 59.0 1 42
0 1015 93 8 5 O -298 781 Ireton 22.2 2 26
0 1015 93 8 5 O -873 1355 | Pre-Cambrian| 41.6 4 29
0 226 93 9 5 O -968 1468 | Pre-Cambrian | 42.3 1 27
0 11 29 93 10 5 O 917 1495 | Pre-Cambrian{ 39.8 3 25
0 1527 93 11 5 O -941 1644 | Pre-Cambrian| 56.8 3 33
0 6 5 93 13 5§ O 74 629 Wabamun 27.8 2 41
0 1022 93 13 5 O -1038 | 1763 | Pre-Cambrian | 38.6 1 21
0 6 23 93 14 5 O 96 564 Wabamun? 26.2 2 43
0 9 23 93 14 5 0 -1047 | 1725 | Pre-Cambrian | 46.9 3 26
0 22894 1 5 O -691 1464 | Pre-Cambrian | 56.5 2 37
0 153 94 2 5 0 -333 1018 Muskeg 42,6 4 40)
0 3 7 %4 3 5 0 -692 1313 | Pre-Cambrian | 39.1 3 28
0 3 4 94 4 5 0 -741 1312 | Pre-Cambrian?| 40.8 ] 30
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LIk 1. S T R M ESQ|Elevation] Depth | Formationt Tf BHT Quality| Grad T*
(m) (m) (deg C) (1-4) (deg C/km)
0 5 8 94 4 5 0O =708 1275 | Pre-Cambrian | 44.9 I 34
2 6 17 94 4 5 0 -744 1327 | Pre-Cambrian | 44.8 1 32
O 5 30 4 4 5 0 -779 1367 | Pre-Cambrian [ 35.2 3 24
O 11 94 5 5 0 -735 1305 | Pre-Cambrian | 37.5 1 27
0O 102 94 5 5 0 =779 1340 | Pre-Cambrian | 37.1 3 26
O 517 94 5 5 0 -765 1324 | Pre-Cambrian | 39.6 3 28
0O 6 2094 5 5 0 -707 1261 | Pre-Cambrian | 35.9 1 27
0 1228 94 5 5 0O -765 1295 | Pre-Cambrian| 35.6 2 26
0O 107 94 6 5 0 -791 1310 1 Pre-Cambrian | 36.6 1 26
0O 117 9 6 5 0 -830 1340 | Prc-Cambrian | 47.6 1 34
0O 11994 6 5 0 -756 1278 | Pre-Cambrian | 36.0 1 27
0O 32294 6 5 0 -830 1361 | Pre-Cambrian| 37.6 1 26
0 3 22 94 6 5 0 -830 1361 | Pre-Cambrian | 394 1 27
0O 141 9 7 5 0 -802 1295 Chinchaga 375 4 27
0O 141 949 7 5 0 -822 1315 | Pre-Cambrian| 37.5 3 27
0 9 129 7 5 0 -837 1340 | Pre-Cambrian| 51.3 1 37
0O 6 18949 7 5 0 -876 1341 | Pre-Cambrian | 29.5 1 20
0 1530 94 8 5 0 -870 1355 | Pre-Cambrian | 42.1 1 30
0 6 6 949 105 0O -948 1557 | Pre-Cambrian | 50.3 4 31
0 2 23 94 105 0 -928 1471 | Pre-Cambrian | 41.1 3 27
0O 9 11 949 11 5 0 -975 1689 | Pre-Cambrian| 474 3 27
0 7 17 94 135 0 -1039 | 1725 | Pre-Cambrian | 52.6 3 29
0O 7 1594 145 0 -1067 | 1632 | Pre-Cambrian| 41.8 3 24
0O 1030 94 14 5 0 -891 1459 Muskeg? 448 3 29
0 6 7 95 2 5 0 -678 1325 {Pre-Cambrian?| 43.1 1 31
0 9 36 95 2 5 0 -674 1379 | Pre-Cambrian | 39.7 1 27
0 9 6 95 4 5 0 -687 1251 Keg River 35.1 2 26
0 9 6 95 4 5 0 -714 1278 | Pre-Cambrian | 36.0 1 27
0O 41995 4 5 0 -731 1270 {Pre-Cambrian?} 37.4 3 28
0 1 31 95§ 4 5 0 -677 1207 | Pre-Cambrian?} 49.0 1 39
0O 1 31 95 45 0 -677 1207 | Pre-Cambrian?] 49.6 2 39
0 101 95 5 5 0 -774 1317 | Pre-Cambrian | 40.7 3 29
0 1 23 95 5 5 0 -733 1240 | Pre-Cambrian | 424 1 33
0 1025 95 5 5 0 -667 1182 | Pre-Cambrian | 48.6 3 39
0 9 26 95 5 5 0 -709 1221 | Pre-Cambrian | 42.2 3 33
0 16 3 95 5 5 0 -188 709 Ireton 26.6 1 35
0 16 3 95 5 5 0 -723 1244 | Pre-Cambrian | 41.2 1 32
0 153 95 6 5 0 -804 1368 | Pre-Cambrian | 38.8 1 27
0 108 95 6 5 0 -749 1281 | Pre-Cambrian | 37.0 1 27
0 21095 6 5 0 -732 1299 | Pre-Cambrian | 42.3 2 31
0 3 2095 6 5 0 -729 1265 | Pre-Cambrian | 40.3 3 30
0 1420 95 6 5 0O 714 1252 | Pre-Cambrian | 40.8 3 31
0 1622 95 6 5 O -286 854 | BeaverhillLk.| 17.1 2 18
0 1622 95 6 5 0 -726 1294 | Pre-Cambrian | 41.7 1 31
0 1527 95 6 5 O -767 1325 Chinchaga 419 3 30
O 1032 95 6 5 0 -759 1277 | Pre-Cambrian | 41.0 3 31
0 7 3 95 6 5 0 -122 680 Ircton 204 1 27
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LE L S T R M ESQ|Elevation] Depth | Formation] Tt BHT Quatity | Grad T+
{m) (m) (e ) (I-H (deg C/hm)
0 7 3 95 6 5§ 0 -7 1280 | Pre-Cambrian | 35,0 1 26
0O 1018 95 7 5 O -822 1201 [ Pre-Cambrian?|  3o.1 3 20
0 4 22 95 8 5 0 -903 1363 | Pre-Cambrian | 37.3 4 26
0 12 4 95 9 5 0 -932 1456 | Pre-Cambrian 9.5 4 26
0 I512 95 9 5 0 -853 1332 | Pre-Cambrian | 47.8 1 34
0 1310 95 10 5 O 900 1462 | Keg River? 46.1 1 30
0 516 95 10 5 O -891 1522 | Pre-Cambrian | 464 2 29
0 1015 95 11 5 O 933 1738 | Pre-Cambrian | 428 1 23
0 9 16 95 11 5 O -875 1706 | Pre-Cambrian |  46.5 3 20
0 1023 95 12 5 O 73 637 Wabamun 36.3 1 54
0 10 28 95 12 5 0 100 594 Wabamun 24.6 2 38
0 10 28 95 12 5 O -993 1687 | Pre-Cambnan |  42.2 I 24
0 6 29 95 12 5 0 122 541 Bluesky 335 2 58
0 6 23 95 13 5 O 78 558 Wabamun? 33.8 ] 57
0 1032 95 13 5 O 75 499 Wabamun? 29.6 I 55
0 6 31 95 14 5 0 44 535 Wabamun? 335 1 59
0 6 11 96 1 5 0 -666 1445 | Pre-Cambrian | 40.8 1 27
0 16 2 9 2 5 O 21 703 Ircton 27.2 4 36
0 16 2 % 2 5 O -691 1373 |Pre-Cambrian?| 424 3 29
0 4 33 96 4 5 0 -692 1211 | Pre-Cambrian | 45.5 | 36
0 71 9 5 5 0 -631 1146 | Pre-Cambrian | 39.9 1 13
0 1 25 96 5 5 0 -740 1274 | Pre-Cambrian | 39.2 1 29
0 11 2 96 6 5 0 =705 1275 | Pre-Cambrian | 55.2 3 42
0 15 2 9 6 5 0 -693 1251 | Pr~ Cambrian | 39.2 I 30
01 3 9 6 5 0 -720 1278 | Prc-Cambrian | 41.5 3 1
0 3 5 9 6 5 0 -682 1192 | Pre-Cambrian | 38.6 3 31
0 4 5 9 6 5 0 -142 650 Treton 24.2 2 34
9 4 5 96 6 5 0 -766 1274 | Pre-Cambrian | 47.2 1 36
0 1339 96 6 5 0 -701 1223 | Pre-Cambrian| 33.0 3 25
0 9 1096 6 5 0 -124 667 | Winterbumn? 38.1 3 54
0 9 109 6 5 0 -739 1282 | Pre-Cambrian | 38.0 2 28
0 311 96 6 5 0 -685 1240 | Pre-Cambrian| 41.8 2 32
0 316 9 6 5 0 -665 1.85 | Pre-Cambrian | 40,1 3 32
0 716 96 6 5 0 -115 638 |Beaverhill Lk.?] 36.5 1 54
0 7 16 9 6 5 0 -731 1254 | Pre-Cambrian | 48.4 3 37
0 1516 96 6 5 0 -688 1212 | Pre-Cambrian | 43.3 | 34
0 1 2196 6 5 0 -721 1244 | Pre-Cambrian | 42.9 3 33
0 1422 96 6 5 0 -662 1187 { Pre-Cambrian | 36.3 I 29
0 5 26 96 6 5 0 -709 1253 | Pre-Cambrian | 37.2 3 28
0 7 279 6 5 0 -690 1220 | Pre-Cambrian | 39.9 3 31
0 1627 96 6 5 O -126 655 Ireton 249 2 35
0 1627 96 6 5 O -664 1193 | Pre-Cambrian | 39.5 3 31
0 1616 96 7 5 0 -836 1309 | Pre-Cambrian] 39.1 1 28
0 1517 96 9 5 O -889 1388 | Prc-Cambrian | 35.9 ] 24
0 3 36 9 11 5 0 -927 1721 |Pre-Cambrian?| 49.0 I 27
0 6 8 9 125 0 106 654 | Grand Rapids | 28.2 2 40)
0 9 1396 12 5 O -920 1729 | Pre-Cambrian | 48.0 | 27
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[1; 1. S T R M ESQ[Elevation] Depth | Formationt Tf |BHT Quality| Grad T*
(m) (m) (deg C) (1-4) (deg C/km)
O 6 3 96 14 5 0O 96 486 Cretaccous 29.5 3 51
0O 4 8 97 2 5 0 -681 1273 | Pre-Cambrian | 374 1 28
0O 1013 97 6 5 0 -747 1279 Chinchaga 42.8 1 32
0 7 28 97 8 5 O -855 1319 Keg River? 479 1 35
0O 4 6 97 9 5 0 910 1418 | Pre-Cambrian 55.5 4 38
Ot 7 97 105 0O -956 1695 | Pre-Cambrian | 47.6 1 27
0 132097 105 O -994 1654 | Pre-Cambrian?| 43.1 1 25
0 132097 105 O 972 1632 {Pre-Cambrian?| 43.5 2 25
0 11 3 97 11 5 O -951 1755 | Pre-Cambrian 53.1 2 29
0 7 8 97 12 5 O 43 761 Wabamun 37.2 3 46
0 7 27 97 12 5 0 59 689 Wabamun 35.3 3 48
0 10 v+ 97 145 0 -1057 | 1665 | Pre-Cambrian | 42.4 1 24
0 10 6 97 14 5 0 -490 1049 Banff? 36.9 2 33
0 10 6 97 14 5 0| -1081 1640 | Pre-Cambrian | 41.5 3 24
0 6 6 98 1 5 0 -632 1202 { Pre-Cambrian | 31.7 1 25
0 5§ 209 1 5 0 -589 1132 | Chinchaga 53.6 3 46
0 6 2298 1 5 0O -600 1195 |Pre-Cambrian?| 33.8 3 27
¢ 133 98 2 5 O -670 1205 | Pre-Camibrian| 40.8 2 32
0O 7 1198 3 5 0 -691 1221 |Pre-Cambrian?| 54.5 1 43
0 148 98 6 5 0 -807 1300 | Pre-Cambrian| 42.5 1 31
0 1226 98 7 5 0 -817 1261 | Pre-Cambrian | 42.6 1 32
0 1019 98 8 5 0 -855 1289 | Pre-Cambrian | 42.5 3 31
0 1028 98.9 5 O -891 1359 | Pre-Cambrian | 49.5 4 35
0 6 5 98 105 O -420 1027 |Beaverhill Lk.?] 31.7 4 29
0 6 31 98 10 5 O 922 1480 | Pre-Cambrian | 51.9 2 34
0 6 15 98 11 5§ O -923 1699 |Pre-Cambrian?| 48.2 2 27
0 8 17 98 11 5 O -920 1724 | Pre-Cambrian | 534 3 30
0 6 11 38 125 0 -948 1738 |Pre-Cambrian?} 54.7 4 30
0 11 2 98 14 5 0 -1056 | 1692 | Pre-Cambrian | 44.7 | 25
0 51299 4 5 0 =723 1237 | Pre-Cambrian?| 41.8 3 32
0 8 1099 5 5 0 -761 1235 | Pre-Cambrian | 40.8 3 31
0 1436 99 6 5 0 -766 1199 | Pre-Cambrian | 55.5 4 45
0 3 8 9 7 5 0 -862 1288 | Pre-Cambrian | 40.7 1 30
0 6 33 99 7 5 0 -39 446 | Winterbum 23.5 4 48
0 6 33 9 7 5 0 -814 1221 | Pre-Cambrian | 49.6 3 39
0 6 28699 8 5 0 -529 934 Muskeg 50.7 4 52
0 4 31 9 9 5 ¢ -874 1532 | Pre-Cambrian | 58.5 3 37
0 1134 9 9 5 0 -877 1326 | Pre-Cambrian | 66.9 1 49
0 1021 99 12 5 O 112 536 Ireton? 22.1 1 38
2 108 99 135 0O -1030 | 1718 | Pre-Cambrian { 43.6 2 24
0 7 3 99 13 5 ¢ -234 893 Banff? 30.1 2 31
0 16 3 1002 5 0 -676 1160 | Pre-Cambrian| 30.0 1 24
0 7 2 1004 5 0 -307 763 Slave Point 239 4 29
0 7 21004 5 0 -690 1146 | Pre-Cambrian | 36.5 4 30
0 1611 100 4 5 0 -719 1159 | Pre-Cambrian| 41.9 1 34
0 7 36100 4 5 0 -653 1063 | Pre-Cambrian | 40.3 1 36
0O 6 10100 5§ 5 0 -712 1145 | Pre-Cambrian | 49.7 3 42




