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Abstract

Geophysical well logs are continuous records of physical parameters of
the fiuid-filled rock formation beyond the borehole. The measurements may be
interpreted in terms of iithology, or transformed into shale volume, porosity,
permeability, or other petrophysical properties. This study reviewed and
mmmammmmmmmmwmmmmm
geophysical well logs to examine their potential use for hydrogeological
investigations in shaly sandstone.

The numerical aigorithms and cross-plotting methods invoived logs of
tatalgammm natural gamma ray spectroscopy, neutron porosity, bulk
density, density porosity, photoelectric cross-section index, sonic traveltime and
free fluid index, complemented by core measurements of porosity and
permeability. T“mﬂﬂﬂbmmﬁdbmmdmms
recorded in south-eastern Alberta over an Upper Cretaceous section of
sandstone, shaly sandstone and shale. The procedures of implementation were
modified to cope with the 700 m long interval of continuous data records in
digitized format with the aid of computer spreadsheet programmes. The
empirical algorithms were applied above the limits of shale volume or clay
content implied by the original derivations.

Comparisons of methods, on theoretical basis and in terms of compute
results of porosity, mmmﬂmmmmm
parameters as closely related. Excessive clay mineralogy did not invalidate the
analytical aigorithms. All seven core-calibrated, porosity profiles
mmmmmmﬁmmdmwﬂa
to 27 %, and also with porosities measured on core samples from adjacent
townships. However, more detailed ve data sets are necessary for the
refiable evaluation of accuracy. TWMMO‘MWM
used to generate closely related, contin permeability r rofiles with

calculated values ranging from 10-2to mmmm«:mm
fiuid index was favoured over the one relying on statistical ca
imited core porosity and core permeability, because the more direct approach
of caiculation allows for fewer uncertainties and recurring emors. The accuracy
ﬁhmmﬁﬁwﬁhmﬂﬂﬂhwmmum
an insufficient number of core values for comparis

: ) qualitative 90IOg of
pohgynrﬂh“ﬁltyﬂumnﬁmﬂﬂhadseﬂmﬂyﬁw
interpretation may require adaptations.
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1. Introduction

The science of well logging dates back at least to September 5, 1927. On
that day Conrad Schiumberger, accompanied by his brother Marcel, applied his
adaptation of an electrical surface exploration method in the first series of
measurements of resistivity in a borehole in the Pechelbronn Field of France
values plotted manually on graph paper against depth. This first and
subsequent logs were used primarily by oil prospectors and their driflers for
correlation and depth control purposes. To the present, petroleum
expiorationists have been directly and indirectly responsible for the most
significant developments in the acquisition, processing, analysis and
interpretation of well logs.

Al this time, no geophysical well logging methods exist 1o directly
surrounding the borehole. The application of well logs is restricted to providing
permeability.

From a hydrogeoiogical point of view, geophysical well log analysis may
formational hydraulic communication. For such studies k is necessary 0
examine the hydraulic continuity of rock formations, ranging in size up fo
basinal scales on the order of tens and hundreds of kilometres. A subsuriace
rock body is said 10 be hydraulically continuous on a given time scale, i &
change in pressure in any of its points can cause & change in any other point,
within a time interval measurable on the specified time soale (T6th, 1980). R

1




may be extremely difficult to prove hydraulic continuity or to quantify the degree
of cross-formational hydraulic communication comesponding to a specified time
scale. With interconnected pore space being the primary requirement for
hydraulic communication, however, continuous permeability profiles spanning
the entire depth of the stratigraphic column under investigation, including tight
Computer modeliing is generally employed for thorough investigations of
cross-formational hydraulic communication in sedimentary basins. Both
porosity and permeability profiles, as well as continuous records of shale
volume, may contribute significantly to the definition of boundary conditions and
various input parameters to enhance the quality of the final model of flow
systems. By considering some of the primary effects of moving groundwater
scope of applications in the mining and petroleum industries, hazardous waste
containment agencies, groundwater resource developers, etc. (Téth, 1984).

studies or large-scale basinal studies, for example, commonly lack such spatiel
ithologic endpoints of the calibrations are dificult 10 define (Pailiet and
2




Crowder, 1893). Such is the case for this thesis project. The mathematical
aigorithms and the interpretation procedures used have been generated
predominantly by or for the petroleum industry; their applicability in
hydrogeology is potentially challenged most prominently by an abundance of
clay minerals.

In this investigation of the potential use of geophysical well logging in
hydrogeology, the objectives are:

(1) to provide a review and comparison of the most conventional qualitative
and quantitative methods of geophysical well log analysis for shaly
sandstone lithology, and

(2) to apply these methods in the analysis and interpretation of two suites of
well logs for lithology and formation correlation, as well as for the
generation of continuous shale volume, porosity and permeability

profiles.



2. Theory and Bofkgtound Information

Some basic theory must be introduced before any actual analysis or
imerpretation may be performed. Sections 2.1 and 2.2, therefore, provide
definitions of key words used in subsequent discussions, and explain scientific
principles upon which the majority of analytical and interpretational methods of
well logging are based. Section 2.3 draws attention to some particular
mineralogical and sedimentary characteristics of clay minerals and the
intiuence of these on well logging. Sections 2.4 and 2.5 contain necessary
background information, such as the type of data available for application in this

study and the geological setting, for Chapter 3.

