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ABSTRACT

A hydrogeological study of Early Cretaceous formations was conducted in a
36,000 km2 area of northwestern Alberta, in order to establish possible relations
between gas fields, formation-fluid flow and hydrochemistry. Two dynamic systems of
formation waters have been inferred from potentiometric surface analyses, water
chemistry, vertical pressure gradients, stratigraphy and structure.

The upper hydrodynamic zone comprises the Paddy and Cadotte Members of the
Peace River Formation. The potentiometric surface mirrors the present topographic
surface indicating gravity-driven flow with recharge occurring cross-formationally
under the highlands. Flow is generally towards the northeast, where outcrop of the
Péddy and Cadotte Members causes a regional potentiometric low. Sulin-Palmer
| analyses indicate the presence of meteoric water. Total dissolved solid contents range
from 20 000 to 25 000 mg/l, with fresher waters in recharge areas, tending towards
higher salinities in discharge areas. The majority of gas fields are found in the
potentiometric lows as predicted by the Hydraulic Theory of Petroleum Migration
(Téth, 1980).

The lower hydrodynamic zone has been mapped in the Cadomin, Gething and
Bluesky Formations of the Bullhead Group. An influx of fresh (< 20 000 mg/1 TDS)
meteoric water from tye west appears to displace more saline waters (> 75 000 mg/l).
Similar salinity patterns are observed in the three formations due to a predominantly
upward fluid flow direction. A control of the basin geometry on regional flow is most
obvious in the northem half of the study area where higher fluid potentials correspond

to western highlands and lower potentials result from formation subcrops to the east.

iv



The influence of local geology is reflected by the flow preferentiaily following zones of
higher permeability. Gas distribution is clearly affected by the groundwater flow
regime. Gas trapping in local stratigraphic and structural traps is enhanced by the

upward fluid movement. Gas pools are associated with potentiometric lows in the

updip region.
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CHAFTER1

INTRODUCTION

The search for oil and gas has been traditionally based on the integration of data from
three sciences, namely, geology, geophysics and geochemistry. The petroleum industry
constantly looks for improved ways to find oil, and millions of dollars are spent in the
search for new data, developing methods of analysis, computer programs, seismic
techniques, etc. The intent is, of course, to better understand the subsurface environment
and predict favourable areas for hydrocarbon accumulation.

Industry has, however, overlooked or simply not used to full advantage tremendous
amounts of data that are economic, presently available, and provide much needed
information about subsurface fluid movement. Specifically, these are formation fluid
pressure and water chemistry data, tools commonly used in hydrogeological investigations.
Unfortunately, hydrogeology is not commonly incorporated into hydrocarbon exploration
strategies.

In 1980, Téth advanced the generalized hydraulic theory of petroleum migration, in
which gravity-induced cross-formational groundwater flow is the principal agent in the
transport and accumulation of hydrocarbons. This theory has been applied in recent studies
of oil-bearing areas (T6th, 1980; Vugrinovich, 1988; Wells, 1988; Téth and Otto, 1989)
where understanding the hydrogeology has proven to be valuable in understanding the
hydrocarbon distribution.

The intent of this thesis is to investigate the application of the generalized hydraulic
theory of petroleum migration to a predominantly gas-bearing region. The area selected for

this study was the Peace River area, north of the giant Deep Basin gas accumulation in



northwest Alberta (Figure 1.1). This work will illustrate how a relatively simple and
inexpensive hydrogeological study can add to, and aid in, the understanding of subsurface
conditions provided by standard geological, geochemical and geophysical investigations.
Industry can only benefit from the added information and should integrate hydrogeology

into exploration and development programs.

L1 _HISTORY OF STUDY

A hydrogeological investigation of the Early Cretaceous Cadomin Formation was
carried out as a summer-student project for Canadian Hunter Exploration Ltd. in Calgary,
Alberta, 1987. The objective of the study was to regionally characterize Cadomin
formation water chemistry throughout the Deep Basin area of Alberta. The study area was
chosen on the basis of available data, and covered 36 000 square kilometres bounded by
Townships 60 to 90 and Ranges 22 west of the Sth meridian to 13 west of the 6th meridian
(Figure 1.1).

Mapping of water chemistry established the regional salinity patterns within the
Cadomin Formation which appeared to indicate the presence of a hydrodynamic flow
regime. Further investigation suggested a relationship between water salinity anomalies,
groundwater flow patterns and gas accumulations. In an effort to define and understand
this relationship, and to consider the three-dimensional effects of cross-formational flow,
the study was expanded to include the Peace River Formation (Paddy, Cadotte and Harmon
Members), the Spirit River Formation (Notikewin, Falher and Wilrich Members) and the
Bullhead Group (Bluesky, Gething and Cadomin Formations) (Figure 1.2). Initial
investigations found a distinct lack of formation pressure and water chemistry data for the
Harmon, Notikewin and Wilrich Members. Production-disturbed pressure data and severe

contamination of water samples limited the use of data from the Falher Member. Research,
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therefore, concentrated on the Peace River, Bluesky, Gething and Cadomin Formations

(Figure 1.2).

1.2_ORBRIECTIVES

There are three main objectives of this thesis:

1) to characterize the area's petroleum hydrogeological conditions, ie.,
hydrostratigraphy, hydraulic head distribution, hydrochemistry and hydrocarbon
occurrence

2)  todetermine the relationships between flow distribution, water chemistry, geology
(lithology, permeability, structure) and gas accumulation

3)  to formulate a hydrogeological model for the observed relationships.

The ultimate goal of the research is to use the model for the prediction of favourable

locations for hydrocarbon accumulations, i.e., to use hydrogeology as an exploration tool.

13 _FORMAT

A "paper-format" has been chosen for this thesis. This requires introductory
(Chapter 1) and concluding chapters (Chapter 3) in addition to an introduction and
conclusion of the paper itself (Chapter 2). There is some overlap of figures and text due to
the repetitive nature of this format.

Chapter 2 presents the main results of the research and discusses formation water
chemistry and gas distribution in relation to hydraulic head and groundwater flow in the
study area. Details of theory, data aquisition, data qualification and methods of study have
been included in appendix form.

Appendix I discusses formation pressure data, the necessary culling criteria,

hydraulic head calculations and potentiometric surface maps. A complete list of pressure



data and head values is provided for each formation. Appendix II contains the qualification
procedures and culling criteria used in assembling the hydrochemistry data base and
complete lists of water data by formation. Appendix Il reviews the Sulin and Palmer
water classification systems adopted for use in this study. Again, data lists are provided.
These appendices are referred to in appropriate sections of the paper presented in Chapter
2.
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A hydrogeological investigation of the Cretaceous Cadomin Formation in N.W.
Alberta suggested a relationship between water salinity anomalies, gronndwater flow
patterns and gas accumulations. In an effort to further define and understand this
relationship, and to consider the effects of cross-formational fluid flow, the investigation
was expanded to include other Early Cretaceous formations. The work was carried out as
an M.Sc. thesis at the University of Alberta, supervised by Dr. J6zsef Té6th and sponsored
by Canadian Hunter Exploration Ltd.

The objectives of the investigation were threefold: 1) to characterize the area’s
petroleum hydrogeological conditions, i.e., hydrostratigraphy, hydraulic head distribution,
hydrochemistry and hydrocarbon occurrence, 2) to determine the relationships between
flow distribution, water chemistry, geology, structure and gas accumulation, and 3) to
formulate a hydrogeological model for the observed relationships «nd for the prediction of

favourable locations for hydrocarbon accumulations.

2.1.1 Study Area
The study area comprises 36 000 square kilometres in northwestern Alberta covering
townships 60 to 90 and ranges 22WS to 13W6 (Figure 2.1). Rock units under
consideration are Early Cretaceous in age and include the Peace River Formation (Paddy,

Cadotte and Harmon Members), the Spirit River Formation (Notikewin, Falher and Wilrich
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Members), and the Bullhead Group (Bluesky, Gething and Cadomin Formations) (Figure
2.2). Initial investigations found a distinct lack of both pressure and water chemistry data
for the Harmon, Notikewin and Wilrich Members. Severe contamination problems and
production-disturbed pressure values limited the use of data from the Falher Member.
Investigation, therefore, focussed on the Paddy and Cadotte Members of the Peace River

Formation and the Bluesky, Gething and Cadomin Formations.

2.1.2 Topography

The major features of topographic relief are illustrated in Figure 2.3. Elevations of
less than S00 metres above mean sea level (a.m.s.l.) mark the valleys of the two main
rivers, namely the Peace River and the Smoky River, the latter of which is fed by the
Wapiti and Simonette Rivers. The Peace River Valley becomes deeper and wider from
west to east cutting down to elevations of less than 335 metres a.m.s.l. where the valley
tums towards the north. It is important for later synthesis to note that this deep incision
causes outcrop of the Peace River Formation (Paddy and Cadotte Members) at an elevation
of approximately 350 metres a.m.s.l.

Much of the study area is between S00 and 800 metres a.m.s.1., sloping towards the
principal river valleys. The average altitude is approximately 750 metres a.m.s.1., although
elevations of 1033 metres and 995 metres are reached in the central Saddle Hills area
(Figure 2.3). The Clear Hills mark the highest elevations in the north half of the study
area, reaching 1066 metres a.m.s.l.

In the south, elevations over 1000 metres a.m.s.l. characterize the area referred to as
the Alberta High Plains. The Rocky Mountain Foothiils are evident in the southwest comer

where elevations reach over 2200 metres a.m.s.l. (Figure 2.3).
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22_DATA RASE

Fundamental to a complete hydrogeological study is the acquisition, evaluation and
interpretation of hydraulic, hydrochemical and stratigraphic data. These data must be
carefully screened to insure accurate results. Briefly outlined below are the sources and
qualification criteria for the data used in this study. (Details are provided in Appendices
I-).

Formation-fluid pressure data were obtained from a drill stem test (DST) microfiche
file purchased from the Canadian Institute of Formation Evaluation (CIFE). The file
provides summary reports of all available DST information for the study area as well as
extrapolated formation fluid pressures. CIFE qualified each test on the basis of mechanical
soundness, data quality and accuracy, using a quality code rating system A through G,
with "A" representing the highest quality DST's. In this study, only A and B qualiuy tests
were considered and, of these, 25% were removed due to questionable validity of
extrapolation methods, disturbance by production, or multiple test intervals on a single
report. The final data base includes over 10°Y: DET's for which extrapolated formation
pressures are trusted (Appendix I).

The basic hydrochemistry data came from the Alberta Energy Resources
Conservation Board (ERCB) standard water analyses files, which commonly report
concentrations of sodium, calcium, magnesium, bicarbonate, sulphate, chloride, total
dissolved solids (TDS), and occasionally a few other ions such as potassium, iodide or
carbonate. Other information includes water density, resistivity and pH.

Drilling muds, acid washes, cement filtrates, or waters from other than the zone of
interest, commonly cause contamination of formation water samples. Variable sampling
methods, locations of samples and analytical techniques also affect the reliability of the

results, and care must be taken in selecting analyses for an accurate data base. Strict culling
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criteria as described by Hitchon et al. (1987) were utilized (Appendix II). Use of such
criteria resulted in the rejection of approximately 90% of more than 6900 standard analyses
initially considered, as they did not appear to be representative of true formation waters.
The regional geology was synthesized from available ERCB data and published
literature, which included age, lithology, depth, thickness, porosity and permeability

information.

23 _METHODS OF ANALYSIS
2.3.1 Theory of Regional Groundwater Flow

Assuming a hydraulically continuous rock framework, T6th (1963) mathematically
modelled regional gravity-flow of groundwater in a simple homogeneous drainage basin.
Three important conclusions were reached: 1) three types of flow systems occur: local,
intermediate and regional (Figure 2.4a); 2) systems are defined by recharge, midline and
discharge regions (Figure 2.4b); 3) quasi-stagnant conditions will occur where flow
systems meet or part. System development is controlled by the relief of the water table,
which may be approximated by the topographic relief. Recharge areas occur under
highlands with flow towards the valleys or discharge areas.

Complex topographic and geologic settings have a profound effect on the
development of these flow systems. Where there is pronounced topographic relief, many
local systems may develop. If local relief is negligible, regional systems will dominate.
Lithology and the resultant subsurface variations in hydraulic continuity affect the
relationships between local and regional systems and directly influence the direction of
subsurface fluid movement. A detailed discussion of these effects on flow patterns is
beyond the scope of this paper, and is well documented elsewhere (e.g., T6th, 1963,
Freeze and Witherspoon, 1967; Téth, 1980). Regional groundwater {low theory is,
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however, used in the interpretation of potentiometric surface maps, and the effects of

topography and geology must be considered.

2.3.2 Potentiometric Surface
A potentiometric surface is an imaginary surface representing the lateral distribution
of fluid potential in a confined aquifer. Hubbert (1940) defined fluid potential as the
energy contained by a unit mass of fiuid. This energy is commonly expressed in terms of
fresh water head, where head, h, is the height above datum of a column of fresh water that

is in equilibrium with the pore pressure at the point of measurement

h=z+ply (1)
where,  h=hydraulic head
z=recorder elevation with respect to datum, commonly sea level

p=undisturbed formation-fluid pressure

¥ =specific weight of the fluid (vertical pressure gradient)=pg (fluid density x
gravity)
Potentiometric surface maps are made by contouring hydraulic head values and may
be used to determine fluid flow directions (fluid flows from areas of high potential, or
head, to areas of low potential). The interpretation of potentiometric surface maps is
theoretically valid only for formation fluids of constant density. Davies (1987) modelled
variable density groundwater flow using equivalent freshwater head and analysed the
potentially significant errors in this method. Using his error-analysis technique, it has been
determined that density differences in the present study are not large enough for density
related gravity effects to become significant. Hitchon (1969a) and Téth (1978), working

with similar water salinities, also found that density effects do not invalidate general flow
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conclusions. It has, therefore, been considered justified to calculate hydraulic heads using
the extrapolated pressure data obtained from CIFE, the subsea recorder elevation, and a
fresh water pressure gradient. |

Although potentiometric surface maps were constructed for individual formations,
they are not meant to imply that flow is restricted within these units. Cross-formational
flow is an important aspect of fluid-flow patterns. Construction of vertical hydraulic
cross-sections aided interpretation of the three-dimensional flow systems occurring within

the study area.