286

LE L S T R M ESQjElevation| Depth| Formationt T BHT Quality | Grad'1'*
(m) (m) (dep C) (1-9 (deg C/hm)
0 4 3 1007 5 O -817 1223 | Pre-Cambrian | 45.0 4 35
0 10 7 100 9 5 O -560 1469 | Pre-Cambrian | 59.5 1 39
2 1017100125 O -957 1597 | Pre-Cambrian |  49.1 1 29
0 6 14101 1 5 0 -632 1082 | Pre-Cambrian | 36.7 1 32
0 7 291011 5 0O -555 976 Chinchaga 40.0 3 39
0 1 11100 25 O -662 1084 | Pre-Cambrian | 42.8 1 38
0 3 7 101 5§ 5 O -752 1147 | Pre-Cambrian | 41.3 1 34
0 4 121001 5§ 5 0O -721 1120 | Pre-Cambrian | 43.1 1 37
0 6 31101 § 5 0O -747 1119 | Pre-Cambrian |  39.6 1 34
0 10 6 101 6 § O -779 1156 | Pre-Cambrian | 59.0 3 49
0 11 4 101 9 5 O -853 1355 | Pre-Cambrian?] 47.8 3 34
0 11 7 10110 5 O -906 1642 | Pre-Cambrian | 49.8 3 29
0 4 15101115 O -606 1430 Muskeg 49.4 1 33
0 7 2410112 5 O -935 1766 | Pre-Cambrian | 55.0 1 30
0 1 31101 135 ¢ <996 1822 | Pre-Cambrian | 56.0 1 30
AA 10 17 8 23 4 O -14 525 Wabamun? 20.6 2 35
0 1029 8 23 4 0 -650 1162 | Pre-Cambrian | 43.6 1 36
0 14 36 89 23 4 O 314 187 Clearwater 12.5 4 56.1
0 14 36 89 23 4 ) -294 795 Woodbend? 30.2 4 35
0 1436 8 23 4 O -602 1103 | Granite Wash?| 30.4 4 26
0 14 36 8 23 4 0O -627 1127 | Pre-Cambrian | 32.2 4 27
0 12 7 89 254 0 -680 1383 | KegRiver? 39.8 1 27
0 6 11 8 25 4 ¢ 209 413 Winterburn 21.0 ] 46
0 7 14 89 25 4 0 106 495 Grosmont 27.7 2 52
0 11 28 89 25 4 O -706 1313 | Pre-Cambrian | 37.9 4 27
0 7 19 9 23 4 0 18 497 Wabamun? 22.8 3 42
0 I1 21 90 23 4 O 49 474 Wabamun? 26.8 2 52
0 103 91 23 4 0 276 295 Bluesky? 19.5 3 59
0 11 12 91 24 4 O 26 492 Ircton 18.7 1 34
0 1034 91 24 4 O -679 1223 |Pre-Cambrian?] 37.7 1 29
0 5 12 92 24 4 0 -676 1241 | Pre-Cambrian | 39.9 1 31
0 1021 92 24 4 O 48 545 Ircton 24.1 3 41
0 7 1 93 23 4 0 273 373 Grosmont 10.2 2 22.1
0 4 25 93 24 4 0O -609 1283 |Pre-Cambrian?| 34.9 1 26
0 1534 93 24 4 0 -626 1350 | Pre-Cambrian| 36.9 1 26
0 1035 93 24 4 0 243 487 Grosmont 279 2 53
0 1015 93 25 4 O 151 527 Grosmont 24.8 2 43
0 1015 93 25 4 O 22 656 |Beaverhill Lk.?] 29.6 2 42
0 11 24 93 25 4 0 -680 1314 | Pre-Cambrian | 40.6 1 29
0 1033 93 25 4 0 -673 1425 | Pre-Cambrian| 35.9 3 24
0 i0 33 93 25 4 0 -673 1425 | Pre-Cambrian | 48.7 3 33
0 1i 33 93 25 4 O -676 1419 | Pre-Cambrian | 39.5 3 26
0 11 2 94 23 4 0 278 492 Grosmont 25.3 3 47
0 12 7 9 23 4 0 -565 1362 |Pre-Cambrian?| 39.0 1 27
0 4 19 94 23 4 O 251 543 Grosmont 322 3 56
0 6 27 94 23 4 0 210 572 Wabamun? 20.5 3 32
0 7 1 94 24 4 O 520 230 | Base Fish Sc. 12.6 4 46.0
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1 1S T R M ESOlElevation]| Depth | Formationt Tf BHT Quality | Grad T*
(m) (m) (deg C) (1.4) (dcg C/kin)

0O 7 1 94 24 4 0 300 450) Bluesky? 26.0 4 53

0 6 12 94 24 4 O 249 541 Grosmont 28.1 3 48

O 10 18 94 24 4 0 429 276 Viking 18.2 4 59

0 10 18 94 24 4 O 423 282 Joli Fou 18.2 4 57

0 1023 95 23 4 O 309 472 Bluesky* 23.9 2 46

0 1019 95 24 4 0 -13 807 Ireton 30.9 2 36

0 1019 95 24 4 0 -237 1051 | Slave Point 35.2 2 32

0 1019 95 24 4 0 -646 1440 | Pre-Cambrian | 41.2 2 27

0O 1028 95 24 4 0 -649 1434 | Pre-Cambrian | 50.9 1 34

0 6 11 9 23 4 0 165 582 Wabamun? 29.5 2 47

0 7 24 6 23 4 0 210 577 Wabamun? 331 2 54

0 11 27 9 23 4 O 254 536 Grosmont 28.3 1 49

0 1115 96 24 4 O 252 591 Grosmont 31 1 49

0 6 24 96 24 4 0 251 593 Grosmont 316 3 50

0 1623 9 25 4 0 -660 1461 | Pre-Cambrian | 34.2 1 22

0 7 2 97 23 4 0 186 639 Wabamun? 27.2 3 39

0 6 7 97 234 0 418 1258 Muskeg 41,2 1 31

0 6 7 97 23 4 0 -599 1439 | Pre-Cambrian?} 47.9 1 32

0 7 34 97 23 4 0 192 571 Wabamun? 33.6 1 55

0 11 3 97 24 4 0 263 561 Grosmont 35.0 3 59

0 6 5 97 24 4 0 259 519 Grosmont 29.7 1 53

0 1015 97 24 4 0 232 548 Grosmont 344 2 59

0 1119 97 24 4 O 250 473 Grosmont 28.9 1 57

0 6 24 97 24 4 0 -553 1344 | Pre-Cambrian | 45.7 3 33

0 6 1 97 25 4 0O 271 436 Winterburn 234 4 49

0 4 11 98 23 4 O -517 1186 |Pre-Cambrian?| 44.5 3 36

0 7 30 98 23 4 0 183 452 Wabamun? 26.2 1 54

0 6 5 98 24 4 0 152 563 Ireton 269 2 44

0O 6 15 98 24 4 O 263 481 Winterburn 28.2 3 54

0 7 3 98 25 4 O -591 1274 | Pre-Cambrian | 39.4 3 29

0 6 6 99 24 4 0 262 321 Bluesky? 18.0 3 50

0 6 6 9 24 4 0 179 404 Grosmont 22.7 2 51

0 7 18 99 24 4 O 244 350 Grosmont 21.1 3 55

0 10 14 100 23 4 O -560 1249 | Pre-Cambrian | 45.5 1 35

0 7 1010024 4 O 240 376 Grosmont 18.2 3 43

0 7 1010024 4 O 171 445 Ireton 209 3 42

0 1 29101244 0 -600 1070 | Pre-Cambrian | 46.4 1 42

0 2 1010223 4 0 -560 1075 | Pre-Cambrian | 41.2 1 37

0 16 27 102 24 4 O -580 992 | Pre-Cambrian | 30.8 1 29

Abbreviations (cont.overpage)

LE: Location exception code tfrom PUBCO (1990 a) * Average vertical

L: Legal Sub-Division temperature gradient

S: Scction calculated as:

T: Township (Tf-Ts)/depth

R: Range

M: Mcridian

ESQ: Event sequence code
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Abbreviations cont.