2.1. Hydraulic Conductivity, Permeability and Porosity
After experimentation with an apparatus similar to that ilustrated in
Figure 2.1, Henry Darcy established the following expression (Darcy, 1856):

a=k 2 h+e). (2.1.1)

He defined the variables as: q is the flow rate of water, k is a coefficient of
proportionality depending on the permeabiiity of the sand layer, s is the suriace
area (cross-section) of the sand layer, @ is the thickness of the sand layer, and h
is the height of water above the sand layer.

Hubbert (1940) proposed that Darcy’s proportionality coefficient not only
depends on the properties of the medium through which the fluid flows, but aiso
on the properties of the fluid itself. Following experimentation (Figure 2.2) and
mathematical derivations, Hubbert introduced Dercy’s Law as

q=-k 3 2.1.2)



Hnumz! Schematic illustration of the apparatus used by H. Darcy for
priments on fluid flow (modified afler de Marsily, 1906, p. 59).
5
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where K = 5? . (2.1.3)

q is the specific volume discharge, i.e., volume of discharge per unit area, of &
fluid of density p and dynamic viscosity i; 31 is the hydraulic gradient
expressed as a differential representing the ratio of (h2 - hy) to | in Figure 2.2; K
is the hydraulic conductivity, sometimes referred to as coefficient of
permeability; k is the intrinsic permeability, aiso calied specific permeability or
simply permeability; and g is the acceleration due to gravity (de Marsily, 1966).
The constant Q in Figure 2.2 represents the inflow and outflow rates or fluxes.
The dimension of permeability k is that of a surface area:

_fal] 1.
(53] te1 101 @1

(length time-1) (mass length-1 time-1)
* (length length-T) (mass length-3) (length time-2)

= (length2) .

Rather than in m2, k is commonly measured in darcys (d), where “One darcy is
oqual t0 0.967 x 1012 m2, and is defined by a medium for which a flow of 1
cm3/s is obtained through a section of 1 cm2, for a fluid of viscosity 1 cP, and &
pressure gradient of 1 atm/cm (760 mm Hg/cm)” (de Marsily, 19686, p. 60).

When Darcy's Law is taken from the controlied environment of the
laboratory to0 the rock formations in the fieid, permeabiiity, and therefore
hydraulic conductivity, may show variations in space and with direction of
measurement (Freeze and Cherry, 1979). A formation has a homogeneous
permeabiiity distribution # permeability is independent of the position within the
medium. in contrast, a formation has a heterogenecus permeability distribution
if permeabilty is dependent on the poshion within the medium. The formation s
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isotropic if permeability, at any point within it, is independent of the direction of
measurement. If the permeabiiity varies with the direction of measurement, the
formation is anisotropic at that point. Any medium of flow may show one of four
possible combinations of these properties: (1) homogeneous, isotropic; (2)
homogeneous, anisotropic; (3) heterogeneous, isotropic; (4) heterogeneous,

the geometry and rate of fluid flow.

Considering a mode! in which the total volume of rock is separated into
volume of the voids
* volume of the rock
(de Marsily, 1988). Porosity is a scalar quantity, generally expressed as a
dimensionless decimal fraction or a percent.

As a sedimentary rock quality, porosity may be divided further (Sheriff,
1991): primary porosity is the porosity remaining after the sediments have been
caused by subsequent chemical action or flow of water through the sediments,
is called secondary porosity. in terms of grain size and shape (Freeze and
Cherry, 1979), porosity is enhanced in well-sorted sedimentary rocks made of
grains of approximately equal size, as well as grains of somewhat spherical
shape. A mixture of grain sizes and platy grains tend 10 lower porosity.

To investigate fiuid flow in the rock, the total porosity as defined above
1o the surface of grains through molecular attraction, water bound in the

8
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molecular structure of minerals, and water contained in dead-end and
unconnected pores does not circulate in the rock volume. The complement, free
water, may move under the influence of an external force like gravity or a
pressure gradient. Effective porosity, also called kinematic porosity, is the ratio
of the volume occupied by free fiuid to the total volume of rock.

2.2. Principles of Well Logging

A geophysical well log is a record of one or more physical
measurements as a function of depth in a borehole (Sheriff, 1991). In this study,
as in general log analysts’ jargon, the noun ‘log’ is applied in three senses.
Firstly, ‘log’ refers to an individual curve showing one particular measurement.
Secondly, ‘log’ represents an entire record which may contain curves of several
measurements. Thirdly, ‘log’ is a synonym for tool’ or ‘sonde’, i.e., the
measuring device. The reader is assured that context here will convey the

appropriate meaning.

Logging invoives the measuring of physical properties of the material
around the borehole (Sheriff, 1991). Akhough the measurements are made
under in-situ conditions, they are affected by disturbances introduced by such
processes as driling, hole maintenance, and previous logging activity. The
disturbance caused by invasion has played a role in the development of the
majority of acquisition and analysis techniques of well logging. invasion refers
to the penetration of driling fiuid from the well bore into the rock, or in other
words, o the displacement of formation fluids as a result of the excess pressure
of the mud column with respect 10 the pressure of the formation fluids (Sherift,
1991).



As the mud enters permeable zones, its solid particles tend to build a so-
calied mud cake on the borehole wall, limiting further penetration of the water
portion, known as mud filtrate, into the formation. The zone directly behind the
mud cake, from which aimost all the formation fiuids have been displaced by
mud filtrate, is calied the flushed zone (Telford et al., 1976; Sheriff, 1991).
Acquisition and analysis techniques incorporate the effects of invasion on the
rock and the fluids it contains, and the depth of the invaded zone. For example,
different configurations of the measurement devices inside the logging sonde
achieve different depths of investigation. Also referred to as depth of
which contains the material whose properties dominate the measurements
(Telford et al., 1976; Sheriff, 1991).