2.3.3 Pressure-Depth Relations
Analysis of pressure versus depth relations is useful in the determination of dynamic
conditions of subsurface fluids. Pressure-depth data can indicate overpressured or
underpressured conditions and whether flow within and between aquifers has an upward or
downward vertical component (Téth, 1978).
The pore pressure at any point of a hydraulically continuous body of regionally

unconfined rock saturated by a static fluid is,

p=pxgxd=yxd 2
where p is the pore pressure, pis the fluid density, g is the acceleration of gravity, d is the
depth below surface and ¥ is the specific weight of the fluid. Pressure versus depth (p-d)
curves are simply a graphical representation of Equation (2), and a pressure computed by
(2) for any depth is termed normal or hydrostatic pressure (Téth, 1978). If the formation
fluid has a vertical component of movement, the pressures will differ from hydrostatic
causing a change in slope (rate of change of pressure with depth) of the p-d curve.

Upward flow is indicated when the slope is greater than hydrostatic and flow is downward
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when the slope is less than hydrostatic. Hydrostatic slope may indicate a "no flow"

situation or horizontal flow conditions.

2.3.4 Water Chemistry

The nature of formation waters in an oil- or gas- bearing region is of vital concern to
both exploration and development. Fluid composition and distribution are related to
reservoir rock type, porosity, permeability and age. Consequently, water analyses can
provide the exploration geologist with useful infoxmation regarding the geologic framework
on both local and regional scales (Collins, 1975). Proper characterization of formation
water chemistry is also critical for accurate E-log interpretation and formation evaluation.

Isoconcentration maps showing regional variations in total dissolved solids content of
waters within a given stratigraphic unit are important. As well, individual ion
concentration/distribution maps and ion-ratio maps are useful for characterizing the type
and relative amount of dissolved solids (Collins, 1975). Explaining patterns in major ion
chemistry and understanding the processes responsible for water chemistry pattems aids
interpretation of regional flow systems (Hendry and Schwartz, 1988). Téth (1984)
discussed the relationship of groundwater chemistry to flow systems and indicated that, in
general, TDS contents increase along flow paths.

Chebotarev's sequence (1955) describes the sequential change of the dominant anions
in subsurface waters from bicarbonate to sulphate to chloride with increased depth and
residence time. It is possible to correlate the empirically established chemical evolutionary
sequence of Chebotarev with groundwater flow distribution (T6th, 1984). By mapping the
distribution of these components it is possible, therefoie, to delineate probable flow

directions.
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Changes in salinity patterns may also be effected by permeability variations within a
rock unit. Water will preferentially follow the path of least resistance to flow, i.e., the
zones of highest permeability or fluid conductivity. This is illustrated by groundwater flow
models of the gradual displacement of resident formation waters by infiltrating meteoric
waters (Domenico and Robbins, 1985; Hendry and Schwartz, 1988), where dilution
patterns correspond to high conductivity pathways in hydraulic communication with
recharge areas. Permeability changes in the lithologic framework resulting from facies
changes, reservoir discontinuities, structures, faults, etc., cause changes in hydraulic
continuity which may limit the infiltration and mixing of the recharge waters. This results
in steep lateral concentration gradients on salinity maps oriented approximately normal to
the flow direction. High salinity regions, therefore, may be interpreted as areas of poor
circulation or areas bypassed by the regional flow of fresher meteoric waters. Domenico
and Robbins (1985) concluded that macroscopic heterogeneities at the formation scale
control the mixing zones for meteoric and original formation water. Salinity variations,
therefore, may be used to infer permeability contrasts, reservoir discontinuities, structures,

etc. Such features are of fundamental importance in hydrocarbon exploration.

2.3.8 Sulin-Palmer Water Classification
In an effort to facilitate comparison of water analyses, formation waters may be
classified according to the dominant ions present in solution. Many systems have been
suggested for classifying waters (Palmer, 1911; Sulin, 1946; Schoeller, 1955; Chebotarev,
1955), without any one system receiving universal acceptance (Ostroff, 1967). The Palmer
classification system depends on general properties of salinity and alkalinity of waters
(Palmer, 1911). The Sulin classification system (Sulin, 1946) categorizes water into four

types according to the distribution of three cations (sodium, calcium, magnesium) and three
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anions (bicarbonate, sulphate, chloride):

Type 1) sulphate-sodium waters

Type 2) bicarbonate-sodium waters

Type 3) chloride-magnesium waters

Type 4) chloride-calcium waters
These water types are considered to infer genetic origin of formation waters; Types 1 and 2
characterize near surface or meteoric waters whereas Types 3 and 4 tend to indicate deeper
subsurface brines or evolved waters. The Sulin classification scheme incorporates
Palmer's system and is, therefore, commonly referred to as the Sulin-Palmer system.
Details of these classification systems are discussed in Ostroff (1967) or Collins (1975)
(Appendix ITI). In this study, distribution maps of the Sulin-Palmer water types were
made which, together with the TDS maps, provide useful insight into the origin,

distribution and flowpaths of subsurface waters.

24_GEQLOGY

The Early Cretaceous strata within the study area consist of approximately 360 to 780
metres of conformably deposited, alternating fine and coarse clastics, which lie
unconformably over Paleozoic strata. A pre-Cretaceous erosional event leveled the
Paleozoic strata, truncating progressively older strata to the east. Within the bounds of this
study area the Early Cretaceous sediments overlie Jurassic and Triassic units (Figure 2.5).
The strata dip gently (approximately 4m/km) southwestward into the Deep Basin, where
both porosity and permeability of the units decrease significantly due to greater compaction,

higher clay content and more intense diagenesis (Welte et al., 198S).
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Pre-Cretaceous erosional surface. Outlined study area overlies Triassic and

Jurassic sediments (modified from Jackson, 1984).

Figure
2.5
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2.4.1 Bullhead Group
2.4.1.1 Cadomin Formation

The Cadomin Formation is the basal unit of the Early Cretaceous Bullhead Group
(Figure 2.2) and lies unconformably on the Nikanassin Formation. Within the study area,
the formation occurs as a relatively thin sheet deposit with thickness ranging from 1.2
metres to 18.8 metres, and mean thickness of 7.7 metres (Varley, 1984).

~ The Cadomin was deposited in an alluvial plain environment (McLean, 1976; Gies,

1984). The alluvial plain sediments are poorly-sorted sandy conglomerates composed
mainly of chert with some quartzite pebbles. A major braided river channel known as the
Spirit River Braid Plain, is mapped over most of the study area (Figure 2.6). The eastern
edge of this channel is a gently rising erosional feature known as the Fox Creek
Escarpment (McLean, 1976). The braid plain sediments are also dominantly chert
although the pebbles tend to be smaller and better sorted (Gies, 1984).

An important difference in permeability exists between the alluvial plain and braid
plain sediments. The fine matrix of the alluvial plain sediments causes very low
permeabilities (< 1 millidarcy) whereas the well-sorted, coarser-grained braided river

sediments have permeabilities ranging up to several hundred millidarcys (Gies, 1984).

2.4.1.2 Gething Formation
The Gething sediments were deposited in a low relief, interior drainage plain which
produced a thick succession of terrestrial sediments. The drainage pattem is illustrated by a
net sand isopach and paleogeography map (Figure 2.7). The formation primarily consists
of interbedded, fine to medium grained, poorly-sorted sandstones, siltstones, mudstones
and discontinuous carbonaceous shales and coal beds (Rudkin, 1964).

Thickness of the Gething ranges from 400 metres down to 60 metres, as the
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Formation thins over the Fox Creek Escarpment to the east. Greatest thicknesses occur in
areas of channeling. Within the bounds of the study area the average thickness is about
100 metres. Permeability values range from about 3 millidarcys to 10 millidarcys,

increasing north and east from the Deep Basin, with highest values in the fluvial channels.

2.4.1.3 Bluesky Formation

The Bluesky Formation is generally considered to be a reworked and winnowed part
of the Gething sandstones (Rudkin, 1964). A paleogeography map (Figure 2.8) illustrates
the apparent depositional trends in the Bluesky Formation as mapped by Smith et al.
(1984).

Across the study area, the average thickness of Bluesky sediments is about 20
metres. Permeability values vary greatly; in the Deep Basin the average permeability is
about 8 millidarcys compared to the northeastern Peace River area where permeabilities
range from 20 millidarcys to over 1 darcy with an average of about 200 millidarcys (Smith
etal., 1984),

2.4.2 Peace River Formation
2.4.2.1 Cadotte Member
The Cadotte Member of the Peace River Formation is a fine grained to conglomeratic
sequence, coarsening upward. In the northern part of the study area, however, it grades
into offshore silts and thin sands (Figure 2.9). The average Cadotte grain size increases
towards the west, as does the unit thickness which varies from 10 to 40 metres. Smith et
al. (1984) estimate a porosity of 5-10% and an average permeability of 25 millidarcys in the
Deep Basin area, increasing in the Peace River area to 15-30% porosity and 250 millidarcys
permeability.



26

(] (]
120 RANGE 118
8 6 1 22
80 90
86 86
HA‘//W o ’//
FPSHORE /Y,
82 Tean / 82
(] o
56 ANDS & — 66
[
78 78
e FPONGRE[SHALED
% NpFikAAktEs
2
274 74
- BARRIGR DAR SANKS
70 \ 70
§5° = 7 ‘ e 5 5°
/ °
66 66
7 /7 0
DAY MyEe
/ A assillo I 1l
62 62
60 60
13 9 5 11 26 22
120° 6th
MERIDIAN
[+) 20 40 km
0 10 20 30 miies
NET SANDS
>8m @ <9m
Figure _ _
2.8 Bluesky Formation paleogeography and net sand isopach map (modified

from Smith et al., 1984).



o 0
120 RANGE 118
9 5 1 22 @
90 90
86 o 1886
»;o
“\‘li' 1“"*'
<o *
82 o 82
56° o — 56°
D
P
78 78
o
IR
g BARRIER BAR N r4
-
~ \
P~ TRENDS Q\ 20
TO [ plle = e fe = - °
§5° e "Pin Ly \)g N e 5 5
\\'\“N -
1
66 [ Tor e 66
P0e€p0.~~ \
Y
™\ N
\ h N\

62 < =T X 62
60 60
13 9 5 11 26 22

120° 6th
MERIDIAN
0 20 40 km
(] 10 20 30 miles

d PROC~.ADATION

Figure
2.9
from Smith et al., 1984).

27

Cadotte Member (Peace River Formation) paleogeography map (modified
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2.4.2.2 Paddy Member

The Paddy is the upper member of the Peace River Formation (Figure 2.2)and in
most areas lies conformably on the Cadotte Member. Figure 2.10 represents the
paleogeographic conditions close to the end of the Paddy deposition.

In the southwest, the Paddy Member is interpreted as an intertidal facies of thin
laminated siltstones, mudstones, thin carbonaceous shales, coals and occasional fine
sandstones. To the north and east, the facies changes to subtidal sediments characterized
by stacked, thin (6-9 metres), coarsening-upward sequences of interbedded sandstones and
shales (Smith et al., 1984). A major west-east trending barrier bar is mapped across the
northwest corner of the study area (Figure 2.10) consisting of coarsening upwards
sandstones. The Paddy varies in thickness from approximately 10 to 30 metres. Porosity
and permeability estimates vary greatly with facies and tend to be low in the intertidal facies

and high in the barrier bar system (Smith et al., 1984).

2.4.3 Structure

Apart from the Cordilleran uplift, the only tectonic feature to affect Early Cretaceous
sediments within the study area was the Peace River Arch. The Arch had subsided during
the Early Cretaceous and apart from a gentle thickening of strata along the arch axis, had
little effect on sedimentation (Williams, 1958). Towards the end of the Early Cretaceous
epoch, however, the Peace River Arch once again became active as a positive feature,
probably due to uplift during the Laramide orogeny (Williams, 1958). The Laramide
uplift, along with subsequent erosion, resulted in exposure of Early Cretaceous rocks at
surface, where they currently outcrop almost continuously along the B.C.-Alberta Foothills

belt (Rudkin, 1964).
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Recent work by Cant (1988) mapped small-scale faults cutting the top of the Bluesky
Formation within the study area, and concluded that local, Arch-related, minor structural

movements do affect Cretaceous sediments.

2.5 _FORMATION FLUID FLOW

Patterns of formation fluid flow in the subsurface are influenced by variations in rock
permeability and hydraulic conductivity. A permeable geologic unit that can transmit
significant quantities of water under ordinary hydraulic gradients is defined as an aquifer
(Freeze and Cherry, 1979). Aquitards are less permeable geologic units which may
transmit enough water to be significant for regional groundwater flow, but the permeability
is too low to allow the completion of production wells within them (Freeze and Cherry,
1979). Aquifers and aquitards are hydrogeologic units; the combination of two or more
similar hydrogeologic units constitutes a hydrogeologic group. The identification of the
hydrogeologic nature of stmtigraﬁhic units is an important step in the characterization of
subsurface formation fluid flow.

Similarities in lithologies, water chemistries and hydraulic head pattemns in the Paddy
and Cadotte hydrogeologic units warrant the combination of these units into the Peace
River hydrogeologic group. The same is true for the Bluesky, Gething and Cadomin
hydrogeologic units, which are combined to form the Bullhead hydrogeologic group
(Figure 2.11). Over a large study area the character of a group may change from aquifer to
aquitard with variations in geology. An example is the Spirit River Formation -- an aquifer
consisting of permeable sands in the Deep Basin region which shales out in the northem
half of the study area to become an extensive aquitard.

Sufficient information was available to develop reasonably detailed potentiometric

surface maps for the Paddy, Cadotte, Bluesky, Gething and Cadomin hydrogeologic units,
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from which flow directions were determined.

2.8.1 Peace River Hydrogeologic Group

As discussed above [Section 2.3.1], regional groundwater flow theory states that
gravity-driven flow system development is controlled by the relief of the water table, which
is approximated by the topographic relief. Recharge occurs in the highland regions and
flow is towards lowland discharge areas.