BHT: Bottom Hole temperature

Tf: corrected formation temperature

Ts: average annual ground surface temperature (4 deg C)

d: thermometer depth

BHT Quality Codes

I:multiple temperature measurements (Homer corrected)

2:onc temperaturc measurement with time clapsed since circulation stopped known
3:first temperature measurement with time elapsed since circ.lation stopped known
4:0ne temperaturc measurement, with time elapsed since circulation stopped unknown
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A4.3 Culled Major Ion Water Chemistry Data



290

£'8

60 Wl | veste | 6 995 WOl Tl oWl 0 SIT8l | U6 Sumogls ¢ 66 1 o1 wowsoin
60 | 88 | 100 | 6ZL | €9 9. 8 oW T8 OI9 O 000V | 095 v ¢ 6 1€ Woussosn
O1 | 89 | 2L | TewLl | S8  O9E O €6L¥9 OF6S 019 O  OOCEOI | ISy visals € € S o wouson
Ut v Lo | oasorl | 611 LT 0 Oy SEL 0L 0 0859 | 96b slsdls ¢ €6 st €I Jwowsox)
Lo UL 10T | 8wl | 861 0T 0 Ov6y IS 09T O 000L | 98 o1sals ¢ € 8 €I JuoWsoIn
g1 | 6L | 001 [ o641 | 6 95 1g  1ze g6l 08 0 Sz |86z | Aoqudoly 1T T6 91 I JuowsaIn
o1 |78 | 107 | Te0SI | 1ZT  OIl 99  H6¥S L0l 69 O  STv8 | 6LL emsis ¢ 06 1€ €1 Juowsolgy
UL | 89 | 100 | zTlowl | g0l €61 O  6¥8F 8L ¥891 0  00IL | o6v tisalv st 68 1 L TuowIs0I)
Sy |18 | 10T | ues | 6 &€ 0 6wl 9 OSIE O 805 |88 €1salv 1T 68 1T ¥l 1wowso1n
ty feepror | oseos [T 61 0 9wl v 09 0 195 | 06e 1Isajv 1T 68 1T ¢ Juowsolny
9y {08 [ 10T | 6vs¢ | 6 o0z 0 16St 65 ovge O ogs | 19t tisaly 1z 68 1z 91 wowsoln
OT VUL [ Wt | eesT | v 9l 0 0088 92 S6IT 0 090%T | €St zisals of 6 1 9 Kysonig
g0 | €L | 100 | 00SEZ | T 4OE L Ol6L 8€ €05 O 0Ol | 599 11sals 11 86 L1 8 Kysonig
z1 jo8 | 10T | wmsOr | o oz st ook O 96l 0 w9 |9t tisals o1 8 € 9 Kysonig
Lo oL 100 | stoer | €2 szl 0 S0k 6 081T O 0809 | 60S 11sal v €2 L6 ¥E L Kysanig
0T | 8 | 20T | se69T | IZZ 0T O 88 IS STOI O  OS¥SI | 019 1isals Tt L6 L L Aysonig
Ol | 6L | 10T | 6911Z | vIz T SL  SEEL 81T S00T O 0601 | 929 1isajs u 9% 8 9 Aysonig
60 | 0L | TOT [ T6I6Z | 8€ T09 O 8666 6£ SO O  O¥SOL | 699 1isals T 9% 1 1 Aysanig
OT | 6L | W1 | T8 | O/ T 0  8L00I €€T 681 O  0S091 | L65 | +'iisals z1 s6 €2 o Aysonig
ST |06 | 000 | 1926 | ¥ 91 Ly €0f €1 86 06 00l | SIp | oumemply €z €6 TI 9 Kysamig
10 | I8 | 200 | €90ze | vE1 oz SLEvl  WEL 8% L€e O ST9ST | LLS tisals €1 €6 S 9 Ajsong
€v | 6L | 001 | 0s9 | 12 0c 0c 88T 6 6 o0 s9 |oiz 11salv 81 26 S O Aysamy,
OF | 6L | 10T | o8 | 9% L9 {9 06T €S 9L O  Oith | 98y risals 1 26 sg s Kysoug
O1 | 8L | 10T | 00SIT | 00z 9¥T £l OSLL  SS 0T O 00911 | 9§ casals 11 76 €€ 91 Kysonig
TL ol 6L | 10T | 068 | 8 901 69  088C LEL 0861 O 069 | 955 1Lsdls 11 26 €€ 9 Aysonig
T JSL [ 10T | 29880 | 21 90l O 1569 11 O O  ZSL6 | 96¥ 1isals vz 16 T o1 Aysonig
TL | 3L [ o0t | 6%E | 66 ¥ 0 €Il Ol 8L 0  sosI | oIy sisalv oz 16 I o1 Kysonig
¢ [o8 Loor | 6y | v 9z L1 el sz Iz O 98 | el 1isajy 81 16 b1 L Kysong
TEo[ &L 10T | g6l | O 66 0  SIIL  §9 99 0 1388 | 869 1isajs €1 16 € 9 Aysonig
¢ropeg 10T | oL | 61 zTw 99 oOIE 9L o0zl 0  S8E | 999 11sdls 71 16 1T ¢l Aysonig
L1 T8 | 10T | w0l | v¥ 08 Ly O6SE €I 0S61 O 0Oy | 809 1Lsajs 71 06 SE 9 Aysanig
VIO SL | 10T | ZS8 | L1 €86 O TSL 0W% €061 O  L€78 | swE 1asajs 6 06 T ¢ Aysanig
60 | ¥9 STILL | 18 08 IS €29 16 O 0  8st0l Isals or 68 11 2l Kysonig
v | €8 L 00T | 2vv | € 26 86 29I EHI Spl 0 6T | 9 1isdals 8 68 ¢ Apsonig
(s3jow) Ausuaq [atpy wog [ (F3w)  (1AW) WAW) (Bw) (AW (W) (Fw) (/3w | (w)

(N | Hd foaneid| saL | 3W  ®d M N vOS €ODH €00 1D |wdop #ISAIN ¥ L S 1 uopeuLiog




291

90 | €9 | 601 | eveszi | zsoc ossor  sve  obbIE  STHI 8L 0sL8L | 6121 shemsl ¢ 8 68 T 91 wnog aae[S
Lo | €9 | 601 | tusozt | usz  vi66 LSEVE  9T¥T  00€ ooLLL | ozt mogls 8 68 81 II nog 9Ae[S
L0 | 06 | II'l | OOOLEL { O8LC OOPIT 08r OO0OLE OLIT 86 009€8 | 9521 igs 8 68 o1 1 w104 dae[S
£o | 19 | ort | 6620€l | Zssz 11601 9SS OSEl  0€Z 00008 | 8€21 mogls 8 68 9 w10d 2av[S
80 | €9 | ITT | LbS90E | €52k 090ST S06 00S¥6 208 LT 000161 | 871 £1sals v 68 62 11 og 24e[g
00 [ €L | 9Tt | €6ISvT | STLT €c6C  8LT  OL898 OLOLI LT O O0009cl | & oTLN|S 8 16 8 L U]
0T | €L | TIT | TTss9l | 9911 €8ST  L8T  099LS 0€Z91 S6S 0 00106 | €9 1isals 8 L6 $T L uojaly
0z | v8 | oo1 | 9e6Lr 61 8T 9T  gsS 8 TE&L 0 8y |ses | omvvsar00ly €7 w6 1 9 uojaly
1 | g8 | oor | os19 & 9T 0T o086I 81 ov6l O 0SIT | 615 | meqeoo|y gz p6 1 9 uojal
1 6L | 001 | 8¢9 v 8 1€ ST 91 o6l 0 €977 | b5 | omosrsomoo|p ¢z w6 1 9 uojaly
VL | €8 1 00T | v3911 | 8. O 68 s90r € 661 o0 0095 | sec omosall v €7 €6 LT OF uojal]
vl | €8 | 001 | ebLs 66 95 S€  O6LI 99 0081 O  €96f | sis v €2 €6 Lz 01 uojarf
Tt | s | o1 | ses €9 ¥ €& 08T L I8L1 0  osig | 8y v €2 €6 12 1 uojasy
o1 | 8¢ | oot 068 €1 0O vy 0fT S 8¢ 0 ove | L v €2 €6 v 01 uojary
0T | €L | IUL | €069ST | L2 #I8T O  0sS8S 1689 SSE O 00068 | 9Lz 71Sals 9 66 9 +1 UMQIaTu AL
O | 6L | SI'T | vISTez | vS¢  0STT O  1Ze¥8 OSE ST 21 ZoIscl | gcp 11sdals s €6 8 9 umqIaiuIg
S0 | 9 | 10T | €688 | TET 096T O  OLSE 8101 €6 O  00I0f | zsv 8isals T €6 8¢ €I wmqiaiuipg
90 | 69 | O0T1 | zsLLsT | 098y 8506 O  IZobL 921 I 0  ozseLl | i 11sajs s 6 Lz 11 umqsiuip
SO 1 18 | 201 | oese | 81z 15 7606 9979 (T 98 o0  oszel | 19 TLsajs o1 06 Lz II umqaiip
U [ve [ 0T | vobt1 | &1 <2 0  G6IEy  0SI 001 09c 0195 | i8I 11sals 9 101 9 ol UNUeqE/,
VL opLL 10T | o60sTt | 6 szt 0 v8ey  80E 991 o0  z6eo | vse 11sals 9 € S 9 unureqem,
Tt e | 101 | cigs s 0 666€ 6 I8 ziE 6wy | Lze sunmogl s 8 76 9z OI unureqep
F1 [ 98 | 101 | ovber 1€ o 0 W9 9 96l 01  vbes | ssS 11sdals €1 06 T o1 unureqem
PP S8 1 10T | 08Il | €2 Ty 0 swOb  SI1 94 801  bisy | csc 11sdjs €1 06 T o1 unureqe
UL f €8 | 10T | 8Sevl | 861  #I¥ 0  689% 6681 s0S 0 o9 | 6oL zisals 11 06 s€ ¥ unureqep
O1 1 SL P INT | Thi9T | 86T €8T 0 L¥96 918 969 0 290t | Lis 91qems|s ¢ 06 SE OI unureqe
SO | I'8 | 201 | 986z | 06t 019 O 00IL OEE 81 0 006zl | e3¢ z1sajs 8 68 T 9 unweqesm
€1 | 18 | oot | 99gs 91 1T 0T 6I9T TST 0691 0  sPOE | sz €elsals L 68 61 8 unureqes
't | +s | 001 | eos¢e ¥C Oy iz 09Tt ozt 80os o1 ozgl | 1sp ELSA}S L 68 L 6 unureqem
cbopos pwor | a8t 1729 w0 teeb g0l o8l 0 1%h% | oot 11sals 1| 8 9 9 1WOUISOID
o1 [ T8 | w01 | to9s1 | 101 96 0 IbS €21 oL 0 0088 | 98§ 11sajs 9 L6 €1 o1 wuowso1r)
60 | &L | 101 | 69691 | 65z cec WSS ¥ LEOT 0 o0£Z6 | ses il¥ T s6 st o1 Jowso.n
ot | &8 | 101 | 96651 | €81 99 0 1€8S 6T L9 0  09z6 | 665 Hvy I s6 T L Juourson)
00 | 69 | €01 | 00lLy | 66 Ovtl €81  000SI 0982 Ss& 0 0089z | css z1sals o1 s6 91 § Juousson
o) e R Lk I U I O 70 7 I 7 7 B 7y B 7.0 )