A large number of well loggin) methods have been developed based on
physical concepts and some specifics on the toois with which the logs used in
this study were recorded.

Electrical methods record either the electrical conductivity or resistivity,
bonhobmobdrodnuw(shdopohmhl lmid—pndonpnbnﬂllm

fluids. Only two processes are of significance in sediments logy withou
mmmmmmmmwmmmwh
a resuRt of shale's permeability 10 sodium cations (Na*) and relative

impermeability 10 chioride anions (CI). Sodium cations pass from saline
10



formation water in permeabie beds into adjacent shales which act as
membranes, then into the fresh-water mud - or vice versa from mud to formation
water if their relative salinities are the reverse (Figure 2.3 a)). (2) The liquid-
junction (diffusion) potential is generated at the interface between the mud
filtrate in the invaded zone and the formation water beyond. Because of the
greater mobility of chioride anions than sodium cations, a net ionic flow will
result from the more saline fluid 0 the fresher fluid. (Figure 2.3 b)). The

a movabie electrode down-hole and a fixed reference electrode at the surface.
(Telford et al., 1976; Tittman, 1988; Sherrif, 1991)

Sedimentary rock minerals, ¢.g., siicates, oxides and carbonate, are
practically non-conductive, 1.e., highly resistive (mostly 1 to 108 Q-m -
ohmemetres). Distilled water, t00, is non-conductive. Formation waters are
saiine solutions, however, containing anions and cations which aliow electrical
currents to flow. A:amnmmmmmmm
formations are dominated by the rock porosity and the lonic tion of the
ﬂuldlﬁllngthomd(pom mmmumaydny
into the formation around the borehole and the measuring of a potential or
voltage. In order to best approximate the true formation resistivity beyond the
invaded zone, the dual laterolog, & member of the group of focussed or guard
logs, uses two sets of two bucking or guard electrodes plus two sensing
electrodes arranged in mirror-image style vertically about the central curent

1
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|, = measure current

i, = bucking current

A, = center electrode

A, A/, A;, A’ = bucking electrodes
M,, M,', M,, M," = monitoring electrodes

Figure 2.4: Schematic ilustration of the electrode configuration and current
distribution for a dual isterclog in an infinite hos 3us isotropic medium.
The sonde is mmmnmmﬁm the deep

(LLD) and (LLS) systems at difierent re
simultaneous recording

(ﬁm ahter Suau ot al., 1972, pa)* |
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laterolog empio) s them as return electrodes. By operating at different
frequencies, the electrodes are used in different circuit configurations to
achieve different depths of penetration. The deep iaterolog measurement may
penetrate as deeply as 3 m and, thus, generally extends beyond the invaded
zone while the shallow laterolog measurement usually records potential in the
invaded zone. The microspherically focussed log is frequently attached to the
dual laterolog tool to measure the resistivity of the flushed zone. its shallow
depth of penetration is aftained with a miniature iaterolog-style electrode
configuration mounted on a small pad which is forced against the borehole
wall. (Tittman, 19886; Sheriff, 1991)

methods. The instruments are designed to measure either natural or induced
radiation in the formations surrounding the borehole.

Nearty all of the natural radioactivity encountered in the earth is due to
potassium isotope of atomic mass 40 (40K). During nuciear disintegral
and daughter products of uranium (238U) and thorium (232Th), emit pure
electromagnetic radiation of a certain band of wavelength, namely gamma rays.
The energy level of the gamma ray represents excess energy and is thus
isotope to the next in the series. 0K decays directly 10 the stable isolope argon
40, while 238U and 232Th decay sequentially through a series of isotopes or
respectively). The decay of 40K emits gamma rays of 1.46 MeV. The two decey

14




peaks at 2.62 MeV (thalium 208 of the 232Th series) and 1.76 MeV (bismuth
214 of the 238U series) (Figure 2.5 a)). The conventional gamma ray log
employ spectral analysis to identify the presence and abundance of isotopes in
discrete energy windows (Figure 2.5 b)). The results are displayed as logs of K

(AP! units). The gamma ray sonde contains a scintiliation counter to measure
the gamma radiation emitted by the surrounding rock volume. The depth of
penetration is approximately 0.30 m in sedimentary rock formations. (Telford et
al., 1976; Schiumberger, 1989; Sheriff, 1991)

The density or gamma-gamma logging tool emits monoenergetic gamma
rays from a concentrated source, e.g., cesium 137 at 0.66 MeV, and records the
intensity of gamma rays back-scattered from the formation, with a scintiliation
mechanisms. (1) The dominant of these is Compton scattering, whereby the
available for repested scattering with diminished energy (Figure 2.6 a)). (2) The
photosiectric effect (photoconversion) invoives the lberation of bound atomic
(3) i cobak 60 serves as source in the 100, some pair production may occur.
2.6 ¢)). The gamma ray intensity measured by the density 100l is proportional to
the electron density of the formation and, thus, proportional 10 bulk formation
density. The 100! may penetrate up 10 about 0.15 m beyond the soft surface of

18




(a) 100 l Potassium (“K)
isolope
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Energy (MeV)
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Figure 2.5: (a) Characteristic emission spectra produced by the nucieer
amé)ammmuumummmm.