Consider the topography of the study area (Figure 2.3) and the potentiometric surface
map of the Paddy Member (Figure 2.12). The highest values of hydraulic head occur
along the south and southwest edges of the area (Figure 2.12) and correspond to the
topographically high Alberta High Plains region (Figure 2.3). Local highs on the Paddy
potentiometric surface map occur in the west (Twps. 73-75, Rgs. 10-12) and central
regions (Twps. 76-77, Rgs. §-10) (Figure 2.12). These highs are the result of recharge
under a local topographic ridge known as the Saddle Hills (Figure 2.3). The potentiometric
surface generally slopes northward to a potentiometric trough where head values drop
below 360 metres a.m.s.]. This mimics the topographic slope towards the deeply incised
Peace River Valley. The trough feature does not, however, precisely correspond to the
location of the Peace River Valley as expected. An explanation for this is found when the
effects of subsurface geology and permeability are considered.

The potentiometric trough corresponds to the location of a high permeability sand
body in the Paddy (Figure 2.10). Although the entire Peace River Valley attracts
groundwater flow, the main discharge area occurs where the Peace River Formation
outcrops at an elevation of 350 metres a.m.s.l. in the Peace River Valley, approximately 15
km northeast of the study area. The sand bar acts as a high permeability conduit, providing

north flowing fluids with an easy route to the northcast outcrop arca. The potentiometric
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2.12 Paddy Member, Peace River Formation, potentiometric surface map -

(hydraulic head contours in metres a.s.l.)
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depression in the central region (Twps. 75-78, Rg. 1-5) corresponds to the topographically
low area between the Peace and Smoky River Valleys (Figure 2.3).

A steep fluid potential gradient is observed surrounding the closed potentiometric
high in the west (Twps. 73-75, Rgs. 10-12) (Figure 2.12). This may indicate a sha;p
change in lateral permeability as "tight" zones produce higher gradients than more
permeable areas. Vertical fluid movement may also account for this steep potential
gradient. Hydraulic head values in the area are > 400 metres a.m.s.l. In the underlying
Cadotte unit, head values are 10 to 25 metres lower. This suggests a downward flow
direction in this area, as illustrated in Figure 2.13.

Pressure data from the area of Twps. 73-75, Rgs. 10-12, for the Paddy and Cadotte
units were plotted versus depth (Figure 2.14). A sub-hydrostatic gradient is observed
which supports the interpretation of downward fluid movement (T6th, 1978).

The p-d plot (Figure 2.14) also indicates the fluid energy in the Peace River
hydrogeologic group to be deficient with respect to hydrostatic, i.e., the formation is
underpressured. The fluid energy is low due to the low vertical permeability of the
overlying units restricting recharge, and to the relatively high transmissivity and low
outcrop elevations of the Peace River Formation resulting in its effective drainage. This
phenomenon was described by Téth (1978) for Lower Cretaceous hydrogeologic units in
the Red Earth region and more recently, Belitz and Bredehoeft (1988) invoked such a
mechanism to explain subhydrostatic pressures in the Denver Basin.

The Cadotte potentiometric surface trends are similar to those in the Paddy, although
its surface is slightly smoother (Figure 2.15). Again, the relationship to topography is
evident with highest head values underlying the highlands to the south and west, and
lowest head values corresponding to the Peace River Valley area. The flexure of the 390

and 400 metre contours in the south-central area is considered to be a response 1o the
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Figure 2.14 Pressure vs depth diagram (pressures taken from Paddy and Cadotte
wells in the area of Twps. 73-75, Rgs. 10-12)
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Smoky River Valley (Figure 2.3) which is not observed in the overlying Paddy due to lack
of data. There is a minor depression in the potentiometric surface in the southeast comner,
where head values drop below 380 metres a.m.s.l. (Figure 2.15). This may be a response
to a local topographic low which occurs where a creek cuts through the foothills to join the
Simonette River (Figure 2.3).

Gravity-driven, topographically-controlled flow systems have been mapped in the
shallow (0-200 metres) surficial sediments of the Peace River area (Hackbarth, 1977,
Barnes, 1977). The results of the present study confirm the influence of topography on

groundwater flow to much greater depths (over 1200 metres in the Peace River Formation).

2.5.2 Bullhead Hydrogeologic Group

Potentiometric data for the Bluesky Formation is concentrated in the north half of the
study area (Figure 2.16). In the eastem region, head values systematically decrease from
> 590 metres a.m.s.l. to < 500 metres a.m.s.l. in the northeast corner, indicating a
predominant flow direction to the north. A potentiometric depression occurs to the west
where head values drop steeply to < 460 metres a.m.s.l. As discussed for the Peace River
Formation, such a sharp change in gradient may represent permeability changes and/or
vertical fluid movement. The general geology map by Smith et al. (1984) (Figure 2.8)
indicates a cimange from permeable bar sands to shales and thin sands in this area, and
vertically upward fluid flow also appears to occur in this region.

Figure 2.17 is the potentiometric surface map of the Gething Formation. A ridge of
high head values (> 600 metres a.m.s.l.) trends southeast along the western side of the
study area. A steady decrease in head occurs towards the northeast comner where head
values are less than 500 metres am.s.]. This suggests a lateral component of flow

towards the northeast.



82
56° -

78

TOWNSHIP
~
o

70
§5° -

62 |

60

60
l13

120°

Figure 2.16

9 5 17 26 22
6th
MERIDIAN

0 20 40 km

S ———
0 10 20 30 mites

+ CONTROL POINTS
@ GAS POOLS
& DIRECTION OF FLUID FLOW

Bluesky Formation potentiometric surface map
(hydraulic head contours in metres a.s.l.)

.



TOWNSHIP

62 .

60

13
120°

MERIDIAN

20 40 km
[ e p— )
0O 10 20 30 miles

+ CONTROL POINTS
® GAS POOLS
& DIRECTION OF FLUID FLOW

Figure 2.17  Gething Formation potentiometric surface map
(hydraulic head contours in metres a.s.l.)

40



41

An ancmalous low is observed in the area of Township 81, Range 11 (Figure 2.17).
Values in this area drop substantially (over 100 metres) and do not appear to be due to
erroneous data or drawdown effects. This low area directly underlies the potentiometric
depression mapped in the Bluesky (Figure 2.16). The head values in the Cadomin are also
affected. A minor depression is observed in the same area with head values between 580
and 600 metres a.m.s.1. (Figure 2.18).

When the hydraulic head values from each formation in this anomalous zone are
compared, a substantial decrease is observed from the Cadomin through to the Bluesky
Formation (Figure 2.13). The interpretation is upward vertical fluid movement. Thick
sands are mapped in this area in the Gething (Figure 2.7) which may provide a high
permeability conduit for this vertical fluid flow.

Pressure-depth analysis (pressure data from the anomalous area in the vicinity of
Twp. 81, Rg. 11) indicates the Bulliicad formations to be underpressured. The slope of
the p-d curve is greater than hydrostatic, supporting the interpretation of an upward fluid
flow direction (T6th, 1978; Figure 2.19). Also plotted on Figure 2.19 are two pressure
points from the same area of the Notikewin Formation. These data suggest the Notikewin
Formation may be part of the same system, i.e., the Notikewin is in hydraulic
communication with the Bullhead Group. Pressure data were relatively sparse for the
Notikewin Formation, however, a tentative potentiometric surface map (Figure 2.20) does
show low head values in the area overlying the anomalous depression in the Bullhead
Group (Twp. 81, Rg.11). These low values are part of a potentiometric trough feature
reminiscent of the Paddy and Cadotte potentiometric surface maps, with flow towards the
northeast. This similarity suggests that the Notikewin may be influenced by the very low
potentials in the Peace River Formation. Extensive upward cross-formational discharge

may be taking place through the thin Harmon shales. Such a phenomenon was suggested
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Bluesky and Notikewin Formation wells in the area of Twp. 81, Rg. 11)
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2.20 Notikewin Member (Spirit River Formation) potentiometric surface map
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by Wells (1988) in the Cretaceous sequence of offshore Qatar.

Flow from the Bluesky appears to be directed upwards into the Spirit River
Formation in the area of Twp. 81, Rg.11. There is, however, no evidence of thinning in
the Wilrich shales in this area.

Cant (1988) mapped small scale faults in the Bluesky Formation which he suggested
are related to major structural anomalies in the Mississippian strata, probably related to
Peace River Arch tectonics. Figure 2.21 indicates these structural anomalies defined on the
top of the Mississippian Rundle Group. One of these structural anomalies occurs in the
same geographic area as the Bluesky potentiometric anomaly (area of Twp. 79, Rg. 10)
(Figures 2.16, 2.21). This provides an argument for faulting in this area which would
allow direct hydraulic communication between the Bullhead Group and the Spirit River
Formation and account for the localized vertical flow.

Returning to the regional flow patterns, hydraulic head values across the northern half
of the Cadomin map decrease systematically from > 600 metres a.m.s.1. in the west to
< 520 metres a.m.s.l. in the east. The result is flow from west to east as shown by the
flow arrows on Figure 2.18. There is also a southeastward component of flow indicated
on Figure 2.18, where formation fluid follows the high permeability pathway provided by
the Spirit River Braid Plain sediments (Figure 2.6). Thrusting and uplift in the Foothills in
B.C. would account for the higher potentials observed in the west. The decrease in head
towards the northeast results from shallower formation depths, influence of the Peace River
and eventual subcrop of the Bullhead Group to the east of the map area.

Over most of the southern half of the study area, the Cadomin potentiometric surface
is relatively flat with head values consistently around 580 metres a.m.s.l. (Figure 2.18).
This head distribution suggests sluggish lateral fluid flow conditions. Data are sparse in

the southeast corner, however, comparison of the Cadomin, Gething and Bluesky
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map. Highlighted areas represent Mesozoic structural and stratigraphic anomalies

as described by Cant, 1988 (modified from Cant, 1988, Figure 17)
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potentiometric surfaces (Figures 2.16, 2.17, 2.18) indicates a decrease in head from the
Cadomin to the Bluesky. The apparent lateral sluggishness of flow may, therefore, be
explained by a predominance of vertical fluid movement (Figure 2.13).

An interesting potential low occurs along the updip limit of the Deep Basin gas
accumulation (Figure 2.18). Gies (1984) originally suggested this to be the resultof a
reservoir discontinuity in the Cadomin although more recently has suggested that these low
pressures may be a result of gas escape along the Deep Basin gas-water interface (pers.
comm., 1988). It may again be an effect of vertical flow, although the lack of data in the

overlying units does not allow firm conclusions to be drawn.

2.6_HYDROCHEMISTRY

Previous work by Hitchon (1964) characterized formation waters within the Early
Cretaceous units by mapping the chloride content distribution (Figure 2.22). The majority
of water analyses used were from the Ellerslie Formation which is correlative to the
Gething and Cadomin Formations within the bounds of this study area. On the basis of the
chemical data as well as potentiometric surface maps, Hitchon (1964) concluded that in
proximity of the pre-Cretaceous unconformity formation fluids move in a northeast
direction through the highest permeability zones.

Much more data is now available in the Peace River area due to recent exploration
and continued collection of water data by the ERCB. The present study utilizes this data to
refine the general Early Cretaceous flow pattems mapped by Hitchon (1964). Regional
salinity (TDS) maps, as well as Sulin-Palmer water classification maps, have been
completed for the Paddy and Cadotte Members of the Peace River Formation and the

Bluesky, Gething and Cadomin Formations. This information allows detailed
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characterization of water chemistry, infers genetic origin of fluids, and provides insight into

regional groundwater flow patterns.

2.6.1 Peace River Formation

In the Paddy and Cadotte Members of the Peace River Formation, little variation in
water salinity is observed, although, particularly in the Paddy Member, the limited areal
extent of data may be responsible for this observation. Paddy waters range from 18 800t
23 500 mg/l TDS and tend to increase in salinity towards the northeast (Figure 2.23).
Cadotte waters range from 11 150 mg/1 TDS in the south to almost 25 000 mg/l in an
east-wes: trending band across the central part of the study area (Figure 2.24).

Sulin-Palmer classification (Section 2.3.1, Appendix II) of the Paddy water analyses
illustrates a systematic change from Type 2 waters in the southwest to Type 4 waters in the
northeast (Figure 2.25). A similar change is noted in the Cadotte Member where Type 2
waters dominate the south-southwest and Type 4 waters are found to the northeast (Figure
2.26). The change from bicarbonate dominated meteoric waters (Type 2) in the southwest
to chloride dominated subsurface waters (Type 4) in the northeast represents natural
groundwater evolution along a flow path (Chebotarev, 1955; Téth, 1984). The water
chemistry data, therefore, confirms groundwater recharge in the south-southwest and flow

towards the northeast as determined by the potentiometric surface analyses.

2.6.2 Bullhead Group
Waters within the Bluesky Formation vary from 15 200 mg/l to over 50 000 mg/l
TDS. The lower salinity waters (< 20 000 mg/l) occupy the central region separating two
higher salinity regions to the north and south (Figure 2.27). Salinity distribution in the
Gething Formation is almost identical (Figure 2.28).
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Paddy Member (Peace River Formation) total dissolved solids distribution
(isoconcentration contours in mg/1)
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Waters within the Cadomin Formation follow a similar pattern but exhibit a much
greater range of salinity, varying from < 6 000 mg/l TDS to > 75 000 mg/l TDS. The
concentration contours in the southwest parallel the gas-water contact of the Deep Basin gas
zone and the concentration gradients are relatively steep (Figure 2.29). These variations in
salinity over such short distances are not explained by natural groundwater evolution along
flow paths, as in the Peace River Formation.

Tilley (1988) suggested the high salinity zones of Hitchon (1964) (Figure 2.22) to be
due to paleoflow patterns and the lower salinity areas to represent influx and dilution by
modern meteoric water. A graphical comparison of Cadomin water samples from the north
and south saline areas indicates similar water chemistries (Figure 2.30), suggesting that at
one time the Cadomin contained water of uniform salinity. This supports the interpretation
by Tilley (1988) of influx and dilution by meteoric water into the central zone. Domenico
and Robbins (1985) modelled dilution patterns, resulting from influx of meteoric water,
similar to the chemical patterns observed in the Cadomin Formation. Work by Schwartz ct
al. (1981) demonstrated a similar salinity pattern in the Milk River sandstone in southern
Alberta, also interpreted as meteoric dilution of formation water.