DN | H joamed] sar | 3w ey y BN $¥OS £ODH €00 IO |wdop #LSQJW ¥ L S 1 uoHeuLO




o™
ol

80 S 61T | 00099 | OovST 0081 866 00SI8 8T8 I 000t91 | o061 Tisals ¢ 68 st ¢ 1Ay 32y
Lo | S8Ll 1T1 | 000067 | OEZE 006V OEST  OOVIS  SLL 81 0008L1 | €9¥1 1lsals € 68 11 ¥ 1Ay 39
Lo | €591 6I'l | 00005z | O8vT ©O09T TI6 O00OSL #8S 09 000SST | vEvl 11sajs € 68 11 ¢ 1Ay 3oy
Lo | 1TL | ITT | 00000€ | OPOF 000ST OTFI 00008 86T  €S1 000681 | T6¢1 tlsdjs € 68 Ol 6 1any 3oy
90 | 909 | IZT | 0000TE | OILF OQO60E OOLI OQOLYL Q0T 9§ 000861 | vorl 11sdljs € 68 + ¢ Jany 8oy
9C | EYS | ITT | 000067 | OZLE 0065 OSEI  O0OBEL 091 62 00058" | 6Zp1 1lsals € 68 € 1 1ary 3oy
L0 | 606 { 1ZT | 0006LT | 00OE O09IZ OSPI  QOLLL €91  +T 000SLT | SSpT zlsals € 68 ¢ ¢ 1Ay 3y
90 §S | 6I'T | v606¥T | 9LIS O0EFT SOL 0S0Z9 9¥E  LIT 00951 | STpt ywedulc 7z 68 8T €l 1oy 8oy
Lo Jsr9 | ITT | 000l0c | 092y OOVPT 09T 0OEIS 1€ 19 000061 | vL¥1 11sdjs T 68 T4 § 1Ay 3oy
01 UL ) U1 | 608p61 61  +TIT £ILEL  9SPC  LE1 09€ETL | #86 Tisals L o1 T S EESET
80 8 ITT ] ozovLl | L1I0Z 0S86 00L Q0SS  LTIE  TIT 001€01 | 2L91 11sdajs 21 101 ¥ L Saysniy
80 vL | Tt | ozosoe | €Tie  L61L1 1296 €9%  16€ STISST | ST 11sdals € 8 11 L Faysnpy
01 89 | LIt | tezeee | sLL 1sog £6IF01  S08T  0IT 002991 | 0601 tlsdls L 001 € ¢ aysny
60 99 | o't | 180¥S1 | OIS  so0zs 99es OISy  0I¢ 00006 | szt tlIm|s 6 66 1€ ¥ WIOJ dAR[S
80 08 | €'l | (81LOT | TSE 6006 SS¥ Q9EL9 1061  OII 000821 | LS6 zisd|ls 9 9 91 ¢ utod aae[g
g0 |crot | st1 | oooogT I 00ITl 8IS OQOISL OLIT S91  000ZH1 | SL6 zisd|ls v s6 9 6 utod 9AB[S
60 0L | oT1 | 00otog T 0TIS 008 O000L0T OS¥T 791 000581 | €201 Tisals 9 ¥6 L 11 og oAR[S
60 '8 | LI'T | 000SHT ¥ 0I0T 0ST 00916 9%  (LE1 0001ST | 2911 11sdls s w6 8¢ T o 9A8[S
20 '8 | SI'l | 00080T | 95¢ 0Q0SOT ZIL 00659 €96  SS 8 000621 | 9sz1 T1sdls € v6 L € 04 aaelg
60 69 | OTT | 000T6T | €8 009Z1 +68 00666 €8S 9L 0008L1 | 0£01 vrsals 9 €6 81 L 110J 94B[S
o1 TL ) o6t | sisesT | 19 €otT vEQIIT 00ty  OTT 00svLT | 001 gelsd|ls € € S 01 1Ul0d 248[S
0 T9 | OI'T | €T¥SEl | €TIE Ob9TT TIET 0T8O 901  9SH 00058 | LsoT Qems{ ¢ [ 6 €T 11 104 948[S
60 UL | 91T | 680SvT | 8TL  OIZIT  SLOT 69818 ZI0Z  9pl 0008%1 | ¥£01 zlsdals 9 76 1€ Of 1ulog 9A%[S
90 99 | 01 | 0199z | 9vES 0900€ $7689 9¢l  ZTl 08¥TLY | L6OT €LSAl S S 6 (T 1l W0 2A8[S
90 €9 | oz1 | cz816z | 8506 69v6T w289 19V e 0S€081 | 69€T 11sals 9 16 s€ 6 wod aae(S
90 T9 | 6I'T | 8L698C | v0Tv OIE8T +68 0Z6ZL 6L 1L 002081 § 8€01 eLsd|s € 16 0t 91 U10d 2AE|S
g0 e | oot L9Tv6 | SSS1 668 T8T  08S6T S8IE 991 0049¢ | szot eLSd|s ¥1 06 8 9 uiod 9ag[S
Lo oL | 6071 | stecTi | 88sZT  ISElt 68IZ¢ 08T 1LS 0009L | S1TT dundjc 8 06 § II W04 9AB|S
80 8¢ | 80t | TOZIT | vTIT 6169 69¥€E 010 021 008L9 | L611 zisdls L 06 § ¢ utog aAelS
80 69 | IV | OOE9ET | 16T 9108 SET  OECh O0STT €61 00008 | LS9T1 TLsdals +v1 68 L ¥ 10 SAB[S
80 69 | 801 | 68ISII | LIST +LSS 91T  OS6SE 6067 €9 0080L | 991 sIsajs #1 68 § 1 uiod 9a8[S
Lo L9 | 601 | vLbLzr | 8€0E 01001 LOEVYE  6£91 o8P 0008L | tvet mpEan|s 6 68 I € w10g 9ae[S
Lo 99 | 60T | 9SLIZI | s6Lz 6016 6bvEE €691  OLT oosvL | 1sZ1 bran| 6 6 68 1 ¢ 10d 9as]S
90 OL ] TUT | 0096¥1 | 006E O09LT 89€ OO0SSE 0907 9LL 00£68 | 60Z1 g#qems| 6 8 68 9T ¢ UI0d 9AR[S
(sajour) Ausuaq sy wog [ (Bw)  (Bw) Fw)  @Aw  (Bw) (BAw) (R gFw | )

DN | Hd |oanepy| sar SN ® | BN $OS €O0DH €0D D |wndop #1SaAjW 4 1L § 1 UoNBULIO




293

90 |Zvr9 | OTT | 000T6T | OLEy 0019 0911  QOLSL €V 26 000£8T | 88b1 1LsSd|S € 06 8 8 Jaary 3oy
90 €S | 0TT | LSES6T | OVSS 1vS8T (432 TR A CAN /) 00€EH3T | 981 €Isd|s € 06 L 6 Joary 8oy
Lo S9 | 8T | €Lo16T | €c6v OEYOZ 9911  0£06L  €€S 18 0068L1 | Lovt TIsdls € 06 € 9 Joany 3oy
80 9L | 611 | tre6Lz | €10e  T9zLY 80€98 119  6€€ PI8ILY | 9z€1 ILSals T 06 8I Ii Joary 3oy
Lo LS | 2T | 8I¥SLT | TS6T OSSET TSP OS8Ly (811 [T 00v601 | +95T TLSAlS 11 68 S¢ ¥ Joany 8oy
80 YL | 60T | 0S88CT | 8081 T¥86 20S 0686 SHOL €9 00L6L | 6191 Ldd| s 11 68 €€ €I Joany 3oy
Lo T9 | TUL | €O8ELT | TEOT #68CI 695 0QOS6F L8O ¢ 8£9501 | 1291 TLSA|{S 11 68 8§ S Taary 8oy
Lo §9 | Tt | 198sLt | S1ZT  oLEhl SI00S b8 €9 8PE80I | 1691 1LSdls or 68 8T +#l1 Iaary 3oy
Lo L €T | LPLLST | 79TT €1€91 8I6IS 09 €L 1€6STT | ZSHT 1Lsals Ol 68 sz + TaAry 3oy
Lo 69 | Tt } rzeIsr | gg€T  sogEl 6I1ES TW9T 89 00K T | 6081 TLSA[ S o1 68 0z II Joary 3oy
o fse9 | Tt | 9zspLr | ss81€  1Z9¢T SIL9% 9911  LII 220801 | o141 €lsdals 6 68 s¢ L ToAry 8oy
Lo 66 | EUT | €LE9ST | 6LVT 09ZST SE9  08€OS 9101  €0€ 00€911 | oew1 1Lsd|s 6 68 IE ¥ IaAny 8oy
Lo 89 | TI'T | TY8T6 | €S€€ OT9ST LS 0S9ZS €06 65 00L61T | Tl Tlsdals 6 68 €T ¥ Taary 8oy
Lo $9 | EU'T | 091081 | 9€ST S6L91 SSv  0006v €9SI I 86L601 | #It1 glsals 6 68 1T oI laany 32y
Lo €6 { €Ul | I8XO6I | ISST 0TOST SE9  001ZS  1ZIT  +S 000611 | SEVT 11sdjs 6 68 O1 11 19a1y 3oy
Lo 9 YI'L | 8L690T | TSST 09¥61 096 EVSS 8¥8  +TT 00SLZT | 91 Tlsdals 8 68 T ¢ Joary 3sy
90 L | TTT | 6S¥86T | 8LTE O0L09T 9201 9SVISL 96L €81 000681 | SZST 11sdls 9 68 S ¢ 1Ay 3oy
60 | TEL | TTT | 0000ZE | 08TT OOVIZ O0OSI Q00SOT 99.  8bI 000681 | 98b1 TLSAlS S 68 €€ ¥ Jaary 8oy
80 |[90°L | ITT | 000EZE | 06€C 00TOZ OZVI OQONPOI  TSE 891 000€£61 | 8SPT TLISA|S S 68 €€ 1 Ioary 3oy
Lo | IVL | TTT | OOO9IE | OE8E OOEEC 0091 00206 LSb  6b1 000961 | L8p1 TLSAfs § 68 LT ¢ Iaary 3oy
90 69 | oTl | tTTLLz | 018y  0OL6T 00269 9v€ 1Ll 000€LT | 1281 1LSafs S 68 61 9l Ioany 8ay
S0 66 | OTT | €ITSLT | 66891 680VI OSTI  000E9  bLE  IEl ILP6LT | SLpT 11sals s 68 91 ¢ oAy 8oy
90 96 | ITL | LS¥S6T | 9LIS OI60E SSIT  OvLOL  +SE  ZTl 000L81 | 69p1 ILSals S 68 1 91 Toary 2oy
90 L'S | TTL | 9LISOE | TIS9 O06£0E +IOI  088YL 1SS 62 008161 | TIST 11SA|S v 68 67 Ii Iaary 8oy
Lo 9 €T | TTBGIE | €SI 00661 186  Ov6b6 LS9 19 000661 | 081 TISA|S v 68 6T II Jaany 3oy
80 ) 1t'9 | OTT | O00090E | 080 O006bT O06ZI 00ZE6 10v O 000€81 | zzs1 11sdals ¢ 68 I €l Iaary 3oy
90 S 0Tl | TILTLT | €66€ TYEZE 901 O00ES9 965 9L T¥S691 | OLYT 1Lsajs v 68 01 I IaATy 39
60 | 9T9 | ITT | 000S6Z | $98 0S88 OLIT 000Z0T £89 1€ 000181 | ST ILSals € 68 € ¢ Jsany 8oy
LO |86 | OZ'1 | 000SIE | 09Z€ 00ZST O0SZI  009S8  SEE L€ 000661 | LLbT Tlsdals € 638 of Tl Ioary 3oy
90 1 6£9 | IT1 | 00000E | 090F 000LZ 0801 OQ006L OIf 88 000881 | €LbT €ELSAjS € 68 o0f Tl Iaary 3oy
90 8S | ITT | LEBOOE | I88S O06S6T w¥I1 O6LEL €8€  6b 000061 | LLb1 TLSAls € 68 1T 9 laary 39y
90 | +§S | OTT | O000SIE | 08LF O0OZSE O08C1 O00SHL  SST 8¢ 000L61 | L6VT TLsals ¢ 68 81 6 Iaary 33y
L0 [ ®6 | OTT | 00068T | OCI¥ O0OLST OSII  OOVIS 0L 96 0009LT | Z8p1 TLSals € 68 SI §I Iaary 33y
t0 1486 ) OTT | 0009LT | 6€¥E  00IOZ OZ01 00918 08 9L 000691 | 8L¥T TLsd|ls € 68 SI &I 1aATy 823
(sajour) Allsua(g | ayo1y wrayy { (1/3ur) w) (Yw) (YEur) (Sw) (ysw) WPw)  (Bw) | (W)

137N | HA Jeamepy| sqai 3N €D D | BN YOS €ODH €00 D |ydop #1LSA|W ¥4 L S 1 uoljeuIo