(a)

(b)

)

Figure 2.6: Schematic ilustrations of the three modes of interaction between
rm- rays and electrons: (a) Compton scatiering, (b) photo conversion, and
c)mwﬁmﬂﬂdm(mﬂdﬂm 1983, p. 172).



0.08 to 0.10 m. The compensated formation density log is corrected for mud
cake and borehole-wall irregularities. (Telford et al., 1976; Sherif!, 1991)

the matrix of the formation (pme), the density of the fluids contained in the rock
converted to a density porosity log. The process is purely computational in that
the density porosity log is the continuous solution to the equation

o fpma-po) (2.2.1)
(Pm: pr) ]

Pma 8nd py are assumed values for sandstone, imestone
water, W(SQMW 1989).
The pctric absorption log is a curve of the photoelectric
absorption cross-section index. An advanced version of the compens
formation density tool, hmwwﬂmﬁii
The scintillation detector measures radiation in two energy windows which
fication of ithology. (Telford et al., 1976; Schiumberger, 1989; Sherift,

or dolomite and fresh

1991)
The last tool in the group of radioacti

ity methods is the neutron logging
tool. A source in the neutron logging 100! bombards the rock formation with high
18




neutrons down to thermal energies. The energy loss is greatest for encounters
with nuciei of mass comparabie to the neutron mass, mainly hydrogen atoms.
The compensated neutron log uses two detectors spaced at different distances
from the source to count the thermal neutrons. Subsequent processing of the
dolomite or sandstons). included in this porosity is the effect not only of the

m:ﬁixdnimrnhmdtn&n Thuhpthd pnetration of the
WWMMMKMM Rmnybnmm

ger, 1989;

filed high porosity formations. (Tmsm_, 1976: Schiumbs

Sherift, 1991)

demmmnm

The sonic log (acoustic velocity log, siowness log or COntinuOus-veloc
bu)mﬂnnﬁm(uﬂh)hnhﬁcmpﬁmﬂm i.e., the
SOMPressional waves, bnﬁlﬂnd“.m) ves (secondary waves,
m“m“.m).wmwmmum
waves in a borehole (0.9., Love and Rayleigh waves). The borehole
w:ﬂdmﬂcﬁ“dmm‘ﬁﬁmm
mately and are positioned above and below the two pairs of receivers
(Figure 2.7). The fastest travel path in the formation surrounding the borehole is

for P-waves. i is only for theee “lirst arvivais” that traveltimes are measured.
19
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Compensation for borehole rugosity and tiking of the sonde is attained by
averaging the traveltime values obtained from the two sets of measurements. in
the same processing operation, interval traveitimes are integrated to produce a
log of total traveltime. A continuous porosity log may be computed with the
empirical time-average equation (also referred to as Wyllie relationship;
enunciated in Wyllie et al., 1956):

.

or, (2.2.3)

(Teltord et al., 1976; Tittman, 1986; Sheriff, 1991)

A magnetic method, the nuciear magnetism log or free-fluid log is based
corresponds 10 a single proton, hydrogen possesses & magnetic moment or
dipole, which tends to align itself with the magnetic field impressed upon the
mw:mhhmmm slar t0 the Earth's
mmﬁu“;mdﬁmmnmm NOMentum
vector. The result is a precession of the anguiar momentum vector about the
axis of the applied fleld (Figure 2.8). The precession frequency (aiso called
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magnetic field. After a sufficient length of time, on the order of seconds, protons
do align with the extemal field. Once the field is tummed off, the polarization
Earth’s magnetic field. While gradually retuming to the original siate, the
ampiitude is proportional to the number of protons in the formation. The
a substance with time in the presence of a constant external field is calied the
second phase of the measuring process, is the thermal relaxation time (T2'). As
magnetic field cause the spins to dephase. Consequently, T2' , the constant
goveming the rate of polarization decay is less than or equal to T4, the constant
characterizing the rate of magnetization. Ty depends on the interaction of the
hydrogen protons with their nuciear and atomic environment. For example, T4,
and hence T2', is very short for protons bound in solids and to surfaces, ¢.9.,
water to clay minerals, and contained in doped mud, but relatively long for
precessing protons in bulk fluids is observed. The signal is corrected for effects
represents the bulk volume occupied by fluids which are free 10 flow. Since oil
and water have similar proton contents, both contribute 10 the free fluid index.
Actually, with the t00i’s shaliow depth of investigation of 0.08 t0 0.15 m, the free
fluid index responds mostly 10 filtirate and possibly remaining oil in the invaded
zone (Straley et al.,1991). (ENs, 1967; Schiumberger, 1989; Sheriff, 1991)
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The caliper log is a mechanical device which is attached to most logging
sondes to measure borehole diameter. Depending on the number of "arms” of
the tool, the recorded log may show one or several curves representing the
diameter in one or several directions. For comparison, the bit size, i.e., the
diameter of the bit on the end of the drill stem, is commonly displayed as a
constant on the same grid scale.

23. Clay Minerals
measurements and permeability distribution.

To avoid a commonly encountered confusion, it is stated expiicitly that
the terms shale and clay are not to be treated synonymously. Shale is a grain
size definition of a fine grained rock of unknown mineral content (Cannon and
Coates, 1990, p. 2). “Clay” may aiso represent particles of particular size (2.43 -
10-1 to 3.9 - 10-6 m particle diameter according to the Wentworth particle size
classification; McQuillin et al., 1984, p. 134). However, in this study, the term
“clay” refers exclusively to clay minerals. In addition to precipitates and fine
mﬁﬁnﬁﬁhwﬁmdmmmmm 1908). The clay
Mmmmmmmﬁmnnﬁ
structure (Asquith, 1990). The layers or sheets of aloms consist of either
Mmﬁhﬁmmwmm or of silicon and
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have been lumped into four groups: kaolinite, smectite (aiso referred to as
montmorilionite), illite and chiorite.