In the Bullhead group, this explanation of the salinity pattem is supported by
Sulin-Palmer water classification. The central fresh water zone in each formation is
classified as Type 2 bicarbonate-sodium waters which are considered to be indicative of
meteoric recharge waters (Figures 2.31, 2.32, 2.33). Meteoric water may infiltrate through
formation outcrop, faults, joints or cross-formationally in the uplifted foothills of B.C.
The freshest waters in the Bullhead Group are observed in the Cadomin Formation
suggesting that meteoric recharge enters the Bulihead Group through the Cadomin
conglomerates and probably, as suggested by Hitchon (1964), along the pre-Cretaceous

unconformity. The vertical fluid movement between these units accounts for the dilution
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patterns observed in the overlying Gething and Bluesky formation waters.

The effect of geology on the salinity distribution is clearly evident in the Cadomin,
where the fresh water preferentially follows zones of higher permeability, i.e., the Peace
River fan and the Spirit River Braid Plain (Figure 2.6). The edge of the braid plain is
marked by the Fox Creek Escarpment which appears to be a controlling factor in directing
freshwater flow to the southeast (Figure 2.29).

Geochemical gas analyses suggested no water flow in the tight part of the rock
section within the Deep Basin (Welte et al., 1985). The high gas saturation and apparent
absence of a continuous free water phase suggest the Deep Basin gas zone is an effective
barrier to groundwater flow from the west.

A relatively sharp salinity anomaly is observed in the Cadomin in the area of Twp.
75, Rgs. 7 and 8 (Figure 2.29). A local structural high was identified at this location
which was found to be gas bearing. This feature appears to disrupt the flow pattern. The
isolation of the area from the influx of meteoric water leads to the preservation of the higher
salinity.

The hydrochemistry results clearly show that the Peace River Formation and the
Bullhead Group are influenced by the infiltration of fresh, meteoric water. The Paddy and
Cadotte Members are recharged in the south and groundwater flow appears to be to the
north-northeast. In the Bullhead Group, meteoric water infiltrates from the west and is
flushing the units from west to east-southeast, influenced by formation permeability,

structure and the flow barrier formed by the Deep Basin gas accumulation.

&7 _GAS DISTRIBUTION

Within the study area the greatest gas accumulation occurs in the tight Deep Basin

area where the entire Mesozoic rock section is saturated with wet gas below a depth of
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about 1065 metres (Masters, 1979). The gas saturation decreases rapidly in the shallower
part of the sedimentary sequence as the rock becomes more porous and permeable. The
rock section becomes water saturated in the area updip of the Deep Basin and gas trapping
is more conventional, with gas above water. There are a few structural traps due to local
conditions, but the majority of reserves are found in stratigraphic traps (Leslie, 1969).

In the Peace River Formation, there is a strong correlation between the conventional
gas pools and potentiometric minima. Most gas pools are found in areas with hydraulic
head values less than 360 metres a.m.s.]. (Figures 2.12, 2.15). Exceptions occur in the
west central area where gas pools in the Paddy Member are associated with a local
potentiometric mound (Twps. 73-74, Rgs. 10-12), and in the southeast corner where
several pools are found in areas of high hydraulic head (Figures 2.12, 2.15). In general,
the gas is found in the bar sands and tidal channels, i.e., the higher permeability reservoir
rocks. There is no apparent relationship between water chemistry patterns and gas
distribution.

In the Bluesky Formation, gas pools are associated with potentiometric minima in the
northeastern part of the study area (Figure 2.16). This relationship, however, is not
observed in the Gething or Cadomin in deeper parts of the basin (Figures 2.17, 2.18). Gas
is notably absent in the potentiometric low mapped in the western area of the Bluesky,
where formation waters move upwards into the overlying Spirit River Formation.

Gas pools in the Gething and Cadomin formations are generally small and randomly
scattered with respect to the potentiometric surfaces (Figures 2.17, 2.18). Thereis,
however, a general relationship between water types and gas distribution. Most of the gas
is found in the lower salinity zones, mapped as Type 2 bicarbonate-sodium meteoric waters
(Figures 2.17, 2.18, 2.32, 2.33). The resolution of the TDS maps in relation to the size of

the gas pools restricts detailed observations, except in several particular areas. In the
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Gething, gas is associated with a salinity anomaly in the area of Twp. 87, Rgs. 1t0 4
(Figures 2.17 and 2.28). Gas has also been tested in the area of a sharp salinity

anomaly in the Cadomin Formation at Twp. 7S, Rgs. 7 and 8 (Figure 2.18), identified as a
local structural high.

&8 _SYNTHESIS
Work by various authors (Té6th, 1963, 1978; Hitchon, 1969a) has confirmed the

theory of gravity-induced, cross-formational flow of groundwater. Meteoric waters
infiltrate and move downward in upland recharge areas, migrate laterally under regions of
medium elevations and move upwards to discharge in topographic depressions. Where
flow systems meet or part, relatively stagnant zones develop and flow directions may
change abruptly. Basin flow patterns are also modified by permeability differences in rock
units and structural features.

In 1980, T6th advanced the generalized hydraulic theory of petroleum migration in
which gravity-induced, cross-formational flow is the principal agent in the transport and
accumulation of hydrocarbons. Hydrocarbons move along fluid migration paths towards
discharge areas of flow systems, characterized by relative potentiometric minima, reduced
or zero lateral hydraulic gradients and relatively high groundwater salinity. Numerous
structural or stratigraphic conditions may occur along the way which trap hydrocarbons
before they reach a discharge area, however, hydrocarbons are expected to be preferentially
associated with the ascending limbs and stagnant zones of flow systems. A conceptual
illustratioh of this theo:y is provided in Figure 2.34.

The generalized hydraulic theory of petroleum migration (T6th, 1980), i.e.,
topographically controlled, cross-formationa! flow explains the fluid flow patterns,

hydrochemistry and gas distribution observed in the Peace River Formation of
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northwestern Alberta, The potehtiomeuic su&aces of the Paddy and Cadotte Members
clearly reflect present topography. Recharge is evident by the infiltration of relatively fresh
meteoric water under the highlands and an increase in water salinity is observed in the
discharge area to the northeast. An east-west trending potentiometric trough (Figure 2.12)
is related to the combined effect of high permeability sediments in the subsurface (Figure
2.10) and the hydraulic attraction of the deeply incised Peace River Valley. According to
the hydraulic theory, gas is expected to be preferentially associated with potentiometric
minima. Gas within the Paddy and Cadotte Members of the Peace River Formation is
indeed found in the areas of lowest hydraulic head, with the majority of pools in the
potentiometric trough feature (Figures 2.12, 2.15). The gas associated with the
potentiometric mound in the Paddy (Twps. 73-74, Rgs. 10-12) is thought to be an
example of gas trapped by descending groundwater flow. In this area, water is moving
downwards into the Cadotte where there is a change to an updip direction of flow (Figure
2.13). Gas trapping is not necessarily hydraulic, but rather stratigraphic traps are enhanced
by these hydrogeologic conditions.

The regional flow system in the Bullhead group is adjusted to basin, as opposed to
local, topography. Uplifted sediments in the Foothills constitute the recharge area and
subcropping units at lower elevations in the east serve as a regional discharge area. The
flow system is best developed in the shallow northern half of the study area. An upward
flow component is mapped in the northeast comer which, according to the hydraulic
theory, would enhance potential gas entrapment in this area. Large gas pools are in fact
observed in this area in the Bluesky Formation (Figure 2.16). In contrast, a lack of gas
was noted in the low potentiometric anomaly mapped in the west-central area of the
Bluesky Formation (Figure 2.16), despite the vertical flow direction. This is thought to be

due to direct fluid escape carrying gas out of the Bluesky into the overlying Spirit River
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Formation. Small gas accumulations observed around the anomalous zones in the
underlying Cadomin and Gething Formations (Figures 2.17 and 2.18) may be examples of
hydrocarbons hydraulically trapped in stagnant areas caused by the chtinge to vertical fluid
flow in this area.

Flow in the southern half of the area is hindered by the presence of the Deep Basin
gas accumulation which acts as a barrier to water flow. Relatively constant head values
within individual hydrogeologic units suggest sluggish lateral flow, however, a definite
upward flow component between these units is observed (Figure 2.35). The similar water
chemistry patterns throughout the Bullhead Group are explained by this upward flow. The
freshest water is found in the Cadomin Formation (Figure 2.29), probably the result of
infiltration of meteoric waters into the conglomerates along the pre-Cretaceous
unconformity: The upward flow component moves this meteoric water into the Gething
and Bluesky Formations. This vertical movement of fluid serves to enhance gas trapping
in local stratigraphic or structural traps, and accounts for the scattered gas distribution
observed in the Bullhead Group (Figures 2.16, 2.17, 2.18). It also explains the
association of gas with the meteoric waters. The path of the meteoric water influx
delineates the most permeable areas within the Bullhead formations. Salinity anomalies
may indicate zones bypassed by the regional water flow. Such disruptions to the flow
system may be due to structural or stratigraphic anomalies and represent areas of good
potential for hydrocarbon entrapment.

There appears to be hydraulic communication between the Peace River Formation and
the Bullhead Group through the intervening Spirit River Formation. Vertical fluid
migration has been mapped from the Bullhead formations into the Spirit River Formation in
the western part of the study area. Although available data in the Spirit River Formation are

limited, the fluid potential distribution in its upper member (Notikewin-Figure 2.20)
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suggests that flow in the northern half of the study area is updip and towards the northeast.
There flow appears to be upward, probably in response to the Peace River Valley. This

communication is illustrated by the large open flow arrows on Figure 2.13.

%2 _SUMMARY

A regional hydrodynamic evaluation of the Early Cretaceous Peace River Formation
and Bullhead Group was completed for the area inclusive of Twps. 60-90, Rgs.
22W5-13W6, N.W. Alberta. Characterization of the hydrostratigraphy, hydraulic head
distribution, hydrochemistry and hydrocarbon occurrence was accomplished through the
assemblage of a carefully screened data base and the preparation of numerous maps and
hydraulic cross-sections. These potentiometric and geochemical data indicate extensive
gravity-driven groundwater flow systems operating within the area.

Two hydrogeologic groups have been identified based on similarities in chemical and
hydraulic characteristics. The Peace River hydrogeologic group consists of the Paddy and
Cadotte units, and the Bullhead hydrogeologic group includes the Bluesky, Gething and
Cadomin units.

The potentiometric surfaces for the Paddy and Cadotte Members mimic the local
topographic surface, indicating gravity-driven, cross-formational recharge under highlands
and discharge in the Peace River Valley. The water chemistry data support this
interpretation. Fresher, meteoric waters are found in recharge areas, with increasing
salinities in discharge areas. Flow direction is generally updip to the north-northwest,
although locally, flow is clearly modified by permeability variations and local topography.
Known gas accumulations are associated with potentiometric minima and hydraulically

stagnant areas as predicted by the hydraulic theory of petroleum migration (Té6th, 1980).
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Flow within the Bullhead Group is also gravity-driven but the effects of local
topography are not as apparent as in the overlying Peace River Formation. Instead, the
flow system indicates a more regional, basin control, with meteoric recharge under the
Rocky Mountain Foothills in the west and flow towards a discharge area to the northeast,
probably in the subcrop area of the Bullhead sediments. Hydraulic cross-sections indicate
a predominant upward flow component which enhances gas trapping in local stratigraphic
and structural traps. The water chemistry data provided useful insight into the nature of the
flow system. Mapping the fresh meteoric water influx identified flow paths and provided
an indication of hydraulic continuity, formation permeability and minor structural
variations.

Understanding the relationships between flow distribution, water chemistry, geology,
structure and gas accumulation can be a complex and difficult task. The hydraulic theory of
petroleum migration (Téth, 1980), however, provides a basis for the development of
models to explain the observed patterns in the Peace River and Bullhead hydrogeologic
groups. Such models lead to a greater understanding of the subsurface environment and
identify favourable areas for hydrocarbon accumulation.

The integrated approach used in this study can be applied to any area of interest,
providing of course, that sufficient useable data are available. Careful water-sampling and
testing of wells has not been an exemplary practice of the oil industry in the past, a situation
which can, and should, be improved. Even small amounts of data can be useful when
considered within the framework of a hydrogeological model and its relationship to
hydrocarbon distribution. The conclusion reached through this study, and the
recommendation to industry, is that exploration programs would definitely benefit from the
integration of hydrogeology with the conventional exploration methods, i.e., geology,

geochemistry and geophysics, generally utilized at the present time.
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CHAPTERSJ

CONCLUSION
The three main objectives of this study were:

1)  tocharacterize the petroleum hydrogeological conditions within the Early Cretaceous
units in the area inclusive of Twps. 60-90, Rgs. 22W5-13W6 in the Peace River area
of northwestern Alberta, Canada

2) todetermine the relationships between groundwater flow. water chemistry, geology
(lithology, permeability, structure), and gas accumulation

3)  to formulate a hydrogeological model to account for the observed relationships and to
use this model for the prediction of favourable areas for hydrocarbon accumulations.
Characterization of the petroleum hydrogeological conditions was accomplished

through the acquisition, qualification and compilation of a large volume of formation

pressure and water chemistry data. The pressure data were utilized in the production of
potentiometric surface maps for each of the hydrogeologic units, hydraulic cross-sections
and in pressure-depth analyses. The hydrochemical data were used to produce formation
water salinity (TDS) maps and in Sulin-Palmer genetic water classification. Regional
geology and topography information was obtained from published literature and
hydrocarbon distribution maps were assembled from ERCB irdividual pool boundary
maps. This information determined the hydrostratigraphy of the Frrly Cretaceous Peace

River area (Figure 3.1) and identified two dynamic systems of furuii  waters, i.e., the

Peace River hydrogeologic group and the Bullhead hydrogeologic group.

Similarities between the topographic surface and the potentiometric surfaces of the

Paddy and Cadotte Menibers of the Peace River Formation indicate topographically

controlled (gravity-induced) cross-formational recharge under the highlands and discharge
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in the Peace Rivef Valley. Hydrochemistry data support this interpretation; total dissolved
solids contents range from 20 000 to 25 000 mg/l, with fresher waters in recharge areas
tending towards higher salinities in discharge areas. Sulin-Palmer analyses indicate the
presence of meteoric water. In general, flow is updip to the north-northeast (Figure 3.2),
although fluid flow directions are locally modified by permeability and lithology variations,
as well as local topographic features. A definite relationship between gas accumulations
and potentiometric minima is observed.