294

L0 | 8 | €Ul | 06S8L1 | L8IT OIvFl 8€S  QTS6Y 85I IS 00£011T | 6€tT clsajs 6 06 L ¢ 1240y 33y
60 | T8 | 9Tl | L6€IST | T6C S0TS  16€  OP668  SIEE ¢ 000ZST | 9051 z1sals 9 06 9 1 Joary Soy
Lo | ¥69 | GT1 | 000I0E | 08€€ 00Z8Z 090I 00€08 IST  6Fl 000981 | vItt Z1sals 9 06 6T 6 3any 3oy
90 | €9°L | 6I'T | 0009LT | 068€ 0009T 060T 0000L LIE  +LI 000£LT | Lovl 1Lsdajs 9 06 6 6 1ary 30y
90 | LL | ITT | €€OIIE | 0Ty OIEST T66 OLLO8 T€9  IST 000L61 | LIST T1sals 9 06 tT 8 10any Sy
L0 | ¥8S | TTT | OODEOE | OSTE OQUEST 090 00808 I8 S8 000061 { p15T TLsajs 9 06 tT 8 Joary 32y
Lo |69 | ITT | 000Z8CT | O8YE 009PT OEET 0006L OFE  SL 000€ELT | 90ST 1isajs 9 06 Tt ¢ 1ary 30y
90 |89L| & L8ITLT | OvTE€ 00TZ8T O8IT 00Z69 LL6  TLI 00LL9T | OLYT 11sajs s 06 €€ 11 1oany Joy
£0 | ¥59 | 9U1 | 000€€T | OTIE 00961 886 00S¥9 OWO1 9L 000¥¥I | 0841 Tlsajs s 06 ¢ ot 1aary 32y
90 | L'S | 8I'L | €OLLET | 86¥8 OTT6I 088 G6€8S ST9 S8 0000ST | 86¢1 1isdjs § 06 1€ ¢ 10ary 3oy
90 LSS | LU | 000I¥T | OFVBE O00BYT T66 00609 OSy  IE 0200§T | 80ST €Lsals S 06 8T ¢ 12ary 30y
LG | 96¢ | LI'T | 0008ZZ | OISE 00LOZ €£6 OOCE9 S8b 6% J006ET | 88¥1 Tlsals s 06 8¢ ¢ 1aary 33y
€0 'L | OTT | 000E8T | 060C 0001 +¥L 00696 96F €9 0001LT | vLp1 1Lsajs s 06 LT T 12ary 3oy
L0 | 99 | 91T | 6T€TST | SI¥T SSE61 O09L OOSEL €69 98 T1TSSST | 8LYT 1lsajs s o6 1T Jaary 3y
80 | 9L | 6U'l | S0s6ST | Tl OTY8T OLL  O6L6L 9SS LTt 009LST | 88¥1 €Lsals s 06 s1 91 1oary oy
80 | ¥'L | ITL | SGIEOE | SCET 0I8ST S6F  STI86 LIS 9fE 00S$81 | 08¥1 Tlsajs s 06 St 91 a1y 33y
L0 | 889 | 6I'l | 000LLZ | T6T 00OST 0801 O09EL Ivv SOl 000ELY | €8¥1 TLsajs s 06 T+ 1ary 30y
90 | 989 | 6I'L | 000SLZ | OLOF 00S9T OLIT 0090L 9  OL 0000LI | ZOSY 1isajs s 06 s o1 1oAY 3oy
90 | L69 | 6I'T | 0009LC | OvI¥ O0O0I6C OSIT 00089 16 (Ol 0001LT | 66¥1 zlsals s 06 S o1 Jaary 8oy
90 | 8¢ | O0TT | 0€6T8CT | 8669 OLILZ 096 08€99 1I9F 19 008081 | z8¥1 €lsals s 06 T 9 a1y 32y
90 | 99 | OTT | 6L6¥8T | LS6V OIIST 9€0I O0600L 88y 86 002081 | 08¥1 TIs4js s 06 T 9 1aany 833
80 | 9L | LU'T | €TL8LT | TIST OSSYT +09 OIS88 0£6  LIT 0001LY | SIET 11sd|s € 06 9 ¢ Jaany 83y
90 | v0'8 | 0T | 000LIE | OS9S 00Z8T OVIT Q0Z6L €67 95T 000961 | ZZET zlsals € 06 ot 91 1ary 3oy
Lo | L¥'S | 8I'T | 0000LZ | O6S€ 00661 OZII OQ06EL Thb  IE 000TLI | S6Z1 TIsajs € 06 st 3 1aany 3oy
80 | E€UL | 61T | 0008€T | OLVE 00991 OLZI ©00SOL O00F  SLI 000S¥1 | T1ET 11Sajs € 06 ¥T S1 a1y 80
90 €56 | 6I'l | 000VLZT | OEPE OOEOT OLIT 009EL 89T  Lb 000SLY | LTET ILsals € 06 +T 1 1aary 3y
90 | $9 | 6I'T | TLL8ST | €¥¥S O0L09T FEIT OEYSL S6E 001 002081 | 9z¥1 TLsSajs € 06 91 I Jaary 803
Lo | 88 | 6I'T | 19196 | LTIS 0T 6611 00EZ8 S8  9bI 005Z81 | 98€1 TIsajs € 06 +1 11 12any 80y
60 | 89 | 6I'T | 90I00E | LLEC €198 9SS O00LZO1 TT6 8L 008V8T | 6LET ILsals € 06 I 6 1aary 8oy
Lo | €6 | OTT | [9806T | LISY O€TLT OWOT  6LI9L €9%  S€1 009081 | Sov1 TIsajs € 06 v1 8 1oary 33y
90 | T9 | OTT | 890T0E | S9SS 0SL6T 9911 O0€99L 967 192 00¥881 | 8TH1 s € 06 T1 8 aany 3oy
90 I'9 | OTT | 6€8T08 | T6VS OLOTE 9911 O066YL - 10V  OZE 008881 {91¥1 | zwmw@Bulc ¢ 06 ZI 8 19Any 80y
§0 | 96 | 8T | €T6EIE | 00SF 00T9F OSST 00SE9 951  Sb 000861 | OEpT ILsajs € 06 21 9 13aTy 3oy
Lo 196 | OT1 | €ILEOE | OSEF 0991T 6T6 OvL6S TIL  ZTl 002981 | T8¥I 1ISd|S € 06 6 0l 1oany 323
(sajow) Ansuaq [ ayoy way [ (3w~ (3w)  (Fw) (Aw) (AW (3w) (3w)  (3w) | (m)

| 10N | HA [samey|  sal 3N ®© | BN  vOS €ODH €00 1O |[wdsp #LSAQjW 4 L S 1 UOHEULIO,




295

Lo

140

LVEL6T | 60EC 000 L¥S OIOKS O6L  TLI 005611 | 08€ET zlsals 8 16 81 €1 19ary 80y
Lo 9 | LIT | vEIWPT | OWOE SLTET 8T8  000S9 €19  LL 86TIST | 8pb1 Tlsajs 9 16 O €1 Toany 3oy
90 UL | 8UL | TOTELT | OPLY LLOEE b6 OOVED  LZE 1L vesoLT | 1ep1 I1sajs 9 16 § 1 Joary 3oy
Lo L | LYY | 9TI6KT | S86€ 9LSTZ 0S8  00S99  LZb  LEL 1S9%ST | evi tlsdls 9 16 + o1 Joany 3oy
Lo | 6L | LI'Y | ses0€T | oLEZ  00ZIT 006£9 126  ¥hT 000ZH1 | Ze€T elsdls s 16 ¢ T 1oAny 3oy
60 | SL | ¥I'T | ISKOT | €8S 8008 €62 OI¥89 T140p  9pl 000€Z1 | 8ZET Tisals s 16 ¢ T Toary 3oy
90 I'S | 0TT | 000S6C | OISE 0060 OLIT OQOVZL 992 9 000.81 | 8621 11sals s 16 sz s1 Joary 3oy
§0 | 96 | OTT | 6968iC | S6£S OSEIE OL6 08979 0OSE ¢ 00Z8LT | 141 11sdls s 16 T u loary 3oy
90 | ITC | 8I'l | O00EST | OESE OOELZ +T6 00109 OEh 4T 000191 | ZsEI 1lsals s 16 w ¢ 1oary 32y
90 | 99 | OT1 | 90LLLZ | 96¥F OFCTIE 816 00L99 6VI1  bSI 000€LT | seet 11sdls s 16 0z <1 1aary 8oy
90 | €9 | 6I'T | 60VWPLT | SY9E O0E06T 098 OEM6® TS9O 26 00L0LT | 68€T tlsals s 16 o0z ¢ Joany 8oy
LO | 99 | 8I'l | 96699 | S8T€ L09ST SEIT  OOOIL 86 08 16¥591 | ovb1 Tlsdals s 16 61 ¢ 1aary 303
90 | L't | OTL | 8C ;8T | 869S OSIOE 8L6 06689 €I9 6 00€6LI | SHET IISGls s 16 11 1 19ATY 3oy
90 | T9 | 9T | SISEST | €zvb oTvTT TI6 08669 s8Il zg 006091 | Zebl Tisals s 16 6 I ARy Foy
60 | ¥8S | 91l | 000IEZ | SZTL 00101 #€9 OQO9LL O6YT 69 0000¥1 | ZevT 1lsals s 16 6 T 19a7Y 30
90 8 | 8I'T | €10S9Z | 8IES T9E¥T OE6 00069 OI6 295 1€6€91 | oov1 ylsals § 16 8 oI 3oary 83
90 JevL| & T6S99C | OETr 009ST OIIT 00889 0SS 86l 005591 | T1$1 1isals s 16 L 8 1A1y 85y
LO ) T9 | 6I'l | 96679¢ | OLLT SLSST +¥IL OOSLL TO¥I I 659191 | Skb1 wlsals s 16 v 6 19aTy 3oy
90 19 | LUT | O169C | 61¥S 00LVT STOT  O0L989 SES 19 000591 | 8€b1 glsals s 16 € ¢ 1ary 8oy
60 | 9L | ITT | 9820¢ | 8IIT OLLZI 0S8 000E0I SZIT  OZE 001€8T | €1€T Tisals v 16 s 6 Jonry 8oy
Lo 9 | ozt | ssvioe | vorvr €872 WL 6€€ Ol 008981 | 99z1 mogls € 16 8z 19Ary 8o
LO | SU'S | 0TI | 000v6Z | 006E 00STZ OEIl  000Z8 89T  SI 000¥81 | €621 11sajs € 16 1T 11 19ary 8oy
§0 | 69 | 6I'l | 9TI06Z | TI6E 080T S8S  QOSY6 E€EE1 9T 00L8LT | ¥OET 1Lsdajs € 16 1z 2z 1aary 3oy
60 | €58 | 8I'l | 000V8Z | OLOT OIZZ 999 00266 0691 S8 81  0oovLl | coel 11sajs € 16 7 o Jaany 89y
80 | LU | vI'T | TISOIT | 9TWE OLGTT 98¢ 0OVS9  STLI  €OI OO0LEET | S1T1 11sals z 16 6z S Jaany 8oy
Lo [ 99 | i1 | 6gc1sT | €566 86081 €88€L S€9  OLI 00ZSST | 9021 tLsajs z 16 ¥1 9 19ary 2oy
90 | &S | T1 | sstos1 | 1876 61881 09y  8L01 L 009ST1 | 6891 11sals z1 06 €z o1 19ary 8oy
0 1 w9 b TUT | v8ZLLL | SLIT OEIPT  60S 06068 6201 IS 00EOT1 | 58T 1Lsals I 06 91 9 Joary 3oy
L0 | e9 | IVD | 866LST | ZLTT OLSOI  6LS  09T9F  Z081  SII 00+96 | LSSt tisajs 1 06 € ¢ 19a1y 82y
Lo U9 | TUL | 6IFLLT | 990T 068%1 9LL 696y €501 S 006801 | S0S1 1LSdis o1 06 81 9 19ary 83y
SO E9 LTI | LLET81 | HIVE O6LET  tES  OTETS  ZITI Lol 000TET | bl zlsals o1 06 v o1 1ary 32y
90 | &6 | €Ul | 0089LL | ¥6LT OI6El SLOT 0999 OOET 19 000TTT | 8Sp1 tlsals or 06 Tl ¥ 1oany 8oy
L0 | T9 | evt | €90€81 | vTic 0916I €80TS  LEOT 661 00SZI1 { p6¥1 L1sdls ol 06 v ¥ 19ary 32y
20 19 | TUr | 895081 | +90T ovtvl 000ZS  SEO1 6T 000111 | ¥6p1 zlsals o 06 ¥ ¥ Loary 8oy
{satow) AISIQ [y Wy [ (iAW) (Bw) (AW (Fw)  (Aw) (AW (AW (Bw) | (D)