Clay minerals are distributed in the rock formation in various modes
either as individual particles or as constituents of shale (Figure 2.9). Laminar
shales are strata (i.e., discrete interspersed layers) of shale a fraction of a
centimetre to several centimetres thick, interbedded with sand or sandstone.
pemahili’ty and porosity. Structural shales occur as shale and aay mineral
m.yhmmmmmn mmmmwrmmmwmﬁam
decrease in effective permeability and porosity is associated with dispersed

bridging (Figure 2.10). (Eliis, 1887; Asquith, 1990)

For the purpose of log interpretation, only those aspects of clay minerais
are discussed which influence logging measurements adversely or, in tum, may
mqﬂyarvoummoidqmwmhﬁm’ :

logging measurements. Hydrogen, 1Wmlnﬁmuf
hydroxyis, as well as in form of trapped water, strongly contributes 1o the
neutron porosity response. The eflect may be subdued or even compistely
masked, however, by the presence of large neutron abeorbers coOmmOnly

associated with clays (e.g., iron, potassium and boron). Primarily through the
25







(a)

Figure 2.10: Schematic Mustrations of the three modes of dispersion of
ic clay minerals: (a) pore lining, (b) pore filing, and e)mhii
aher Elis, 1987, p. 445).
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substitution of iron for aluminum in the sheet structure, chemical composition
has a noticeable impact on the photoelectric cross-section index because the
photoelectric cross-section index of iron is significantly higher than the
photoelectric cross-section index of most commonly encountered elements.
Gamma ray spectroscopy identifies the percentage of deflection on the gamma
ray log which is due to the potassium and thorium in clay minerals and, thus,
aids in the discrimination of clays from other lithological assembiages. (ENis,
1987; Cannon and Coates, 1990)

Another unique feature of clay minerais responsible for log perturbations
is associated with the platy or sheetiike structure of the minerals. As mentioned
reactions may be trapped between the plates of clay minerals. This water
reduces the resistivity reading and increases the neutron porosity reading
without contributing to effective porosity. The ability to adsorb lons, primarily
cations, is aiso a result of the structure of clay minerals. A negative surface
charge is produced because of substitution at the surtace of the clay crystals
accounting for additional gamma ray activity. in the presence of an electrolyle
dissoived ions in the solution, thereby reducing the recorded resistivity. (Dickey,
1968; ENis, 1987)

Finally, the type of clay distribution causes perturbations in logging
measurements. Again, the most prominent effect is evident in the formation
resistivity as the accessibie surtace for adeorption for the same volumes of
dispersed clays and laminated shales, for example, may be rather diferent. To
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the clay is less than the reservoir's pseudo-n {
imestone or dolomite), resulting in 100 high conversions to density porosity from
mz.zn.mamdmmmm“m-ﬁcunp-
wmmmmmhmmmmhm
high. (Eliis, 1987; Asquith, 1990)

2.4. Data Base
Most of the data and information tﬁdinlﬁiptoha’ morlginﬂy

mmwmdmmmhmdmm
suites of well logs, determined the location of the test holes (Figure 2.11) and to
some extent the scope of the study.

O!pmmrym“h ’ff’fﬂbﬂ.Tﬁbzﬂﬂm

wmos-omn-ommmo&as-oﬁmmmnwm
field of south-eastern Alberta, Canada. A complete collection of logs is
mwnmmmmcm ””” ol M(Eﬁca)hcubiry‘ )

the ERCB. In addition, the AEC Oil and Gas Company (Caigary, Alberta)
Wmdwmmmmm;L,ii,,f,,i::,
For easy identification, in and data pertaining 10 one of the two test
holes will be referred 10 as belonging to ‘S-7° or '8-36".

mmmnﬂmmhnhmm

(772.0 10 773.0 m below KB) and in the Basal Colorado Sandstone (867.8 to
2
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Figure 2.11: Location maps of the two study wells 5-7 and 6-36 at 06-07-017-
O7W4M and 08-35-017-00W4M, m
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871.8 m below KB). Production commenced on 1980 March 2. Until the
suspension of the well on 1991 October 1, a total of 989.9 < 10° m® of gas and
2.4 m® of water had been produced. The 6-35 well was sbandoned on 1969
December 21 because testing and logging failed to disciose evidence of
commercially recoverable hydrocarbons.

analyses from the ERCB. Shallow well information was obtained from the
Edmonton Branch of Aberta Environment.

2.5. Locsl Geology
The test wells are located in the interior Plains, i.e., the eastern segment

of the Wester Canada Sedimentary Basin. The physiographical province is
characterized by fiat to subdued topography underisin by thin, extremely
(Neison et al., 1970)

The stratigraphic section of interest contains the continental and merine
strata of Cretaceous age (Figure 2.12). The environment of deposiion was 8¢
by an epicontinental sea which extended into the interior of the continent from
the Arctic 10 the Guif of Mexico. Mostly because of tectonic activity in the
Cordilera 10 the west and subsidence in the foreland basin area, the shoreline
migrated through cycles of regression and transgression. The character of the
deposits was influenced by the changing sources of sediments. (Rudkin, 1970;
Wisiams and Burk, 1970)

For the purpose of log interpretation, the following brief stratigraphic
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log signatures (Figure 2.13).