Flow within the Bullhead Group was also determined to be gravity-driven, but the
effects of local topography are not as apparent as in the overlying Peace River Foxmation.
The potentiometric and hydrochemical patterns suggest a more regional basin contiol, with
recharge under the Rocky Mountain Foothills in the west and flow towards the subcrop
area of the Bullhead sediments to the northeast. Ar influx of fresh (< 20 000 mg/l TDS)
meteoric water from the west appears to displace more saline waters (> 75 000 mg/l TDS).
A pmdominanée of upward flow from the Cadomin into the Gething and Bluesky
Formations (Figure 3.3) accounts for the similar water chemistry patterns observed in the
three units and enhances gas trapping in local stratigraphic and structural traps. Gas is
found in potentiometric depressions in the updip region, however, gas is not found in a
major depression to the west where water is thought to be exiting the Bullhead Group.

The influence of permeability and structure on groundwater flow paths within the
Bullhead units was most evident in the Cadomin Formation where a clear relationship was
observed between the meteoric water influx and the most permeable sediments. Also,
salinity anomalies were found to correspond to structural and stratigraphic perturbations of
the flow system.

The best hydrogeological model to explain the observed relationships is the Hydraulic
Theory of Petroleum Migration (T6th, 1980) in which gravity-induced, cross-formational



~
~

WvdDVIa 40 1INOU- MO a3 40 ( S3NIVA Gv3H NO a3svg )
QUVMOL MOTH ®  NOLLOIHIA T18ISS0d &~ MO aiN1d 30 NOILOZYIA ——

—mm WOOV-0SE (22 WO0S-0Sh A W 009-08S [
LT e WOSy-00y E  W0SS-00S [ w009< I
A4 ! - L avaH H31VM HS3dd
- L. do FUNY3L 1000+~
iy ) 8 100s-
R m . \\u h. C ]
- L7 NINOQYO !
. |l ONHLIID
- = AMSaANTIE 13AT
& idb—t1 |« NowdvH vas
| ™ ww " 3110GVD
Adavd 006
v ASTIVA  H3AM \\w\\
\I\\\ 1
H3AK  30V3d N
30v3d V }ooo1

V-V uonsas-ssax rearSojosSarpAH T€ 2mSiy ( S3413W ) NOILVATT3



78

MO4 aid 40 ( SINTYA avaH NO a3svd )

WVHOVIA 40 Move
QUYMOL MO1d ®  NOLLOTHIA T18ISSOd {0 MOHH AINId 40 NOLLOTHIQ ~—
wOoy-0SE 21 W00S-0SY B2 W 009-0SS 73
WOESE-00€ £ WOSY-00¥ E = W0SS-00S ([ wo09< I
QVIH H31VM HS3Yd
NINOQVD
ONIHIZO > e oo 1 _
alsanme” FESE RS . do JINy34 | 7000}
____ . 3lioavo -
W= T AQQYd— ;
L E L L e dO 005
L. = AMOWS |
) RRELEL
T - vas
oni!- / J/ mo.-n
. AN __ : toos
- n m! > . \ ]
s : /v_-.8 o o
" 5 1 STIH L0001t
| Tiaavs ;
' "l » ( S3ULIN)
& t—t il NOILVYAT T3
{ o -0 uonoas-ssow yeaifojoaforpAy €€ umSLY



79

groundwater flow is the principal agent in the transport and accumulation of hydrocarbons.
As predicted by this model, gas in the study area is found associated with relative
potentiometric minima, hydraulicaliy stagnant areas, and in local areas where slight
disturbances of the flow regime result in favourable trapping conditions.

The ultimate goal of this thesis, i.., to predict favourable arcas for hydrocarbon
exploration, is realized by the utilization of this model. The establishment of formation
fluid flow patterns allows delineation of permeable zones and of possible stratigraphic
and/or structural features which identify favourable areas for hydrocarbon accumulations.
The increased understanding of subsurface fluid behaviour p:ovided by this model can be
effectively used by the exploration geologist.

The characterization of formation water chemistry is an important part of
understanding fluid flow and is also necessary in industry for accurate geophysical log
analysis, formation identification when drilling, mud filtrate identification, diagenesis
studies, etc. Clearly, hydrogeology is a valuable, economic source of information and it
should be incorporated along with geology, geochemistry and geoph ssics into current

exploration strategies.
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AEPENDIX]

Formation pressure data were obtained from the Canadian Institute of Formation
Evaluation (CIFE) DST-80 microfiche file. This data file provides one-page summary
reports of available drill stem test information. Reports include qualitative descriptions of
original DST charts and problems encountered with tests and recovery information, often
accompanied by one or more pages of incremental data, depending upon test quality and.
shut-in duration.

All tests that display shut-ins and build-ups are processed by CIFE. This processing
involves digitization of data and an attempt to calculate in-situ formation pressures. In the
case of fluid phase recoveries, the Homer plot technique (Horner, 1951) is used. This
method of analysis of pressure build-up curves uses the best fit line to late time data points
to extrapolate formation pressure from the test data. In the case of gas phase recoveries,
the pressure-squared technique introduced by Tracy is used (Tracy, 1956). CIFE notes the
subjective nature of such analyses.

In addition, tests processed by CIFE are analyzed for mechanical soundness; data
quality and accuracy. Results are recorded as "Quality Codings”, A through G, where A
represents the highest quality DST's available. Letter codes are further described by a
series of number codes. The following list si::.es the coding criteria for A and B quality
tests as defined by CIFE.

"A" Tests: HIGHEST QUALITY DST
Tests mechanically sound: -no plugging - no skidding.
Recorder used, chart good, pressures compare,
Flow pressures verify recoveries and/or flow rates:

-except when reverse circulated or tight hole sub used
Bottom packer held on straddle tests.

> W



8.
9,
10.
11.

88.
99.
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Recorder depths given.

Recorder within interval tested:

-except when using recorder from above interval, but pressures compare
with recorder within interval. ~ =

Initial shut-in stabilized or nearing stabilization with increments:
-except when test has all the qualification of an "A" and falls in the
P-MAX range given. Shut-ins can still be building.

Preflow time long enough to release hydrostatic heads.

KB elevation given.

Two good shut-ins required.

P-MAX range of approximately 7 to 69 kPa (1 to 10 psi) from read
shut-in pressure. -

Plugging, fluid to surface, resets on flows (Irregularities).

Flows incremented.

"B Tests: SLIGHT MECHANICAL DIFFICULTIES

12.
13.

1.

16.
17.

48,
88.
99.

Slight mechanical difficulties, but does not affect the test.

Shut-ins not fully stabilized or still building with increments:

-P-MAX range 69 kPa to 138 kPa (10 to 20 psi).

Recorder pressures disagree from 7 to 131 kPa (1to 19 psi) after recorder
drag and depth difference.

Require extrapolating.

P-MAX range of approximately 138 to 241 kPa (20 to 35 psi) from read
shut-in pressure.

Flow pressures do not verify recoveries.

Plugging, fluid to surface, resets on flows (Irregularities).

Flows incremented.

Over fourteen hundred A and B tests were considered in this study. Pata recorded

included: well location, kelly bushing elevation (feet), test interval, formation name,

recorder elevation, quality code, assigned pressure (P-MAX), and test recovery. These

data were sorted and grouped by formation and entered into a computer mapping file.

Numerous points stood out as anomalous. Investigation of these anomalous pressure

points identified an association with the fluid phase of the test recovery; the problems

occurred when condensate, gas, and multiple phase (gas, oil, water, mud) recoveries were

obtained.

In cases of multiphase flow, the total compressibility and total mobility of the

reservoir fluid system must be substituted for the corresponding single fluid quantities in
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the pressure analysis technique (Matthews and Russeil, 1967). As stated earlier, CIFE
used the Hormer method to extrapolate formation pressures from water recovery tests. In
cases of gas phase recoveries, the Tracy method was used. There is, however, no special
consideration given to condensate, or mixed phase recoveries. CIFE selects the dominant
fluid phase recovered or simply uses the water recovery (personal comm., 1988). In many
cases, one fluid will strongly dominate the recovery, in which case the error due to mixed
recoveries is small and CIFE is justified in their analytical techniques. But in cases where
the volume of each phase is significant, the theoretical analysis and extrapolated pressure is
clearly affected. Itis a difficult problem to deal with, and careful consideration of such
tests is required. For mapping purposes in this study, therefore, all questionable
multiphase recovery tests were removed from the "A" and "B" quality file.

~ Another common probiem with the data file was the identification of which formation
the tests were from. CIFE provides three possible choices, often surprisingly different.
For drill stem tests used in this study, the interval was checked against PIX cards or logs if
available, and erroneously reported tests were removed from the data base.

The CIFE data were also carefully screened for errors in data reporting, i.e.,
typographical errors such as misplaced decimal points or transposed numbers, and missing
information. The end result was the removal of approximately 25% of CIFE's "A" and
"B" data, due to questionable validity of the extrapolation methods, formation identification
or erroneous recording of data. The remaining CIFE data were used for the calculation of
hydraulic head values.

Hubbert (1940) defined fluid potential as the energy contained by a unit mass of
fluid. This energy (¢) is related to hydraulic head (h) by the equation ¢=gh, where g is the
acceleration of gravity. Gravity is nearly constant at .ae earth's surface, therefore, the fluid

potential energy is almost perfectly correlated with fresh water head (h) where head is
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simply the height above datum of a column of fresh water that is in equilibrium with the

pore pressure at the point of measurement.

Hydraulic head values are calculated by the equation:  hwz+ppy
where h=hydraulic head
z=recorder elevation with respect to datum, commonly sea level

p=undisturbed formation fluid pressure (assigned P-max)
¥=pg = fluid density x gravity = specific weight of the fluid

Y is commonly known as the pressure gradient. The CIFE data file reports pressures in

| psi, and elevations in feet, therefore, a fresh water gradient of 0.433 psi/ft was used for the
calculations. Hydraulic head values in feet were subsequently converted to metres for
mapping purposes.

Contour maps of hydraulic head values are known as potentiometric surface maps.
Such maps are used to determine fluid flow directions as fluids always move from areas of
high hydraulic head or fluid potential to areas of low hydraulic head or fluid potential.

The use of freshwater head is theoretically valid for horizontal flow conditions where
density-related gravity effects are small and can be ignored. Davies (1987) modelled
variable density groundwater flow using equivalent freshwater head and analysed the
potentially significant errors in this method. He introduced a simple nomograph type plot
that can be used to identify situations where density related gravity effects may be
significant. According to this nomograph the salinity, i.e., density effects, within the study
area will not significantly alter the results. Also Hitchon (1969a) and Téth (1978),
working with similar water salinities, concluded that density effects do not invalidate
general flow directions inferred from fresh water head data. It was, therefore, considered

justified to calculate hydraulic head using the 0.433 psi/ft fresh water gradient.
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Hydraulic head values were entered into a standard mapping file and plotted using an
interactive surface mapping (ISM) package made available at Canadian Hunter Exploration
Ltd. Individual maps were hand contoured.

Although potentiometric surface maps were constructed for individual formations
they are not meant to imply that groundwater flow is restricted within these units.
Cross-formational flow is an important aspect of fluid flow patterns. To aid interpretation
of the three-dimensional flow system, hydraulic cross-sections were constructed (Figures
2-13, 2-35). Wells for these sections were chosen for completeness of sections, and not all
wells had associated DST's. In these cases, hydraulic head values were estimated from the
potentiometric contour maps.

The following pages list the CIFE data used in this study, including well location,
DST number, formation name, recorder depth (feet), recorder elevation (feet) and fluid
pressure calculated by CIFE (assigned P-max, psi). Also listed are the hydraulic head
values calculated in feet and in metres. The data are grouped by formation in stratigraphic
order (Peace River Formation to Cadomin Formation), however, within each formation,
data are randomly listed. Potentiometric surface maps for each formation are provided in

Chapter 2 (Figures 2.12, 2.15, 2.16, 2.17, 2.18).
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12

WATER CHEMISTRY

Water chemistry data were obtained from the Albert Energy Resources Conservation
Board (ERCB) standard water analyses microfiche files, A tremendous quantity of data is
‘available as the ERCB requires producing companies to submit copies of water analyses for
all sampled wells. There are, however, no industry standards for water sample collection,
analytical techniques or reporting methods. The result is a highly variable data base which
must be carefully screened and qualified before the information may be used.

Standard water analyses commonly report concentrations of the major jons (sodium,
calcium, magnesium, bicarbonate, sulphate, chloride), total dissolved solids (TDS), and
occasionally a few other ions such as potassium, iodide or carbonate. Other information
includes water density, resistivity and pH.

Formation water samples may be collected from drill stem tests or surface facilities
such as well heads, treaters, separators, or holding tanks. It is common for water samples
to be contaminated by drilling muds, acid washes, cement filtrates or waters from other
than the zone of interest. Samples may also be affected by water injection into the
reservoir, in which case the well history may be useful in determining the type and extent
of fluid contamination. Surface samples are usually the most seriously contaminated and
should generally be avoided. Samples recovered in the fluid column close to the tested
interval ("top of tool" or "bottom" samples) are less likely to be contaminated by drilling
fluid (Hitchon, 1984). Identificatiun of contaminated samples and removal of analyses not
representative of formation waters is necessary before any data interpretation is attempted.

The initial sorting process involved removing samples from the data base when the

following conditions applied:



1
2)

3)

123

the analysis was incomplete

a poor ionic balance, i.e., if the sum of the cations (in meq/l) did not equal
the sum of the anions indicating a probable error or omission made

in the analysis

the sample was taken from multiple test intervals, i.e., it was not possible to

identify the origin of the water,

Hitchon (1987; pers. comm., 1988) suggested several other culling criteria which have

been used in this study, namely:

4)

5)

when hydroxide or carbonate is reported. Most oilfield brines contain no
hydroxy] jons and most of them contain no carbonate ions (but they do
contain bicarbonate jons). In the qualification of standard oilfield water
analyses, therefore, the presence of hydroxide or carbonate is usually taken as
an indication of mud filtrate contamination and that sample is not considered
as a representative formation water,

when pH is < 5.0 or >10.0. Most oilfield brines do not contain acidity, New
wells or reworked wells often are acidified or "acidized" with a strong mineral
acid or a combination of mineral and organic acids. This treatment causes the
produced water to contain a certain amount of acidity until all of the acid is
neutralized or diluted. Because of the large quantities of acids used in some
treatments, it may take months for the produced water to return to normal,
i.e., uncontaminated formation water. Thus low pH samples must be
evaluated carefully. The pH range of most formation waters should be
between 6.5 and 8.5.