18N | Hd |eamepyl sar 3w b EN  tOS €O0DH €00 1D |wydap #LSAIW ¥4 L s 1 uoljeuLIo




296

Lo L9 | SUT | 6LzeiT | €ese o0TTon 019 0L86S T6  HEL 0001€T | stet ilsals 9 6 of 01 1Ay 83y
Lo €C | 0TI | 9L6787 | OL6Y ¥6LHT DSO1  0008L +vTb 96 ThoeLt | 19Tt ot#aEas| S ¢ T6 95 8 1Ay 33y
Lo |eLe H LESELT | OLLS 006ST OSIT 000ZL 0901 991 006991 | +621 T1sd|Ss S 6 €€ 9 1ary 82y
90 | 8I'8 é 808¢87 | OLYO 008L7 00CI O00¥ZL OITT  9SU  6C  00S9LI | 88CI 11sals s 6 €€ 9 Jaary 3oy
90 |6vL | 61T | 000TST | 0S6€ 0066C 8£6 00099 66€  6SI 000LST | 90ET 1lsals s 6 €€ € 1oy 30y
o 1Lrg | 611 | 000SST | 08S€ 001ZC SS8 00189  68€ 991 8 000091 | OI€T zisals s T T L 1Ay 30y
90 €L H 6LIELT | 0Z0S 0€99C 8990L 0ZE  IL1 oLEOLY | 8IET sisals s T6 (T 11 1Ay 3oy
Lo | 199 é V8687 | 00SY O0Z¥T 008 0089L €€6  OFI 00L181 | €821 11lsajs s 6 st s 13ty 30y
90 269 | 0T1 | 000167 | (Wit 00SSZT OPTI  OOVSL 90T  +0OI 000p81 | ¥LT1 1lsals s 6 €1 01 Ioary Soy
90 9% | 6U'T | €bSOST | 8VLE T1LSSE 648  000S9 LLZ O 8STSLY | 9621 jorrds|¢ ¢ 6 € § 1Ay 3oy
90 86 | 61’1 | 16£28Z | SIIS 1¥S6T POIIL  SET 9Ll LZEOLY | OSTT Qemsi ¢ v 6 PE L 1Ay 35
Lo | sss | oT1 | 900667 | LOSE LELST 189¢8 IS¢ 8L 156681 | vb21 Tisals v 6 €€ L Joary 3oy
Lo L 0T1 | 8ssvLeT | stey €8€€T 8LILY8  L6S  SOT 00ZH81 | 6727 Tlsals v t6 €€ L nary oy
Lo |6vs | 6I'l | 000867 | OLIY 00TZC OSTI 00878 09€ SLT ST QOOLSI | 9921 11sd|s ¥ w6 IE L Iaaty 30y
Lo | so9 | 611 | Toviz | TLey  0L992 Y0TTL oL 20l $Z60L1 | 9921 Tisqjs v 6 LT L Jaany 8oy
Lo Ls | 61T | 91SI8T | LIST  #HELT STYSL  SOLT  LET 88ETLY | 6¥T1 3umoi s v T6 LT L 1Ay 3oy
90 |16L | 0TI | 000L8T | 060 006TZ OSII 00I9L TEE 991 000Z81 | STzt 11sals ¢+ 6 oz 91 Ioary 3oy
Lo ) 90L | 8I'T | 0309 | 0795 00881 O£01 O008IL 29  OZI 000891 | €121 zlsals v 6 0T 91 1oary 3oy
90 9°¢ | 6I'l | 855¢8T | 609y 18L9T OTOT OQ0OVL QSE €9 SELSLT | 9€TT wogls v 6 LI 1 1Ay Foy
90 'L | ITT | IEvhOE | 69TS OIEST 6401 L686L 6V LTI 000Z61 | 8STI tlsals ¢ e sl Ay day
Lo e V1Tt | vTeste | 1497 09TIT €Tl ITUV6 98 9L 006¥61 | L¥Z1 zlsajs ¥ 6 ST 11 191y 8oy
90 I'8 ] OT1 | 96v29T | SSIT 1ISOEE +LOT 0099 9€T  L91 €12€91 | €521 11sals ¥ 6 6 Sl Jaary 3oy
90 | I€8 é L9€10€ | 081S OQOYOE OPIT 0099L 0Z01 €91 is  00zs8t | oLzt 1lsdals ¥ 6 6 1 Ioany 3oy
90 |TSL| OTT | 000Z6T | 0OSF 0099T OIZI  009SL Q9 9%l 000b81 { 0LZ1 tlsals ¢ 6 L 91 Jaary 3oy
90 |jL6L | ITT | 000SST | O8LF 008ZZ OSII  OQOLYL PZE 691 000181 | Zoz1 Tlsals v 6 L 91 Ioary 3oy
90 L9 | 0T | 0009LZ | 089 0O¥SZ OSII O0IZL €S€ 88 000ZLT | 6921 tilsajs v 6 LS Ioany 3oy
90 | 68L | OTT | 00068 | OcoP 00IST 00CTI  OQOSPL €26 861 000081 | €¥21 ILsajs ¢ 6 v Sl Jany 3oy
Lo 99 | 6I'l | IbivLz | 699¢ 0OzTOZ 6608 S99 88 008691 | s9z1 1lsals ¢ 6 1 8 19ATy 83y
Lo |69 | 61't | e1zLLr | SsLE  SLIZT 906L  S6F ¥l v191L1 | 1Tl PagdnNls € 6 8 11 1ALy 30y
Lo €9 | TUT | SO6LLT | I6IT 8L9PT €8V0S  vPIT  IGI 857601 | 2€91 TLsals 1t 16 11 It 1Ay 3oy
Lo ¥9 | TI't | vi8s8T | +69¢ 9€SST IvSIS  O101 €€ 000LIT | 6€¥1 11sd)s o1 16 ST I Joary 3oy
Lo 6S | €'l | ovbEst | L81T SISyl 87STS 801  TE 008211 | L6pT lsajs o1 16 § ¢ Ioary 8oy
90 Y9 | TUT | 9%0081 | €49T 0Z9ST 12§ OISy 12l 8L 008ETT | T8¥1 1lsals of 16 € I Ioany 8oy
Lo L9 | srv | zeezze | €81 T8SIT 98165 LvL T 00z8¢e1 | s8¢t TISA]S 6 16 ST T oAy 8oy
(sa[ow) Ausus [oyoy wog | [fw)  (Bw) (ydw) (yaw)  (sw) (J3w) (sw)  (3w) | ()

1DeN | Hd [sameisy| salL 3N 8) | eN ¥OS €OOH €00 D |wdep #LSAIW ¥4 L S 1 UOHBULIO]




297

o1

69°L

& 08€LLC LSS 061F 00T OOVZOT Ofld 1¢ 00LS9T | 06T1 1LSdjS L €6 9¢ 8 Ty 3oy

80 6L & OEITYC | OIST 005¥PT 08y O009L QLTI €L 00891 § TLLT cLsdjs L €6 9 8 loary 8oy
Lo 89 vl LOT8IT 196€ 08€91 +S9  OV86S S9IT  LOT 00I9€T | 8L21 ¢lsaljs L €6 ¢ 6 IoAny 3oy
80 €S| LT'T 000THT | 0967 OOELT 085 OQOVEL 689 €9 000LPT § 1921 eLsSdjs 9 €6 81 L Iaany 8oy
80 LS9 Ll 00090C | 0S€T 00¥ZT Z8L 00899 91¢C 18 000¢ZT | 6521 s 9 € 81 L Jaary 3oy
80 6L Lt S6e6¥C | TCST 9FILT 819 COS9L  TI6 €6 VPSTST | 8LTT TLSjs 9 ¢6 €1 11 laany 3oy
Lo 69 817 STLTLT 6979 09761 L€6 0£99L  (09¢S 6S 000691 | 1821 Jeppoisie ¢ €6 0t IT IoAry 3oy
Lo 1'9 (AR PL6VST | OVOE OOLLT 8€6 00T,  OLY Sv 000091 | €821 loredas| ¢ ¢ €6 61 I Iaany 3oy
Lo +6'L & LLE6ST | 00LE O0OITT 956 O0WL 06 £ 9T  O00LI9T | 1621 118dj¢ ¢ €6 61 ¢ IAry 8oy
90 86°L 81°1 000vLT | 06LE 00THZ 0601  0QOSIL vt 9C1 000ELT | LEET TLSAls ¢ €6 81 I Iaary 8oy
90 <9 8T°'1 00019 | 0L9€ 00LIT 00T 008L9 9bZ 186 000591 | 9621 ¢Isals S €6 81 1 Toary 8oy
Lo 19 (AR {¥0E9T 06Ztr 0010 8.6 00TSL oSt 1974 000791 | 1621 todas) ¢ ¢ ¢y LI T Joary 3oy
90 1€°L o1l 00079T 099¢ O00P8I 0ZZ1 00£0L 8LE 9¢l 000891 | s6T1 TLsajs ¢ €6 LI O Ioary 3oy
L0 <9 611 0000LZ 086€ 00STT OIZI  00IZL (4% 4 124 000CLT | TOET ILsajs ¢ € (1 T 19Any 8oy
90 8¢ 611 0006SC 00LE OQ0SET 066 00ZL9 18¢ 9T 00091 ] 00ET 11sdlje ¢ €6 L 0 JaAry 8oy
90 SG'L 611 000L9T 0L8¢ 00Z8C OZI1 00ES9 1YAY Otl 00089T | 60tT clsdys S €6 ¥ v laary 3oy
90 8I'L | 611 00069 | OS8€ OOY8T O0LOT  Q0SH9  9LE 6¢l 000ILT | 68C1 cLsdjs ¢ €6 ¢ v Ioany 8oy
0 9 Lot 868101 6LET 8LV 008€1 ObPLI 144 LES 00019 | 1vC1 S ¥ €6 67 8 IaAny 3oy
Lo 1£°8 ¢ 916767 | 0Z6E 000IZ 0901  000SS SI8 (42 0086LT | 69T1 ILsajs ¢+ €6 L1 1 JoAry 3oy
Lo e (478 § 868T8T 6V9¢ LO0T9T 0101 00Z9L 06¢ (A4 09€SLT | 7921 ol#qems| ¢ v g5 (T T Iaary 82y
Lo 9 o'l 61196C ee  L9vIT +90L8 €Ly 6£C TETLEBT (TSI | ywmaBeous| ¢ g6 01 I laary 3oy
Lo LT’ 611 000787 | OVEE 0000 OLI1  OOIIS 0ot 102 Sl 0009LY | SSTt TISaQjs ¢+ €6 8 € oAty 3oy
Lo 66'8 $ 66690¢ ovey 00SET  SI6 00968 906 88 v 000L8T | 1921 11Ssdlis ¢+ €6 L ¢l Jaary 3oy
Lo 9 o'l L9096C <00S 9Tt S8 08I1T8 9t¢ T 000681 | 79Z1 ufpgemst ¢ €6 L Gl Jaary 3oy
Lo ML 0TI 00068C | OI9E ©Q0S61 O0ZET Q0648 €LT €81 0006LT | 6921 TIsals ¢ €6 L 14 Iaary 35y
L0 8¢S | OT1 000S6C 096¢ 00T OLZ1  0QOLTS 9¢¢ 76 000¥81 | 95T1 ¢lSdis v €6 L I Isary 3oy
Lo €09 oc'1 000L8T 096€ 0Q0LIT OTPI  OOL6L 18y Ly 000081 { €SCT 11sajs ¢+ € ¢ v Joary 8ay
Lo LS Lri 0006<C 066T 00191 OSEI  QOLS9 ¥9¢ 6L 000ZPI | 7921 €1sdjs T €6 €T 91 Jaary 33y
0 99 Ll 6£C96T L8SE LLELT €ET9L L69 S 41 0078ST | sttt ILsdjse 1 € o1 ol laary 3oy
Lo €19 811 0009ST | OL6T O00FLI 08€1 00€1L 6vS 9L 000791 | S9T1 ILsaje 1 €6 8 L 1Ay 82y
Lo 9 o't 99GLTT | 069F O0SL6T  1+9  00LOS 0SS (44 00011 | 60€T otigems| ¢ 8 6 (T 9 Iaary 8oy
Lo 6'¢ b 40 [AY41174 CHOT  EELST  08S  00S8S  L¥S1 €L 8LIYTY | 8921 clsajs L w6 s 11 Ioary 8oy
90 £9 (Y I8LETT ot 07991 8L SO019¢ 0101 [4A 00SSeT | 6LT1 1ISAjs ( 6 €¢ 91 Jaary 8oy
L0 6L SUY 98.981 070¢€ 00991 00S0S 0141 96T 000STT | 6421 ¢1sSals 9 6 0f €I laary 39y

o) Asuag [apy woy [ (AD) (Fw) (3w (3w (F0) ofw) (03w @3a) T (@)

1DEN Hd |eanepoy sav 3N L) p: | SN YOS ¢€ODH €0D e} ydap #ISAQJN 4 L S 1 uofieutso{