Overall, the Colorado Group deposits represent a period of relstive
cence. With minor amounts of clastic detritus being generated in the
mmmmmmm hmmmdm

Sandstone, which forms the base of the Joli Fou Formation and thereby the
Mannville Group (Rudkin, 1970; Glass, 1990). The unit consists of variably
shaly, fine 10 coarse grained sandstone, with interbedded sikstone and

MMMHMMFMM(M1M)A
for the deposition of the Bow Isiand Formation (Rudiin, 1970; Stott, 1984). Up %0
espectively) in order of increasing age, may be separated in vertical

ccession by mudstone and shale sequences (Glass, 1990). The Bow isiend
m&mw-mmamm
deposited during a major, basin-wide transgression (Leckie, 1909), followed in
pﬁdﬁMW(ﬁiﬁ)maﬁdFﬁhmmhi

:mdmmunmwmmmhnm
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were at a minimum (Cant, 1989). Fish-skeletal debris, shaly chalk and skeletal
calcarenite indicating open marine conditions (Leckie, 1989) continue t0 be
abundant in the overlying shale and mudstone of the Second White Speckied
Shale. At its top, this unit incorporates a sequence of shaly sandstones and
sitstones termed the Second White Speckied Sandstone (Glass, 1990).
Shale rests a unit of noncaicareous shale and mudstone (Glass, 1990),
commonly referred to as Colorado Shale (Hanke! et al.,1989), which was most
likely deposited during a regressive phase of the sea (Stott, 1984). The First
White Speckied Shale, which constitutes the top of the Colorado Group, is the
result of another major transgression and is ithologically very similar to the
Second White Speckied Shale. A muddy sandstone and silkstone unit, known
localized sheif deposit (Hankel et al., 1989). k shows a basal contact

stated that the Medicine Hat Sandstone is incorporated within the First White
Speciied Shale, while other authors (Male and Pacholko, 19682; Hankel et al.,
19689) positioned it below the base of the unit. Since the log signatures in the
the Medicine Hat Sandstone is accepied as a unit separating the First White
sik (Male and Pacholko, 1962; Moinard ot al., 1963). The abrupt, conformable
contact 10 the succeeding Pakowki Formation is generally marked by a thin

chert pebble bed (Wiliams and Burk, 1970). The ithology of the Pakowkd
.




Formation is dominated by the marine shales of another major marine
transgression (Stott, 1984), with some thin silty sandstone and bentonite beds
(Wiliams and Burk, 1970).

The uppermost stratum recorded partially on the well logs below surface
casing is the Judith River Formation, formerly referred to as two strata, the
generally considered to be nonmarine coastal piain deposits (Leckie, 1969).
Overall, the Judith River Formation consists predominantly of interbedded

According to Williams and Burk (1970), and Tokarsky (1986), the Judith
mmmmﬂumm dﬁalymmnrﬁoﬁ!y
mcmmmmfmw“mmmm

comer of Alberta in a ) *:immmwhuﬂ%m

MM!MWNMIWB.Q&Q 1989). Due t0 the
effects of considerable erosion over iis axial region, the arch's influence on late

Cretaceous sedimentation is difficult 10 determine (Wiliams and Burk, 1970,
mmﬁusmnm manmmm
he topograp Bweetgrass Arch (Hankel ot al., 1909). Wiliams and
37




Burk (1970) expressed the possibikity of slight upward movement during post-
Colorado Cretaceous time. More recently, however, Shepard and Bartow
(1986) stated that the arch was inactive during that time period. The
Sweetgrass Arch acquired its present form during the Eocene Epoch of the
Tertiary Period, resulting from forces exerted on the west by the Laramide
orogeny and on the east by a subsiding and expanding Williston basin (Taylor
et al., 1970).




3. Data Analysis and Interpretation

Both log analysis and log interpretation are forms of art mixed with
science. Basic and even advanced knowiedge of terminology, principles and
concepts may be learned from a large assortment of literature including
handbooks (Hilchie, 1978; Asquith, 1982; Dresser Atias, 1982; Merkel, 1983;
Brock, 1988; Crain, 1988; Schiumberger, 1989), well logging text books
(Helander, 1983; Bateman, 1885; Hearst and Neison, 1985; Jorden and
Campbell, 1986; Tittman, 1986; Eliis, 1987), geophysical exploration textbooks
(Telford et al., 1976) and technical papers (Foster and Beaumont, 1980; The
Log Analyst published bi-monthly by the Society of Professional Well Log
Analysts; SPE Formation Evaluation published monthly by the Society of
Petroleum Engineers), as well as short courses (offered by professional
societies of earth scientists and engineers, and by logging service companies).
Because all methods of analysis are based at least partially on empirical
reiationships and the medium to be examined is that of the natural, or
required for in-depth analysis and interpretation. Intuition, which allows creative
processing and the integration of all availebie information for results that most
accurately describe the real conditions, is acquired through experience in the
selection and manipulation procedures, to the application of analytical
equations chosen from literature.