There are also several important points to remember when considering the validity of

any water analysis. Tests reported prior to 1955 have computed sodium values (sodium
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calculated stoichiometrically as the difference between the sum of the anions and ihe sum of
the cations), which are subject to great errors. Potassiuth values were also typically
incorporated into the reported sodium value. This situation changed as analytical
techniques improved.

Under optimum conditions, the analytical results for major constituents of water have
an accuracy of +/- 2-10%. For concentrations above 1000 mg/l TDS, the accuracy
improves (usually < 5%). A range of values may be obtained by different laboratories, so
care must be used when comparihg data.

The next step in the qualification process comes after initial contour mapping of the
data. Maps identify anomalous data points or significant contour flexures which should be
investigated for contaminated or erroneous data. In this study, the TDS contents of waters
from individual formations were mapped separately to provide an overview of the water
chemistry in each formation (Figures 2.23, 2.24, 2.27, 2.28, 2.29). Areal salinity
mapping is a useful indicator of the movement of meteoric water into the subsurface.
Considerable con‘idence may be placed in regional compositional trends from the final data
base, especially when regional patterns and composition gradients correspond closely with
those predicted by the hydraulic head distribution/flow pattern mapping.

In this study, over 6900 water test results were reviewed on the ERCB microfiche.
Initial culling discarded over 80% of those analyses. Rigorous qualification and checking
of the remaining data led to the removal of more analyses, resulting in a working database
consisting of approximately 5% of the initial available data. These data are listed on the
following pages by formation, in stratigraphic order beginning with the Paddy Member of

the Peace River Formation and ending with the Cadomin Formation.
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WATER CLASSIFICATION SYSTEMS

Formation waters may be classified by a variety of systems based upon the relative
concentrations of dissolved chemical constituents. The objective of classification systems -
is to provide a basis for grouping chemically related waters. The ions most commonly
used in classification systems are the six major ions normally determined by standard water
analyses, namely, sodium, calcium, magnesium, chloride, bicarbonate and sulphate.

Pélmer (1911) described five basic characteristics of waters based on the properties of
salinity and alkalinity. Basically, salinity is a measure of the salts of strong acids and
alkalinity is a measure of the salts of weak acids. The relative concentrations of the major
ions determine the salinity and alkalinity which Palmer (1911) divided into:

(1) primary salinity - strong acid radicals (sulphate, chloride) combined with the primary
bases (sodium, potassium). The salinity is not to exceed twice the sum of the
reacting values of the alkali ions.

(Reacting values are simply a way of describing the electrochemical composition of the ions

in a water sample. Ion concentrations in milligrams per litre (mg/1) are converted to

equivalents per million (epm), or milligram equivalents per litre (meg/1), by dividing by the
equivalent weight of a particular jon. Equivalent weight equals the molecular weight
divided by the ion valence).

(2) Secondary salinity - strong acids combined with alkaline earth secondary bases
(calcium, magnesium). The excess of salinity over primary salinity is not to exceed
twice the reacting values of the jons of the alkaline earth group.

(3) Tertiary salinity - this is any salinity in excess of the primary and secondary salinity.



145

(4) Primary alkalinity - weak acids (carbonate, bicarbonate, sulphide) combined with
primary bases. The excess of twice the sum of the reacting values of the alkalies over
salinity.

(5) Secondary alkalinity - weak acids combined wiih secondary bases. The excess of
twice the sum of the reacting values of the ions of the alkaline earth group over
secondary salinity.

The Palmer system divides water into five classes based on the numerical relationship
between anions and cations. To use this system, ionic concentrations must be expressed in
percent reacting values. These percentage values are determined by summing the milligram
equivalents of all the jons, dividing the milligram equivalents of a given ion by that sum
and multiplying by 100. Three jon groups are then calculated,

a - alkalies (sodium, potassium)

b- alkaline earths (calcium, magnesium)

d- hydrogen (strong acid anions).

These groups determine the five Palmer classes as follows:

Clagsl; d<a

%?af g;lgggmsg‘gkalinity
2b = secondary alkalinity
Class2: d=a

2a or 2d = primary salinity
2b = secondary alkalinity

Class3; d>a: d<(a+b)

2a = primary salinity

2(d - a) = secondary salinity

2(a + b - d) = secondary alkalinity

Class 4; d = (a+b)
2a = primary salinity
2b = secondary salinity
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Class 5; d >(a+b)

2a = primary salinity

22 vy = ersary iy
Palmer (1911) described ihe first three classes to be various surface waters, class 4 to
represent sea water and brines, and class S to include mine drainage waters and water of
volcanic origin.

Sulin (1946) proposed a classification system to categorize waters into genetic types,
groups and subgroups, based upon various ratios of dissolved salts in water. The Sulin
system incorporated the Palmer classes to help express the salinity and alkalinity properties
of the waters, i.e., the dissolved constituents, in a detailed manner.

Natural waters were divided into four basin environments to define genetic water
"types".

Typel:  continental or terrestrial conditions which promote the formation of sulphate
waters, "sulphate-sodium type"
Type2:  continental conditions which promote the formation of sodium-bicarbonate
waters, "bicarbonate-sodium type"
Type3:  marine conditions, "chloride-magnesium type"
Type4:  deep subsurface conditions, "chloride-calcium type" waters.
Calculations to determine water type are based on ionic concentrations which must be

expressed in percent reacting values. The ratio Na/Cl is used to determine whether a water

should be classified primarily aS meteoric or marine. Two other ion ratios are then
calculated: if (Na-Cl)/SOy4 is greater than one, it indicates a bicarbonate-sodium type water,
while if it is less than one, it is the sulphate-sodium type. Similarly, if the ratio (Cl-Na)/Mg
is less than one, it is indicative of chloride-magnesium waters, while if greater than one,

indicates the chloride-calcium type. These conditions are summarized in Table AIIl-1.
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JABLEALLI-1

Coefficients characterizing Sulin's
genetic water types

Type of water Na*/CI™ (Na*—-CI")/50,™? (CI” — Na*)yMg*?
Chloride-caleium <1 <0 >1
Chloride-magnesium <} <0 <1
Bicarbonate-sodium >} >1 <0
Sulfate-sodium >1 <1 <0
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The water types are subdivided into groups and subgroups. Basically groups indicate
the predominant anion present and subgroups indicate the pmdqminant cation. The Palmer

classification system is used to express the dissolved constituents in classes as follows:

A - primary alkalinity predominates

A3 - secondary alkalinity predominates

A3 - tertiary alkalinity predominates

S - primary salinity predominates

§ - secondary salinity predominates

S3 - tertiary salinity predominates
The complete detailed system of types, groups, subgroups and classes is shown in Table
Alll-2.

The combination of the two ciassification schemes provides useful insight into the
origin and distribution of subsurface waters and has been adopted for use in this study. It
is interesting to note that Sulin (1946) determined that hydrocarbon accumulations are most
commonly associated with water types in the following order: Type 4 > Type 2 > Type 3
> Type 1. Mapping the water types can thus be of interest in hydrocarbon exploration.

The following pages list the calculated Sulin ratios and the resultant classification of
water type, as well as the Palmer ion groups and resultant Palmer class. The data are listed
by formation in stratigraphic order beginning with the Paddy Member of the Peace River
Formation and ending with the Cadomin Formation.

Maps of Sulin-Palmer water types are provided in Chapter 2 (Figures 2.25, 2.26,
2.31,2.32,2.33).



TABLE ALIYI-2

Sulin's method of water characterization

Na/Cl > 1

i Na*t—-crty _ . (Na*—-Ci7)
-sodium type: = <1 Bicarb -sodi :
Sulfate-sodium typ S0, icarbonate-sadium type: ~—————y—> 1

Bicarbanate group
class Ag
calcium subgroup
magnesium subgroup
Sulfate group
class §
calcium subgroup
magnesium subgroup
sodium subgroup
class 8o
calcium subgroup
magnesium subgroup
Chloride group
class §
calcium subgroup
magnesium subgroup
sodium subgroup

Na/Cl < 1

(CI”— Na*)

80,7

Bicarbonate group
class Ay
sodium subgroup
class Ag
calcium subgroup
magnesium subgroup
sodium subgroup
class §y
sodium subgroup
Sulfate group
class Sl
sodium subgroup
Chloride group
class 8§y
sodium subgroup

(CI™~Na*)

Chioride-magnesium type: -—M-Fi——— <1 Chloride-calcium type: —M-w—-> 1
[

Bicarbonate group
class Ag
calcium subgroup
magnesium subgroup
Sulfate group
class Sl
calcium subgroup
magnesium subgroup
class Sg
calcium subgroup
magnesium subgroup
Chloride group
class Sy
cslcium subgroup
magnesium subgroup
sodium subgroup
class Sg
calcium subgroup
magnesium subgroup

Bicarbonate group
class Ag
calcium subgroup
magnesium subgroup
Sulfate group
class Sl
calcium subgroup
magnesium subgroup
class 82
calcium subgroup
magnesium subgroup
Chloride group
class Sl
ealcium subgroup
magnesium subgroup
sodium subgroup
class Sz
calcium subgroup
magnesium subgroup

(Ostroff, 1967)
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S.13
1.62
z'“
3.20

4.0
4.2
48,00
“w.7
.2
48,38
40,95
4.7
.65
.61
47,03
.48
.4
a.»
47.38
48.61
a7
1.48
67.85
w.07
0.5
40.04
.7
40.00
47.60

@l Gt - Gl Gl M sl s B Gl Gl s o Gl G e

153



LOCATION FORN Ne/CL  (Cl-Uod/Mg (Na-CL)/804 SULIN CLASSIPICATION ssliatk beCotiig deSDieCl CLASS

11-04-66-7U8 NOY
16-25-78-01U6 wov
12-30-78-06U6 WOV
01-12- 1025 yor
03-38-70- 25 Wov
05-17-80-01ub uov
00+04-81-05U6 uOY
03-37-82-05U6 uOY
13-15-80-00U8 MOV

1.00
0.%
.95
0.%

1.01
0.%

1.00
0.98
0.9%

0,30
1.46
1.61
1.80

*3.36
1.7

0,01
0.9
.83

0.50 sulphate-sodim
*16.76 chloride-cateim
*3.78 chloride-caleim
a8 ehloride-caleim
R unk .
*13.42 chleride-colelm
0.64 sulphate-sodium
8,75 chieride-negnesius
*37.40 chioride-caleium

45.53
1.8
46,05
.52
©w.n
.12
47.38
.00
£5.67

445
.46
3.1
.68
0.27
.88
.6
.1
6.3

45.05
.45
.68
0.3
49.19
40,48
1.5
.0
.20

Gl Sl Gl Gl o (8 e
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LOCATION
07-27-70-01us BLEXY
06°18-70-05U8 BLEXY
11-20-80-205 BLEKY
05-31-30-25u8 pLsky
10-11-20-03U6 BLIXY
10-26-20-11Us BLEXY
06-28-80-11ué BLIKY
10-16-81-20U8 BLEXY
06-34-81-35U8 BLEXY
16-23-81-13u8 SLeKY
07-10-82-02u6 BLEXY
07-21-82-06u6 BLEKY
07-08-82-11ub BLEKY
06-14-82-11us BLEKY
10-20-82-12u6 BLSKY
11-32-82- 13us BLEXY
- 11-31-83-23U8 oLexy
10-03-23-10U6 BLSKY
08-06-83-10u6 BLIXY
07-17-83- 1006 BLIKY
19-31-84-24\5 gLexY
10-28-84-04us BLIXY
10-35-84-10u6 OLSKY
11-10-85-05u6 OLSXY
16-30-85-07us aL.8xY
12-20-85-08U8 BLEKY
11-36-86-2615 QLSXY
10-23-84-01u6 BLEXY
11-05-37-2555 aLsky
06-16-87-25U5 aLeKY
05-07-87-0146 BLIXY
10-13-87-01us BLEKY
06-30-87-01156 BLOXY
10-15-87-02u6 SLEXY
12-22-87-026 SLSXY
05-17-28-02u6 BLEXY
13-26-08-02u8 BLSKY
10-11-80-03W6 BLSKY
00-18-89-04Us BLEKY
10-33-80- 1146 BLSKY
13-16-00-225 pLeKY
08-28-00-22w5 SLSKY
10-27-90- 1146 BLSKY
10-02-90-12u6 SLEKY
06 14-01-23W5 gLSKY
10-03-91-11W6 BLSKY

FORN  We/CL

1.7
0.9
1.2
1.%
1.13
1.64
1.04
.9
1.16
1.16
1,05
1.26
1.10
1.07
0.88
1.7
1.3
1.7
1.16
1.2
1.53
1.1
0.95
1.0%
0.80
0.0
1.02
‘.m
1.0%

1.00

1.02
0.9
1.04

"08

1.08

1.05

1.10
0.97
0.95
0.97
1.08
0.9
0.95
0.95

1.0¢
0.92

(Na-ClL)/804 (Cl-Na)/Mg SULIN CLASSIFICATION owip’ beCatiig detOlec|

360
$3.70
1084.17
162,61
47.88
3.40
1,08
12¢.53
129.48
40,80
45.63
367,10
4.67
126.91
me
2,51
65.40
164,90
0.7
156,02
217.78
1%r.y
376,06
126,69
B0
. 200,30
11.62
0.83
111.80
3.3
175,59
43,50
TN
%76
3.9
.26
(L1
*52.18
56,47
38,36
10.54
111
~752.18
-272.30
3.02
'“o“

*14.13 bicarborate-sodium
1.50 ehtoride-calelm
10,97 bicarbonate-sodim
*10,07 blesrborate-sodiwm
*$.12 blcarbonete-sodiim
5,73 bicarbonate-sadium
*2.71 bloarbonate-sodiun
*25.19 bicarborete-sadium
*11.43 dlearborate-sedin
*17,40 bicsrborate-sodium
*3.46 biearbonate-sediim
*16,43 blesrborate-sodiim
*6.7¢ biearborave-sodim
*4.8) bicarborate-sodin
3.62 chioride-caleium
*&.11 bicarbonate-godim
21,66 bicgrhonate-sodium
*14.76 bicsrbonate-sediim
*11.0% bicarbonete-sodiim
*17.47 bicarbonate-sodim
38,16 bicarbonste-sodium
*11.%6 bicarbonste-sodium
1.66 chlorids-caleium
*3.00 bicsrbonate-sodim
1.32 chiorfde-calelm
1,28 chloride-csleim
0.60 bicarbonate-sadivm
+0.0% sulphate-sodiim
*1.20 bicarbanste-soditm
0.00 chioride-sagnesiun
*0.62 bicarhonste-sodium
0.2 chloride-msgnestium
*0.04 bicarbonste-saditm
*3.35 bicerborete-sodium
*2,70 bicarbonste-sadiun
*1.93 bicarborete-sodium
'3.86 w
1.01 chiorids-calciun
1.08 chiorfds-calciun
1.26 chioride-calcium
*7.76 bicarbonate-sodiun
6.46 chloride-capicium
1.93 chloride-caleciwm
1.88 chiorids-caleiun
+0,37 bicarbonste-sodium
1.40 chloride-caleciwm

€9.01

.87

9,01
.80
8.0
48.15
.02
0,190
4.0
49,26
47.98
4.5
.57
.2
62,26
8.9
.67
48.36
N
.73
49.13
.96

45.9%0
T8
63.01

“.0
.2
“.%
47.63
47.61
6749
6.0
46.28
08.15
1.57
48.07
48.13
46.99
66.02
46,66
46,93
“"‘
46.57
“.'n
46,63
45.01

0.9
3.43
0.9
1.20
1.0
1.85
.1
0.81
1.11
0.7
.02
1.4
1.63
1.8
%
1.01
1.53
1.6
.20
1.7
0.37
0.86
6.10
.30
‘.”
3.8
.7
3.01
E R 14
.30
.5
3.0
3.nR
1.8
2.3
1.93
1.87
3.0f
3.08
3%
.07
!'”
3.6
3.
.y
‘.