298

80 9L | YI'l | T68YTT | 68 6¥I6 105 OVEpL 0081  €L1 0058t | 8211 11sajs 9 9 91 ¢ Ioary §oy
Lo T8 | vI'l | LSIOET | 6ELY OTHOT T66 OLEI9 196  sOT 00S1#1 | TIT1 11sajs 9 9 § + Lary 32y
80 §L | OTT | €0£L9T | 08ST 0OQSPI 00£S8  €0L Q¢ 000191 | 9021 11sajs T 96 9% 9 Iaary 3oy
60 SL | 8T'T | +9998C | 88Z1 98¥9 809 ¢9LI0I 96TF  ¥IT 0001L1 | 1921 11sdjs ¢ 9% T 91 nary 3oy
20 6L | o't | Twsest | ovbl  sst6 8L86v 00EE 991 €0£S6 | TE9T clsdls Tt s6 st o1 nany 3oy
Lo 8 SE'TL | ZIs¥Tez | 9Tve  LLS91 0S669 1491 83T 0099€1 | €421 1lsdals L ss6 81 01 Iaary 3oy
9 L SUL | seevIt | 6T€€ 0010Z 129  ObLES  TLS €L 008S€1 | $9T1 zlsals 9 s6 £ L 1Ay 89y
60 SL | 91T | (91sST | 1TI  O06¥I1  ¥8F 06816 SSO1 (T 001081 | #+21 ILsajs 9 s6 (T st 1any 3oy
60 |T69 } 81T | v806LT | 066  165F £90€01 TL9T  0IC 856891 | 0TI 11sajs s s6 1 o1 Iaary 3oy
Lo €9 | LI'1 | sLSLvT | IOT 96507 €801 OOVOL  8PE T T90VST | L7Z3 gemsIsEll S b S6 01 6 nary 3oy
Lo 19 | LTT | LIOSST | 691 LSSIT OQSIT O00ZEL +OE  LSI 08851 { €2TI QemsIsBll ¢ ¢+ 66 01 6 Jaary 3oy
Lo LS | LU'T | 09L9%T | 9LIE €660 TTIT 0069 €8T  +01 T81€st | viTt Hqems{ ¢ ¢ 66 Ol 6 1ary 3oy
60 | 708 89860t | OTTT 0L96 SE8 00T90T T88  SSI LI 0OLOGI | LITT glsals v s6 8 + 1ary By
Lo | szo | 811 | 666L9T | 6168 TE981 S006L 195  ¥ET 89591 | T1€1 1Isals T s6 9 6 Iaary 3oy
L0 9 | v1I'T | €£0£80Z | 909€ 9091 vIS8S  SL6 Vb 001621 | Szb1 TIsd|s O1 #6 €T ¢ 1ary 3oy
Lo e | eUr | 9eg681 | Lv8T 6LOVI (8LyS  1sTl 0Ll T0L911 | LIS ¥1SA|S Ol ¥6 9 9 1aary 3>y
Lo 89 | SU'T | 9¢811Z | $91€ SSZ81 €08 006LS 66L  OZI £S80€T | LL21 Tisd|s ¢ ¥6 1 6 Jary oy
Lo L9 | 911 | S6TLIT | 0SPT (L8081 Q8L 00S6S €L8  OIIT L8YSET | 69C1 vlsdals t ¥ T 6 Iany 8oy
60 e | 1zt | 98990€ v 6LT6 TO8 008901 S8L91  HOE LLLLSY | 921 glsals L v6 T 6 1any 8oy
L0 | 679 | SI'T | 000SIT | OZIE OOVLYI 88  00Z65  09S N9 000t£1 | 65T1 s ¢ v 1 1 Iary 3oy
Lo 89 | SUT | +:L1ZC | $IIE TT99T TIL Q00K SIS  Tvi 0LE9ET | 85T1 11sdajs L ¥6 1 41 Jaary 3oy
90 ¥9 | STT | v06ZLT | 00ZE O00ZOF 0Z6 00019 OES  LO1 000L91 | £LT1 pPeloM| 6 9 ¥6 81 T ARy 3oy
L0 |12 | 91T | 0001ZZ | 099 O00SST  L€8 OQOSO9 95 6l 00011 | 6921 1isals 9 ¥ L 11 1Aty 3oy
60 |608 | LT | 000SHT ¥ 010 0SZ 00916 9%  LEI 000161 | 2911 Tlsajs s v6 8¢ ¢l Jary oy
La €L | LUT | T9S16T | #iLy 09061 STOT  0€Z89 179 Il 008LST | €£21 118sd}ls S ¥ 0T 9 1Ay 303y
60 | 299} oz1 | 00000€ TF  00LZT OFIT 000Z01 826  LET 000€81 | vzt 1isals s # 1 11 1Ay Soy
o1 L] 81T | OITILT | 0S8 OvP 88T 0Ti66 OZ0S  bEL 001091 | 6921 1Lsd{s ¢+ +6 0 § Joary Foy
80 |v8L | oz1 | 00OYOE 18 00VIT €66 00001 OVOT  LIT 8 000881 | 9ze1 TLsdjS ¥ ¥ 8 § 1Ay 3oy
80 99 | 121 | €1b10e | €91C  #LLEY LLIOOT 60T 06 000s81 | svz1 1lsals v v6 ¢ ¢ JaAry 3oy
80 jTl'8 | SI'T | 00080 | 99v O00SOT <CTIL 0069 $96  SS 8 000621 | 14T tlsals € v6 L ¢ Joary 3oy
Lo €9 | 8I'T | 99059 | v€€€ 0890 00SI 000SL 16  9Z1 SE6£91 | S6TT oz#aeams| S T v6 1 ¥i IAny Say
Lo | 909 é PLYILZ | OOLE 0086 OL91 O0O¥9L SSL €t 001891 | 8S€T ILsajls 1 6 8¢ T Jaary 8oy
90 TL | SUT | L6v60T | 999 (09VO1 TSL  OE8PS  LSL  I€ 000ZE1 { LYEL 118als 6 €6 9T Tl Iaary oy
Lo €L | 9UT | 0000Zz | OZeE OOE6T 96L 00Z8S 659 88 0008€1 | €621 tlsals 8 €6 o1 ot Jaary 3oy
(sajour) Asuaq [opy way [([3u) (Fw) (U3w) (U8W)  (Fw) (3w (3w (3w | (w)

DN | Hd [oamepdy| sqL N 8D | BN YOS €ODH €0D O |wdop #ISAJN 4 L S 1 UonBULIO]




299

Lo | se9 | €11 LoLzst | svoz  ovsLl S6l6r  S€6 TET L19Z11 | 1€91 1Lsdls 6 68 S¢ L | usem amuein
Lo 9 | €I'T | €€T8Ll | €92  +SSS1 0096F 099 (LTI 620011 | €1¥1 Tlsals 6 68 s¢ L | usemouuern
Lo €8 | €1 8LIV6T | ST6T +Te9l 896£S  S€O1 68 LE  PO86IT | 611 zlsals 6 638 +€ 01 | usem snuern
Lo L TU'T | 0Se061 | 9zve OISYT 968  0OSYS Z9€I oS 00€s1l | 1€VT TLSAlS 6 68 0f 6 | usem anuesn
Lo 89 | TU'T | ososLt | stz ziepl LS88y  L8T1  TIV LESLOT | OIP1 1Lsais 6 68 9T 91 | Usem e
Lo §9 | €T | 091081 | 9€ST S6L9T SSP 0006 €9S1 11 86L601 | vIH1 €lSals 6 68 1T 91 | usem anueid
Lo 9 é €6VI6T | OVVT 00661 0OSE O00L0S €68 T2 008911 | 9€pT1 ILSals 6 68 6 1 | usem e
80 | AN AN 16090 | 00EZ O000¥T OOE1 L6629 O9ET 89 000%Z1 | 1SP1 SIsdls 8 68 #T € | ysem onuei)
Lo | T¢S | ¢I'T | 000E0T | OELT OOLOT  SSL  Q09bS  +98 ot 000LTI | T0¥1 Tlsajs 8 68 61 SI | usepmonuern
Lo 69 | vUI | €TLe0T | 9167 SISLI ¥EI96 8L €L 000921 | 801 TLSa|S 8 68 81 11 | usep anuesn
Lo LS | STU | Ti6L1T | T90€ OP6OT LZL  8PSLS  86L Le 008¥ET | 81 TLSAIS 8 68 IT G | usepm anuern
80 YL | 60'1 | OL6LIT | ¥EET  68FS SHO  SPOLE 6617  8S 0090L } €Sp1 TLSajs 8 68 O 1 | ysepm anuein
Lo ¥9 | vI't | 62660T | ZovtE 61061 10S9¢ W06  So¥ 0000€ET | 191 TLSAlS 8 68 LTI | ysem snumin
80 €L | 8I'T | vebTLz | 1WOT  LEL9T 79968  SITT 661 008991 | Lot1 1LSAlS L 68 € O | usepm swueln
9'0 €9 | Si't Lt | 079¢  08zIT 0Z6LS  99¢ 8 0000¥1 | sos1 1Lsd|S L 68 ¥ ¢ | usemsiumin
Lo U8 | 6U'L | €6I¥LT | ST9€ H9€0T 10€1 O0006L 9¢F  Sbe Tel1691 | 6IET 1lsalvy sz €6 ¢€ 11 loary 3oy
60 99 { 6I'1 10128T | 18€T 01401 ST8S6  Ob6 Sl 00bZLT | TTIL rilsatvy v¥T 16 ¢ 01 19Ty 303
Lo SL | vU'T | V80T | €€ST O6ZET SLOl  OL6SS ZILZ 9% 000L21 | sLTl ILsSals o1 zot 91 1 Joary 3oy
80 v9 | 8U'T | Ll16se | vTEe Ligpt 6ETI8  L8C 961 $6S6ST | ZH01 gelsajs L ot zz S Jaary 8oy
Lo 99 | 6I't | o8tb6T | €SIy SO661 9£L98 99%  0ZT 00vZ8it | 8501 sisdjs 9 101 9 o0 Jaary 39y
60 | s6S | e61't | ssebiT | 06Tl ¥679 67886 00TZ TIE €9¥591 | €£01 zlsgjs s 101 L ¢ laary 3oy
Lo UL | SU'T | 6IS0TZ | 00LZ T8SSI 099 1601  OLI 915sel | €161 €LSd| S I 001 LI Of Jaary 3oy
$0 €9 | 9T | €biLbT | SLve  SEEst 6Y0SL 9L Ozl 00¥TST | o111 zisals ¢ o0l £ ¥ Jaany oy
Lo T | 6I'T | T880LT | vTSE 1TTIT €I16LL €SS 1LI 00SL91 | $801 ILsals s oor of 9 Jaany 89y
80 9 TUT | €66¢81 | vLLI  TSOIT €9ILS  ¥6P1 Ol 008z1t | ovbr Tlsajs 6 66 IE ¥ Iaary 3oy
30 S9 | 811 | oszssT | 189  Tewey PEILL €S8 0§ 000LST | 6111 I1Sals L 66 €€ 9 1Ay 3oy
$0 69 | Tt LPL6OT | PLLL  69%6  SEL  OLVTZS 8ILT I8 00S£01 | €911 1Lsals L 66 8 ¢ Jaary 33y
Lo [ I 891907 | 60¥T 108%1 LITI9 6601  0f: T65921 | 6891 ylsals T %6 11 9 laary 3oy
L0 | 8§L | SU'T | 0006TT { 00OE 00991 OSLI 009€9  (T9 (9T 000EPL | 6811 TLsals 8 8 51 01 1Any 8ay
$0 L ITT | OLEEIE | OEFT  v6THI THEE0l  ¥8S ¢ 000Z61 | Z60T €lsdis 1 8 9 9 Jaary 3oy
20 69 | vI'L | TOS961 | €497 LS9E1 8€I8C  CILI  SI 007021 | 8LST 11sdals €1 L6 s¢ ol Jaary 3oy
L0 1L 1 9U1 | 000¥TT | OELT 00691 606 00679 T8L 891 0000%1 | L171 1isajs L 6 91 ¥ LARY 3y
$0 19 | TCU | (sL62€ | 668 L1681 LSLTO1  61S gzl £2670T | vTT1 ILsdjs T 6 8 ¢ 12any 8oy
L0 89 | €11 | vL€061 | STOE 0611  SOL  08T¥S  wvIl LTI 006911 | LoLt 11sdjs Tl 9 €I 6 +aany 303
(sajow) Atsuaq [y way [(Fw) (Bu)  (ew) (13m0 (3uw) Vw)  (Bw) | (w)