The purpose of log analysis and interpretation is 10 transiate the
measurements of parameters recorded in the fieid into parameters of interest in

3




between the measurements of various parameters, and the relationships
between the measurements and the properties of the rock formation.
Interpretation refers to the subsequent process of explaining the results of the
analysis. In log interpreters’ jargon, however, the term “interpretation” is often
appiidiniﬁnﬁm-mbﬂhmmiﬁdlm:mn in this

wmmhmﬁm;mmmmw
rock volume consists of a solid part made of minerals and their aggregates, and
void space filled with fiuid (Figure 2.9). An infinite number of combinations of
structural arrangements, chemical compositions, physical conditions and 8o
forth requires the division of the two principal components into subcomponents.
Clay and matrix minerals constitute the solid part; bound and mobile water, gas
and oil fill the void space. mmmmwn
oxmmdnuﬂam:ﬁmlyinmty -base '

mmwmnmwmmug matrix
density), or parameters which are assumed to be constant throughout the
Iogglngpman(-g Mﬁmmnﬂy)mlmmm;n
radiation. The dependent variable is the value of a parameter characterizing a
formation property (e.g., effective porosity), or an inlermediste value with no




3.1. Data Preparation

3.1.1. Well Logs
The well logs were obtained in pﬂﬂhd anubg format. For the

damltyi density pomﬂy neutron porosity, total gamma radiation, pho&oobaﬂe
cross-section index, deep and shaliow laterolog resistivities, spontaneous
potential, sonic traveltime and the free fluid index for both 5-7 and 6-35 were
digitized.

The I1BM-PC software used to digitize the log curves (LOGDIGI) and to
print the digitized parameter vaiues in log format against depth (LOGPRINT) are
products of The Logic Group (© Brown and Waish, U.S.A., 1987). The LOGDIGI
program aliowed for manual tracing of the logging curve on a digitizing tablet
with the logging data being output as a standard ASCI! file.
comparison of the thicknesses of the stratigraphic units in the sections
mnmﬂsoluﬂt)ndﬂnmmb i.e., the bed thickness

analyses of 5-7 and 6-35, and nearby wels indicate & heterogeneous lithology

thicknesses on the order of centimetres to many metres. Schiumberger (1969)

approximately 0.60 m for both the compensated neutron log and the dual

the bulkk density log; a relatively poor resolution of about 1.00 m for the nuciear
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magnetism log; depending on the acoustic frequency and the sediment velocity,
sonic logging tools may resoive beds of a minimum thickness of 0.30 to 1.20 m.
As bed thickness approaches or becomes less than the effective vertical
resolution of a tool, averaging occurs in the acquisition process and the
recorded value is a vaiue between the two maximum deflections. This apparent
or effective value depends not only on the thicknesses of all the units included
Eliis, 1987). Further, taking into account the 1:240 scale of the paper copies of
the logs, with the exception of bulk density log at a 1:800 scale, a sampling
interval of one metre was chosen. The vertical resolution of each of the digitized
logs is, thus, approximately 1 m, which is equal to the digitizing interval but no
edited. Corrections were made where the digitized version did not satisfactorily
mmmm-ndmmhhwmm
the digitized curves appeared somewhat smoother or more homogens
(FbunSE)n:mldﬂMWMThﬂbm
mmwmwmwmmmm
occurrences, localized drill fluid or borshole abnormalities, mechanical

' ,mmnmmwmmm

log of 6-35. These features are produced when the first arrival is strong enough
only 10 trigger one of the pair of receivers but not the other, which may then be
triggered by a later cycle. The spikes of abnormally high travelime were
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Figure 3.2: Comparison of the original and the dighized signatures over an
ry interval of the neutron porosity, deneity porosity and photoelectric

Cross-section curves of 5-7.
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The erratic curve signature from a depth of 256 to 264 m of 6-35 did not justify
replacement with imaginary or assumed values because of the length of the
interval and the heterogeneous sandy kithology. To represent the lack of data in
the bulk density, and therefore the density porosity. A curve of the density
correction applied to the bulk density measurement by the service company to
compensate for mud cake and rugosity is displayed alongside the bulk density
for intervals longer than 10 m in the Colorado Shale, Unnamed Shale and Joli
correspond with increases in the density porosity to anomaiously high values
with respect to adjacent units for which other logs show no markedly different
attended to as part of the specific procedures of data analysis later on.

A zero shift was applied by the fieid engineer on the spontaneous
potential curve of 6-35; possibly to avoid printing off-scale. At the depth of 765
m the curve jerks left by 60 mV. After digitizing had been compieted, 60 mV
were added to al spontaneous polential values from 768 to 882 m to comect the




The LOGDIGI output file was imported into a QuattroPro® (Boriand
Iinternational inc., U.S.A., 1991) spreadsheet for the actual numerical editing
and subsequent quantitative analysis. A compiete listing of the parameter
vaiues may be found in Appendix A. Log Sets A1 and A2 are the digitized
curves of the raw data.

No logs over shaliow depth intervals were available at Abberta
Environment in the immediate vicinity of 5-7 and 6-35. instead, spontanecus
potential and resistivity logs recorded at 04-04-017-10W4M and 05-10-018-
10W4M for the interval between surface and the top of the Mik River Formation
were combined to prepare a digitized version of representative logs. In
accordance with the original logs, the curves were digitized in one-foot
intervals. However, for more convenient qualitative comparison with the deep
logs of 5-7 and 6-35, the shallow logs were printed in metres (Log Set A3). The
original scales of resistivity and spontaneous potential were honored since the
different types of measuring equipment did not warrant comparison with deep
logs in absolute magnitude.

3.1.2. Core Analyses

For the purposes of comparison and calibration, the core analysis data
for 5-7 and 6-35 were converted into a format similar to that of the log data. The
permeability and porosity measurements corresponding 10 the small sample
imervals of several centimetres of cors were averaged over the specific one
metre intervals corresponding 10 single digitized log vaiues.