42.00
.51
3.5
Q.7
Q.61
“.7
4/
5.9
Q.9
Q.3
3.0
18.%6
“.Rn
“o0%
.87
8.8
36.58
61,87
43.00
30.46
n.Wv
3.1
48.46
5.8
8.%
8.7
.7
47.00
46.08
4T.78
.75
1.2
“.6
“.Nn
.97
45.88
43.59
48.48
“.a
48.00
“o“
49.%9
"'m
49.00
“'zo
“'”
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LOCATION
03-23-66-2615 BLSKY
10-26-66-05us BLSKY
15-08-67-2v8 BLEKY
06~ 17-67-22uS BLEKY
14-18-67-23U8 aLeKY
06-21-67-23U5 BLEKY
06-35-67-24uUS BLEKY
07-32-68-22v5 BLIKY
11-25+68-23U8 sLoxY
10-04-68-2418 pLexy
01-30-68-2618 BLEXY
11+11-68-03us BLEXY
07-05-69-215S BLEKY
01-02-69-22uS BLEKY
00-16~69-2uS BLEXY
15-18-60-38 sLEKY
06°05-69-23US BLIXY
03-35-60-23U8 oLeKY
04°13-69-25U8 BLoXY
07-10-69-25u8 BLSKY
13-04-70-23U8 BLEXY
06-30-71-03U5 BLEKY
0434-72-23US BLSKY
10-02-72-22v8 BLEXY
10-07-73-26U8 BLOKY
02-02-73-0146 BLSKY
10-23-76-01u8 BLEKY
19-12-75-2058 BLEKY
06-21-75-28 BLEKY
06-22-75-25 8LeKY
10-05-75-23US pLEKY
11-00-78-23u5 BLSXY
10-18-78-23u5 BLSXY
10-26-78-255 BLSXY
07-28-78-01u6 BLSKY
12-18-70-24u5 BLEXY
07-01-79-25u8 BLSKY

~ FORN  Na/Cl

0.9
0.97
1.03
0.96
0.9
0.96
0.96
0.9
0.96
1.00
1.00
0.8
0.%
1.00
1.05
1.00
0.95
‘.m
0.95%
1.01

1.01

0.95
1.02
0.%
0.9
0.93
0.99
1.05
1.02
1.08
1.12
1.04
0.95
'.M
1.08
1.16
1.15

(Ne-GL)/804  (CL-Na)/Mg SULIN CLASSIFICATION esis

*0.63
43,22
[ 1]
130.28
30,01
me

*146.73
*28.56

*108.43
119
3.3

0,42 chioride-magnesfim
1,90 chioride-caleiim
',o“ ll*
3,66 chioride-calcium
1.18 chioride-caleiim
2.11 chieride-colelum
2.56 chloride-caleim
0.48 chioride-angrneiim
1.40 chioride-calolim
+0.21 biearbonate-sodiun
0,08 bicarbonete-sodium
0.85 chioride-negriseiim
0.25 chioride-sagresim
0.11 ehloride-megresim
*1.76 bicarbonate-sodium
0,01 unk
1.35 chloride-caleim
+0.20 bicarbanate-sadium
1.00 chiorids-coleim
*0.76 bicarbonste-sadium
*0.2¢ bicarhonste-sodim
3.11 ehloride-caleim
*0.93 bicarhonate-sodium
0.27 ehlorids-megrweiim
1.96 chioride-colciim
1.76 chioride-calelm
0.38 chiaride-megnesim
3.62 bicarbonate-gaditm
*1.12 bicarbanate-sadium
*6.49 bicarbonete-sodim
'3..0 ll\k
<2,02 bicarbonste-sodium
0.34 chiorids-magnesium
*$.68 bicarbarnete-godium
6,93 bicarbonate-sodiim
*11.20 bicarborate-sodium
*15.31 bfcarbonste-sodium

48.62
a.n
4.0
46.18
46.00
.82

“.»
.52

“.Q
“.32
L R4
7.8
&5
7.43
o.7
.21
66.16
48,16
6,63
68,48
47,55
46,46
43.08
.28
45.00
£5.02
46,9
48.60
48.08
4.5
47.85
48.16
2.3
0,39
8.7
48.55
49,1y

beCasilg
1.38

.
1.1
.8
3N
3.18

0 B 5
.48

.38
3.8
1.3
.42
2.4
.87
.3
Lm
3.8
"M
AN 14
1.52
2.45
1.5
1.97
LN
6.0
¢.98
3.06
1.40
1.92
1.65
2.18
1.84
V.64
0.61
1.83
1,48
0.87

deS0LeCL CLASS

48.91
49,08
1.5
69,04
8.5
«.7

48.36
6.0
4.3
48.08
.78
47,59
45.63
T.19
48.57
.02
.89
T.87
67.26
9,12
46.98
47.61
“.n
48,51
.62
46,13
47.08
4.0
Q.n
6.7
“'“
46.55
4.52
42.02
“.n

3
3
1
y
3
3
3
3
3
\
1
3y
3
3
1
1
3
1
3
1
1
3
1
¥
3
3
3
1
!
1
1
1
b
\
1
1
\
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LocATION FORM
10-04+68-2(US oxvH
06-16-63-24US CETH
04-26-63-23uS eEYH
12-10-60-22S aETH
07-10-60-25uS oETH
10-13-70-20u5 cgvy
03-03-70-23U5 eeTN
06°18-70-20US oEVN
06-03-70-25U5 QTH
02-64-70-01us6 QETH
19-94-70-01u4 @BYW
11-96-71-20S amTy
05-06-72-23US ogTH
02:05-T2- 23S aETH
04+04-73-03us CETH

10-31-73-0044 CETH

19°36T4-00u6 OETH

04-T3-75-205 OETH

16-20-75-04U6 aBTH

04-10-76-23u8 CETH

04-35-7T-22uS GETH

10-90-77-2615 oETH

OF-27-T7-28U5 CETH

19-25-77-11U6 aEvH

W34 T7-12U6 aEYH

12-11-78-205 oevH

10-20-70-22uS QEYH
01-12-T0-228 egvH
04e 12-70-23u8 eEvy

11-28-80-3\5 GETH
04-01-80-23US aETH
04-33-80-23U5 LTy
05-31-80-35U5 eeTH
07-35-20-10U6 GETH
11-01-80-11U6 GETH
06-34-81-25V5 qETH
05-15-81-26U5 CETH
10-91-81-0%U6 GETH

19-26-81-01U6 aETH
15-14-82-25\5 eETH
03-27-82-06u6 GETH
11-07-83-2205 GETH
07-16-83-23U5 GETH
11-21-83-23uS cETH
11-15-84-0006 GETH
16-13-85- 1208 GETH
11-13-85-26U5 GETH
10-23-846-01U6 GETH
14-25-86-0146 GETH
10-36-86-0146 GETH
10-27-86-0046 GETH
11-31-86-00W6 GETH
07-06-87-25V5 GETH
11-08-87-25V5 GETH

.

We/Cl  (Na-CL)/804 (Cl-Na)/g SULIN CLASSIFICATION awiis beCoig degOeC! CLASS

1.06
1.02
1.01
1.01
1.01
1.00
0.9%
1.00
1.02
0.9
1.00
1.00
0.97
1.01
1.02
1.02
1.2
1.05
1.08
"oz
1.02
.1
1.04
1.0%
o'"
1.06
1.9
‘.M
1.00
1.62
1.6
1.08
1.3
1.16
1.02
0.98
1.2
1.6
1.3%
1.7
1.18
1.3
.2
1,45
1.02
1.09
1.%7
1.00
0.%
1.02
0.93
0.98
0.99
1.05

8.9
UL T
1o.n2
2.86
30,61
o7
"uo“
.20
77,95
me
1,00
9,90
'“9”
.50
§.25
9.7
¢
10.30
.58
me
€.50
L84
5.1¢
.02
~201.%6
4,5
430,87
me
62,465
574.0%
108.02
1.49
178,20
1.5
0462
4.0
118.31
0.7
20,55
66,78
18.45
85.80
30.02
111,13
16.06
06,76
132.86
1.81
'27.73
.16
-382.29
~29.21
-10.22
5.90

*$,15 bicarbonste-sadium
*3,70 biesrborate-sodium
*1,07 blearbanate-sodium
*0,7t bicsrbonate-sodium
*1.71 bicarbonate-sodium
0,27 blearborate-sodim
1.30 ehloride-caleim
+0.07 blcarbonate-sodium
*1.18 bfcarborate sodium
0.39 chleride-nagneein
0,07 blearbonste-sodium
0.1¢ chloride-magreeitm
3.15 chloride-calecim
*0.3% bicarhonste-sodium
*1.80 bicsrbonate-godium
*3.10 bicarborete-sodium
*35,21 bicarbonate-godium
*2.12 bicarbanste-sodium
*10.72 blcarbonate-sodium
*0.8% unk
+*0.97 bicsrbonate-sodium
*5.56 bicarbonste-endius
3,31 bicasrbonste-sodium
*1.45 bdicarbonate-soditm
1.48 chioride-calehm
3,05 biesrbonate-sadium
*20,6% biesrbonate-soditm
"v" nk
*§.64 bicarbonate-sadium
*38.60 bicarbonate-sodium
*7.01 biearborate-andiim
*§.40 bicarbonate-godiim
*23.38 bicarbonate-sodium
*13.70 blearbonate-soditm
*1.84 bicarborate-sodiim
1.0( ehloride-coleium
*17.11 bicarbonste-sodium
*10,01 bicarbonete-sodium
*27.00 bicarbonate-sadiun
*10.40 bicarbonete-godium
*6.20 bicarbonate-godium
*10.64 biesrborete-sodium
*41.04 bicarhonete-godium
*52.36 biesrborete-sodiim
*1.02 bicarbonete-sodium
*0.48 bicarborate-sodium
*21.01 bicarbonete-godium
0.0 bicerbamate-sodium
1.18 chloride-caleium
*0.67 bicarborate-sodium
2.3 chloride-cateiun
0.60 chloride-megnesium
0.3 chloride-megnesium
*1.34 bicarbonate-sodium

45,36
4.8
4.
a.n
48.49
140
<7
7.5
43,30
an
48,55
.43
.75
48,15
4.3
49.03
W.
1.69
48.92
.
48,02
48.20
48.21
V.60
47.06
“.n
48.07
3.3
u.n
49.40
48,0656
“.»
H.n
48.67
48.30
48.00
8,97
48.66
49,15
.0
47.49
48.98
49.40
40.05
47.67
67.63
48.98
47.02
45.98
47.35
45.65
46.89
.77
47.%9

1.64
1.7
1.38
.8
1.51
.51
6.3
.40
.0
2.03
1.43
.57
3.5
.85
1.64
0.97
0.58
.3
1.08
.0
1.98
1.80
.o
.40
%
1.2
1.0
\ R4
.3
0.60
1.9
1.2
o.“
1.5
1.n
z'm
1.03
1.%
0.8
"m
.51
1.02
0.60
0.95
2.33
2.57
"oz
2.98
6€.02
2.65
6.3
3.
3.
2.61

45.84
1.7
.7
47,88
.80
IO
(8.3
61,435
1.5
.28
43.8%

.64
68.36

1.0
.00
1.9
.76
(5.62
5.1
46.85
07
.10
o
.66
.6
.80
.0
46,95
4.8
.85
QW
45.10
.07
.4
.2
.13
30.61
61.9%
36.80
1.0
40.51
40,05
40,8
n.n
46.90
6.9
5.7
47.00
“M.m
“'“
8.9
4.7
T3
45.61

\
1
1
1
!
\
3
1
1
3
2
3
3
1
1
1
|
1
1
1
1
1
1
1
3
1
\
\
1
\
1
\
\
\
1
3
1
1
1
1
1
1
1
1
1
1
1
1
3
1
3
3
3
1
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LOGATION
04:00-87-25US oW
10-37-87-61u8 QBTN
11-16-87-0206 BTN
10-15-87-02u6 CETH
00-10-87-02us agTH
03-32-87-03ué6 CETH
02-28-87-04us agTH
08-25-87-0%us oETH
10-37-88-22uS aETH
05-11-8-01u6 ogYH
11-35-28-0%6 cETH
10-08-80-35US agTH
00-185-80-04u8 Tl
04-16-00-07u6 ORTH
10-30-80-07u6 CETH
03-12-80-08U8 GETH
04-36-00-25uS aETH
07-03-00-10u6 aEYH
10-32-62-25 cETH
07-25-62-2S QETH
07-34~65-03s aETH
10-00-64-23US QETH
11+15-67-235 egvy
04-21-6T-2\8 CETH
10-11-68-20L5 GETH
06°15-68-20\8 aETH