1DN | Hd [sameppy| sar 3y ) p: | BN ¥OS €OOH €00 1D |wpdop #1SAIW ¥4 1L S 1 uonieulof




o | 65 | vir | osig6r | Losz 91ssI 61 918 86 00€611 | Zovt 11sdals 6 16 9T L | uyseaysmmip
o | 89 | ert | o9stoer | zeze seswr 1886 €28 S8 009L11 | 68€1 €Lsajs 6 16 €1 T | usearonusin
o | €9 | €Ut | 8861 | 980¢  seSLI LS W6 6 000€21 | 16€1 1isals 8 16 81 T | ussaomusio
90 9 | 't | te9t9z | €5ty 1999 STy Wy 19 000£91 | 18€1 1isdals £ 16 ¥ ¢ | ussmamwin
90 | 8¢ | LU'T | €se8sz | €81 LvILT 6L0L9 6% S8 00+091 | €6€1 1isals ¢ 16 (1 T | uysea smweio
g0 |6cL | Tt | osweer | eoLt  sezil 09%S TWI  tHE 22801 | €161 z1sals 9 16 SE 6 | usem dnuweiD
o | ss | €rt | ozsstt | es6c sLivI 08 00L8F S8 T 91€801 | OTLI €lsals Tt 06 s& 9 | ysspr D
ro | 69 | Tt | ceczst |81z ossst LS9 089S v 6 00011 | €451 visals 11 06 1 ¢ | usmammip
ro | L9 | zrr | sweier | or61 ozt 0S¥0S 8691 LI 00001 | s9v1 11sals ol 06 LT 11 | usea awmwen
ro | o9 | Tt | eveoLr | t9sT 0I19€El LSy 096LF  6ST 62 008011 | 641 €1sals of 06 #I OF | ussm anwen
o | 69 |zt | oot | Legz  vovwl 9L86F TLIT  SOb zzesot | 9spl 1Lsals ol 06 Il € | ussmommip
to | €9 | zrt | 660891 | ster  egit oLSLy  TTIL  6E 6szeol | Lzst visals o1 06 9 L | ussmonumD
o |se9 | zrr | csziet | 1961 Z91H1 L6Lsy 601 LI1 151501 | €181 grsals o1 06 9 L | ussam ey
ro | €9 | Tt | to6v81 | vzor 009€t 889bS  €4T1 Tl 00vEIT | 801 11sals of 06 § € | usemomwen
ro | s | et | sereLr | 8%0z  opocl 087ZS 6911 18 006601 | +0ST zisals o1 06 S € | ussam ouuwin
to | 69 | zit | spust | oszz  vzest 1607 96T  SL ZI6ELT | STP1 zlsals 6 06 If OI | usepmawuwn
90 |zo9 | zrt | ooostt | 061z 00ZST  ¥hL  00ISY  ¥E6 €L 000011 | SZ¥1 s 6 06 L € | ussmonueig
90 | e | ort | ci8ez | €see oogez 1S9 00509  ¥16  S6I 00s6v1 | €6€1 11sals 8 06 11 S | usea ouweip
s0 | 9s |zt | clonie | cove oog6E 06 00869 WS 6T 000,61 | 8051 plsals 9 06 €1 ¢I | usspmonuen
60 |Ss9 | 0T1 | 000L6Z | 0601 OO0ZET 0ST! 000IOI 908  OL 000081 | €61 zisals 9 06 €1 L | ussmonuen
01 | 89 | SI't | SLISOE | OLI  #8¥F 995 000SII (098 86 000781 | SbET 11sdls € 06 ¥ € | usemonuesn
90 | 19 | 1rt | €LbTor | v9ST 09691 OIS  00ZIy 8661 It 00266 | 9zL1 €1sals vI 68 § I | usemduwein
ro | re | zrt | rziser | eog  ovest 866bF  LEST 6 005901 | €€LI 1lsajs 2t 68 € S | ussmamwenn
80 | Ts | zr | coisst | 916 OIMPT  €ZL  OT9VS vIMI T oottt | 6ssr 1asals 11 68 SIS | usemonuein
Lo | €5 | Trr | TLsoLl | L81T OIOMI Sy OSE6y  ISEl  6b 000601 | Z8s1 zisals 11 68 St §1 | usem onuein
£o | 69 | TUT | o9evLl | ev€T OT6ET  ¥6S  O186F THIT IS 005901 | zsst 1LSals 1T 68 ¥I O | usemonuern
Lo | L9 | Tt | Le6SLt | OsvT OSKEL  6SS 0916y  TSEL % 000601 | 0191 1asals 11 68 § 91 | ysemonuein
£o | €L | 801 | 69skTi | €281 0186 Ofy  OIESE €I6T €L 00ZvL | €091 zisals 11 68 § 1 | uysemonuwern
ro | rs | trr | TiE6Ll | ThLE OI9YT WO 096Ly  LOEI IS 00011I | s6s1 11sdals i1 68 € € | usemonuuip
Lo | 69 | it | €69e91 | 961 pisSET SEEor  6ILL  6F 000001 } SOST €1SA|S O 68 TE OI | ysem e
Lo | ro | Trr | zssest | sz oOwsyl  LZ9  6vbIS  T6TI 9§ 00ZZ11 | SoOST zisdals o1 68 LI OI | ysem onuen
ro | re | oert | 199tLr | 95tz sovbl ovisy 9vIT 88 Lvssor | sevi zisdls o1 68 91 oI | usemamuen
90 |Trs | II'l | 000ZLI | OE9T OO09ST ©OOL OOLWr OEIT 8¥E 9  000LOI | 6S¥1 zlsals o1 68 11 TI | useam onmuesp
ro | 99 | vt | oro00z | svsz 9ssi £66VS €16 €L L8621 | 1901 11sals of 68 1 1 | usemonuern
(sojow) Aisuaq [oyoy woly [ (8w)  (fw) (fw) (ew) (Bw) (fw) (/sw) (y3w) | (w)

DN | HA Joamepy| saL | 8w e ¥ BN  $0S €O0DH €00 1D {wdop #lsalw 8 L s 1 uoyeuLoy




301

[earann sjdures jo jurod-prus jo yidap 10 yidop s[dures sydop dysumoy 11,

ueIpusAl N uonds S
o8uey ¥ UOISIAI(J-qng 18897 i
SUoONBIAIqQY
Lo 6L'8 A ¢ 000L£T 0£0E 00TYC +26  00VC9 68 oL 8€  000SHT | G8€T TIsaje ¢ @@ ¢t L ueLiquey)-al ]
80 L Lol 9€9601 9y 6¥98 00V OLETE LSHE €61 0019 | 16¥1 I1sdjs oI 16 6 € UeLIquie -1
L0 'y Ll 99T 60E€ SH0TT 1.8 000L9 1929 9/87ST { 80ST clsajs 9 16 o1 €1 uetiqureny-aid
Lo §°¢ A 0g98LI OLYT GLLST 09  00S6Y ey 0T €LVOTI | 80SI 1Lsaje oI 06 ¢ I ueHquIe)-ald
Lo RrA) et 000TLl 0¢0Z 00TT1 869 001y 0911 8¢ 000601 | Spel oisal ¢ I 6 se SI ueHqure’y-a1d
Lo 1.9 81°1 00S01¢C 6€8 00081 <SCT  OOEsS  Lg€ L8 008Z¢ET | I8E1 elsdjs L 16 8 Ol ueLIqueny-01q
L0 L9 [YA C19L0¢ 08IT 9S8LZ 0911 00198 6EE LOT TLS68T | 08€ET cLsays ¢ 16 T 6 UelIquIe’y-a.q
L0 L9 el €£L9¢€81 LL9T  0T9ST 699  Ov0IS  SZEl 14 00ZETL | LTl cLSAjS 6 06 9 6 usLIquier)-3ld
L0 8L €11 L98V81 990T O0TPST SS9 orce 18P1 SOt 00STIT | LTPt clsqjse 6 06 9 6 UBLIQUIE -3
90 9°¢ s8Il €LTE9T v88v 0860C Tc8 0TT69 €78 144 005991 | T6€T eLSa|s 8 06 ST ¢ ueLIquIe)-a.1q
90 9°¢ 91°1 80V6E£T 9¢TCT 061I8T €09 9965 L99 orl 0018%Y | OEPT €LSdis 8 06 ¢ 14 UeLIque -3l
90 €9 140! 6LLYTT €I6E  0991T LES  OILES  86PI 1€ 00801 | 80v1 vlsdle 8 06 ¢ 14 wBLIquEeD-21d
80 8’9 61°l 00088¢C ObST 00091 G626 00106  60S 9% 0006L1 | ¥0€1 I11Sd|S € 68 SI ¢ ueLiquren)-a1
Lo 8L [ 819161 ¢8ce  SPToT I XAYAY (4] 06 089811 | €ELI clsays ¢ 8 1t 9 Ysepp Aruels)
Lo 80°L 140! 009€61 o7 8ISyl 2085 0601 0st 001611 | €91 ELSAl S €T L6 S€ GI ysep atueln
L0 9 (A 0ssI61 £6EC  9IEST 668¢<S 1294 6S 6CI8IT | ShLT TLsaje 11 6 ¢ 11 Ysep dtueln
Lo €9 8I°1 €6CL0T 000S 00791 Q08T 00LSS 7S¢ 6S 0008¢CT | TOET ILsgljse L 9 91 9t ysepp lueln
Lo 619 It 81081 SL9T 0QL091 rier 1101 6t LSTTTI | L991 elsdale T <66 8T O1 USep 9lueln
L0 | soL | €rr | ooTssl | S6IE 64491 86vSs  19€1 18 8E1TLL [ vILT TLISA}S €1 6 LI L | usepmonuern
Lo 6’9 11 0LT01C oLyt $£081 C8SLS 118 oLz 0010€T | 19¢1 11saje o1 6 €€ ¢ ysep, arueln
L0 L (AN 176681 60PT  €TSST 208¢S 96 0zl ) TOLITT | €5¢1 cLsals ot 6 9 9 ysep atueln
L0 | €L | €vt | eovi6l | 8T  6LOvI PSS OZET 0TI T69L11 { 9€¢1 L1sals o1 ¥6 9 9 | usem 3uuen
30 | KA STl SYL8ET 06y 00501 008vL  08T1 (4 ¥4 000LYT | 6921 vlsals T €6 8T ¢1 ysep el
90 t8'¢ A 000981 0061 001ST 609 00T6y 166 81 0008IT | 8ZLY TLsajs 11 z6 0 91 ysep dueln
L0 99 'l 981¢81 (19 S rA Y 0010¢  <SL01 LE 009T11 | 7691 TLsajs 11 ¢ 1T 91 ysep dituelny
L0 <L €Il 196£0C I18Z¢ 9€£191 QTeLS 06 (4741 008ST!1 | Zovt cLsajs 6 w6 91 01 ysepp afuelny
90 s 1401 SOE10T 686¢ SOL¥T 8865y  LOOT (444 00PSTl | 6SLT vlSQjs €1 16 0C ¢ ysep\ Atuels
0 809 AN 000781 061C 00LZ1 89L 008¥S  00S1 19 000011 | 6ELT I1Sgjs IT 16 0t ¢ Ysep\ slueln)
Lo 89 £t 68681 <OIT  OTTST  Ost 61€TC  GTIL €L 00EETl | 6LY1 ILSd] ¢ O1T 16 ¢ S YSep| dtuelny
\sojow) Ausua( | sy way [ (Fw) (3w (Sw)  (pw) (5w BFw) (3w (zw | (W)
1D8N Hd [sauepey SAL 3N 8D A N YOS €ODH €00 D ydop #ISAIN ¥4 L S 1 uonjeunIo