FORM MasCtl

1.0t
1.03
1.17
1.40
1.6
1.06
1.0t
0.95
1.00
0.97
1.07
0.%6
0.97
0.98
0.98
0.98
0.9
"o’
0.93
1.7
o'”
0.91
va
1.00
00”
1.m

(Ne-CL)/S04  (CL-Na)/Mg SULIN CLASSIPICATION salls beCoviig deg04+CL CLASS

10.10
€. 20
113,84
406,20
43.56
$.11
2.7
.7
67.87
me
401,78
*10.75
5,50
-38.50
*16.3%
"ou
+0.9%
1.41
*287.12
2,01
*2.48
~108.88
'86.9‘
0.06
5.7
$1.58

*0.28 bicarbonate-sodium
*1.16 bioarbonete-sedius
*14.42 bicarborate-godim
*$3.57 blearbonate-soditm
*6.55 blearbonate-soditm
*1.18 bicarbonate-sodium
0,42 blcarbonate-geditm
1.91 chioride-coleim
*2.66 blearbarate-geditn
0.83 chioride-magnesim
*3.04 bicarbonste-sodium
0.93 chloride-sngresiim
0.92 chioride-megresim
0.9 chioride-megnesium
0.80 chiorids-magnesim
1.3 chioride-caleium
0.26 chioride-magrisim
*1.76 Mecarbonate-soditm
3.43 chioride-caleium
*0.7% bicarbonste-sodium
1.00 ehioride-caleiim
1.00 chioride-caleium
0.53 chioride-nsgnesim

0,00 sulphate-seditm
0.90 chioride-magresim
*0.30 bicarbonate-sadium

.68
o
0.2
030
..
or.s8
06,53
46,00
.8
6.8
.5
48,86
46,45
amn
6.9
arn
oY%
a5
.35
7.9
47,60
06,65
an
48,35
8.6
“ 18

L 8 -
.1
0.7
0.61
2.4
.45
.47
4.00
.10
3.15
1.48
6
3.55
2.68
3.00
2.28
.64
2.68
375
2.06
2.40
5.35
.28
‘.‘s
1.5

1.8

an
46.10
Q.0
8.2
42,04
46.08
5.5
$0.00
4,04
48,13
4.0
(1874
«8.40
48.56
8.6
.07
1.98
6.95
50.00
.48
4.»
W0
4.2
o.5
48,98
7.9

-aaaua-a-..auaaau.‘a‘@¢4.‘4¢¢‘
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LOCATION FORN
12-01-65-02us cAD
10-20-67-0%u6 CAD
06-26-68-00U5 CAD
11+00-68-04ué CAD
10-21-68-04ué eAD
11-35+68-006 cAD
04-25-71-10Us €AD
11+33-72-04U6 CAD
04-0573-04Us CAD
10-30-73-0016 CAD
15-00-74-01u6 CAD
10-33-74-01u6 €AD
07-26-76-03U6 €AD
04~08+74-04U6 CAD
05-22-74-0416 CAD
04-13-74-11U6 CAD
05-30-75-026 €AD
11-34-75-05us €AD
10-21-75-0045 €AD
10-30-63-24US cAD
10-28-63-26U5 CAD
10-35-43-265 cap
10-30-62-255 cAD
04+ 12-63-25U5 caD
10-08-43-25U5 cAD
04+11-63-265 cad
10-35-64-03u4 CAD
143084+ 13u6 CAD
16-30-86-13U6 CAD
10-20-60-23U5 CAD
05-33-60-23u5 CAD
07-34-61-20U5 cad
04-05-63-225 CAD
06°34-63-22V5 CAD
04-27-63-23W5 CAD
10-09-63-255 CAD
11-34-65-225 cAD
07-26-76-13u6 CAD
07-10-75-07us cAD
10-32-76-2045 CAD
10-02-76-0236 CAD
14-23-76-04u5 CAD
15-35-76-0Nd6 CAD
16-06-76-07W6 CAD
19-06-76-0836 CAD
11-23-76-00U6 €AD
16-07-76- 1146 cap
06-10-77-05W6 CAD
06-15-77-05ub CAD
16-21-77-06u6 CAD

Wa/Cl  CNe°CL)/806 (CL-Np)/Mg SULIN CLASSIFICATION esilp baCotiig degDieC!

0.9
0.96
1.0
0.08
0.97
0.93
0.95
0.98
0.90
0.97
3.08
3.
2.46
‘lm
1.00
0.97
3.25
a.“
0.97
0.98
0.98
0.99
0.98
0.98
o.w
0.97
0.97
2.7
1.1
0.91
o.w
0.93
0.96
0.89
1.00
0.96
0.%
0.9
1.01
0.99
z.n
3.62
2.56
1.04
1.55

. 1.82

2.65
en
3.56
3.26

36,69
me
.w
err
(6,92
*677.63
0.66
6. 11
*75.10
6. 27
30.48
T2.%
78,40
-0.80
.47
~350.20
108.8%
25.80
~101,9%
*301.20
Ere
*117.86
*43.48
+206,10
EnR

e
453,83
(3.6%
3.86
*110.66
'm's’
'u".ﬁb

2011.47
“.a

1.45 ehloride-calecim
2.68 ohleride-caleim
0,73 blearbonate-sodium
2.1 chierideccaleim
1.47 chloride-caleim
2,32 chleride-calein
1.48 ehloride-caleim
1,35 ohloride-calein
0.83 chioride-mapnesium
13.08 ehlorida-coleium
*135,81 blearbonate-sadium
*487.31 bicarbonate-goditm
*1527.28 bicarbonste-sodiim
0,05 chioride-ssgrwsium
0,17 chioride-magnesiim
1,30 ehloride-caleium
*08.21 bicarbonate-gedium
*131.46 bicarbonste-godium
1.37 ehloride-coleim
1,53 chioride-caloiwm
2.66 chioride-coleim
0.78 ehloride-magresim
1.30 chioride-caleim
.20 chioride-coleium
1,62 chioride-caleium
2.48 chiorideccalefum
.13 chioride-coleim
+20.12 hicarbonate-sodium
*4.02 bicarbonate-soditn
2.98 chiorida-coleim
3.32 chloride-cateium
$.40 chioride-coleium
2.62 ehloride-calefun
3.30 chtoride-celcim
0.33 chicride-magresiin
1.5% chioride-colecium
1.11 chioride-caleitm
1.90 chloride-catlefum
+0.66 bicarbanate-gsodiun
0.40 chioride-negnesin
*500.8% bicarbonate-sadium
*340.88 bicarbonate-sodium
*535.88 bicsrbanate-sodium
*2.72 bicarbonate-sadiwn
*157.64 bicarbonste-sodium
*110.28 bicarbonate-sodium
+63.48 bicerbonste-godiun
+33.58 bicarbonate-sodiun
*137.93% bicarbonate-sodium
=101.76 bicarbonate-sodium

€8.5¢
7.2
8.98
48.1¢
3 X7
X
€6.63
48.18
«8.57
€682
49,63
0.3
0.0
8.68
@
61.32
(8,90
49.50
67,63
8.2
TR ]
8.7
8,26
47.80
48,66
%
.67
67.60
66,68
485,16
.57
“lu
“'”
6404
48,70
47.60
48.21
.22
48.16
.47
9,46
.67
49.40
48,13
9,82
9.5
0.1
¢8.08
49.30
49.08

1.46
.7
1.02
1.8
3.56
4.01
L B 14
1.88
1.3
3.48
0.57
0.57
0.1
1.5§
""
2.68
1.01
0.50
.57
1.7
.9
1.9
‘.76
.20
1.%
.26
.9
2.40
3.32
686
$.43
.r
3.07
$.96
1.30
2.w
.»
3.
‘.“
2.5%
C.54
0.53
0.60
1.87
0.18
0.4%
0.89
1.9
0.70
0.92

9,02
.30
45.58
60,16
.06
9,41
9.6
.07
.92
.2
w.n
15.20
20.67
48.50
“.%
.02

15.38

4.90
.60
.m0
.00
9,15
€0.06
.76
0.9
40.15
W.2
18,20
Q.6
40,38
0.0
49.58
40.18
0.3
“'“
0.6
48,85
0.
.87
48.01
18.37
3.7
19.%
46,38
32.38
ar.38
19.26
17.26
13.87
15.58
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LOCATION  Fomw
07-31-77-078 CAD
06-T3+77-10US CAD
07-32-77-11Ué €AD
07-10-77-13ub €AD
061877+ 106 £
07-30+78-04us cAD
1610+ 78-0406 €AD
10-35-78-08u6 €A?
06-21+78-10U6 CAD
10-23- 78+ 10us CAD
10-37-78- 12 CAD
06+30+79-03us CAD
16-33-70-06U6 CAD
05-20-70-0N6 €AD
19-17-70- 1046 CAD
11:07-80-0616 CAD
06 16+80-048 CAD
05+33+80- 0646 CAD
14°26-80+0TM6 €AD
11-23-80-00U8 CAD
10-26+80+ 1046 €AD
16°26-80- 1246 €AD
07-33+80- 136 CAD
19°01+81+04u8 €AD
10+05-81-05U5 €AD
07+17+81-0846 CAD
01+33-81-10Us CAD
10-32-82-0%6 CAD
06+10+82-0I8 CAD
03-33-82- 1046 CAD
07-27-83-0146 CAD
11:06+83-0848 CAD
10-10-83-0846 €AD
10-08-83-00U$ CAD
10-23-83-00U6 €AD
07+17+83-10us CAD
04+02-84-0Mi5 CAD
16°01-84+00u6 CAD
08-03-84-12u6 CAD
08+28+84+126 CAD
07-11-85-03uS €A
11-10-85- 1146 CAD
08+19-85-12U6 €AD
162585+ 136 CAD
06+16-80-006 CAD
13-15-80-0045 €AD

Ne/Ct

.07
.80
.56
1.86
6.00
6.61
6,32
3.30
.n
N
3.08
¢.08
5.5
6.5
5.40
6.
.07
5.®
6,07
SVM
)07
.0
2.98
$.9%
6,62
656
7.%5
6.52
3.5
.47
3.53
3.49
3.2
.47
4.20
3.87
3.47
2.90
2.61
2.6
‘.m
1'n
1.75
0.96
0.97

160

C(NaCLI/206 (CL-Na)/Ng SULIN CLASSIPICATION suia bsCosig Gag0WeC! CLASS

a.m
1143. 51
.03
160,04
0249

8307.63
1315.52

205,73
126,34
69,05
173,52
158,95
8.3
3.20
(4.1 ]
503.76
(11
233,96
ar.67
28,76
ar.56
3.6
006,38
2680,85
986,64
85,15
.81
121.19
2.49
182,90
47,61
138,35
ERR
1635.54
02.75
119.62
e
61.12
1018.58
18.90
20.65
88.55
48.26
“'w
*11.20
*19.88

+226.95 blcarbornatersodium
*146.60 biesrbonate-goditm
248,45 bicarbonste-sedium
*630.13 bicarbonate-sodin
+222.63 biesrhonste-sediue
*164.51 biearhonate-godim
*05.12 bicarhorate-sodiun
*216.50 bicarbongte-sadim
*303.36 bicarbanste-gaditm
+856.53 bicarbonate-godium
*135.57 bicarbonate-sadiim
*261.40 bicarbanate-sodivm
80,52 bicarhonate-sodivm
*380.40 bicsrbonate-sodium
R unk
+*85.90 bicarborate-soditn
'”vn m
*165.82 hicarbonate-sodim
*162.92 bicarbonate-sodiim
*076.39 bicarbonste-sodivm
*147.81 bicarbonate-godiim
*116.27 bicarhonate-godiim
*75.65 bicarbonate sedium
*84.80 bhicarborate-gadium

*269.21 bicarbonate-godium
66,95 bicarbonate-sodium

*78.26 bicarbonate-gsodium
*306.55 bicarbonste-sodium
*588.66 bicarborate-sodium
<138.82 bfcsrbonate-sodium

*16.85 bicarborate-sadim
*134.17 biecarborate-sodium
*160.43 unk

68,12 bicarbonate-sodiwg

*55.43 bicarbonate-sodivm
~185.13 biearbonate-sodium
*R1.7 unk

+55.99 bicarbonste-godium

ERR bicarbonate-sadium
*116.41 bicarbonete soditm
*121.28 bicarborate-sodium
*113.90 bicarbonate-sodium

*58.32 bicarbonate-sodium

*32.21 bicarbonste-sodium

1.86 chloride-caleium
1.48 chlorids-caleim

60,40
60,40
@
€80
w.n
0,07
a8
.3
0w
0.0
061
0.2
@7
.07
60,61
.07
0.2
0.6
9,00
9.0
0.6
0.3
48,60
©.18
9,20
.62
(8,63
0.2
8.3
9,05
3%
032
0.2
@R
8.8
0.63
9.20
08,68
48,06
.3
0.2
09,66
0319
9,00
46.78
47.60

0.0
0.40
1.0
0.20
0.20
0.93
1.48
0.64
.73
o.7
0.59
0.7
1.8
1.0%
0.50
0,93
0.7
0.58
1.00
0.9
0.84
0.61
1.40
0.82
0.80
1.38
.5
0.75
1.66
0.95
4.66
0.68
0.
1.28
' "6
0.37
0.80
1.55
1.04
o.“
00'6
0.56
0.81
0.91
.2
2.40

15.93
16,94
10.18
1.4
.38

8.2

L8 14
11.60
%81
13.56
17.01
16.20
11.93
10,93
11,40

9.00

7.80

.77

N
13.35
1.1
13.Q
1%.%
16.52

a5
11.68
11.66

7.05
12,38
1%.17
18.95
16.21
16.12
16.98
10.87
12.16
12.73
16,58
16.90
20.48
21,56
ar.n
29.07
28.59
W.18
8.9

1
1
\
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
3
3