First, each core was depth maiched 10 the logs. The core gamma log was

compared to the digitized gamma ray log 10 shift the core into close
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approximation of its correct vertical position. The depth match was fine tuned by
comparing the digitized log bulk density 10 the core buk density. Also, where
siderite and pyrite are present in sufficient amounts, the photoelectric cross-
SPOCiroscopy Curves were available as well. Particularly the thorium, and to
natural gamma ray spectroscopy logs. The adjustments applied to the depths of
the individual cores varied from zero to one metre. Appendix B lists the raw data
pasurements over one metre intervals, i.e., from 0.50 m above t0 0.50 m

this manner 10 simuiate the averaging process incorporated into logging

P“.Z,@%ﬂ @11

where P; is the porosity measurement, D; is the thickness of core represented by
measurements are available) 10 one metre.

Core analysis may result in up 10 three permeability measurements from
both 0.00 m full-ciameter samples and drilled plugs of 0.0254 m diameter: Kmex
direction of maximum permeability (Kmex) and one perpendicular 10 k (Keo); the
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vertical permeability measured perpendicular to the horizontal plane is referred
to as Ky. The analyses for the two cores of 5-7 provided all three components
values, and few corresponding Koo and Ky values.
MKVMMWMW)WWOQ Km Koo and Ky
are different for one sample). This numerical obeervation is supported by the
Thin shale laminae of little lateral continuity, and structural and dispersed shale
contained in varying proportions in sandstone, cause permeabiiity to change
with position in the formation and influence the directional permeability.

mmmmdmmﬁmmm
direction becomes the goverming factor in deriving an averaging function
Wwﬂnmﬁm cmmmwwud
obtainable permeability vailue to be more representative of a bulk vaiue rather
than a horizontal or vertical directional vaiue. To compare core permeab

with log-derived permeabiiities, horizontal flow paraliel to the layering should
therefore be treated as dominant in core data analysis. High ratios of Kmex and
Kgo t0 Ky (see Appendix B) relate the relative importance of horizontal over
vertical permeabiiity, and further support the layer cake model with isteral flow.
Kmax is preferred 10 Kgo because i is avaiiable for all cores. in order 10 better
accommodate the five orders of magnitude (102 10 103 md) of Keax and 10 de-




converted 1o the logarithmic scale of base 10 for the calculation. The final
expression is that of a weighted geometric average:

Kavg = Sntilog (Z (9"—"‘9(1,'—("""”) (3.1.2)

corresponding 10 Kmaxi, and D is the total thickness over which Kmex is
averaged.

The results of the core porosity and core permeability averaging
calcuiations are listed in Table 3.1. ﬁwd-gmﬁmmﬂhmm

Sections 3.5 and 3.6.

3.2. Stratigraphic Correlstion

Several sources were consulted to identify geological formation tops on
the well logs of 5-7 and 6-35. Depths for major formation tops were listed in the
depths were supplementsc Nmmhﬁﬂmmm

Moinard et al. (1983); and Tokarsky (1908); and umpb logs by Tizzard (19,74).
Hankel ot al. (1889), and Martin and Yeung (1991). The log signatures of the
notmuldlﬁhd Mnmmmﬁﬁhdmm

On the represent potential and resisivity logs for the shallow
section, Mmmmm‘l‘oﬁw(iﬂxﬂﬁ
ithological descriptions, PIX cards (© Canada Petroleum information Exchange
Lid.), and a lexicon of stratigraphy (Glass, 1990). The relative signatures of the

49




L0

cozie

8Ll

60

0
=
o
o

|06'821

eleie

JHLIBE
et
33
TEeds

rieh

L1X 4

ey oL

= : " §
8
-]

g
M| L ERYENEEE HEEREEEEE
5
g
SEEEERE

RRREE

NYME0-L10-56-90 | £00-L060

$80] J0 sfeAISU| BuZIMOIP 01 BUPUOUSELID SIBAISIU SUISW-SUO JBA0 Z°L'C PUB |°|'C Suopenbe

yum pelaiear Ge-9 puB /-G )0 Amqeeuned wnwposw pus Axecuod j0 SUSWEINSISW Q0D :|1°C S8l



spontaneous potential and resistivity curves of the deep and shaliow logs
matched well for the Pakowki Formation and the top of the Mik River Formation.
The contact between the Judith River Formation and glacial overburden

casing on or near the top of bedrock, i.e., onto the Judith River Formation itself.
mﬂnmmmiwﬁmdmmmmﬁcmm

identified log markers.

3.3. Lithology

The primary objective of the lithological analysis and interpretation is to
pomstylndpmmﬁiﬂy in other words, mmw
n serves to bracket the range of expected and realistic values of
meters. Two ¢ roaches were taken to analyse the lithology
dhmﬁMWthS#ﬂG—SS First, the logging
curves were inspected visually to identify signatures characteristic of

The following written descriptions of signatures seen on the curves of 5-7
and 6-35 are ilustrated schematically in Figure 3.3. Table 3.3 lists depth
intervals in which examples of these may be seen on the curves of 5-7 and 6-
35. In Section 2.5 it was established that sandstone and shale are the two main
rock types in 5-7 and 6-35. The gamma ray log shows relatively high radiation
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Table 3.3: Depth intervals in which the characteristic signatures of
lithology shown in Figure 3.3 are displayed on the logs of 5-7 and
6-35

. Depth intervals on Logs (m below KB)
thology 08-07-017-0TWéM 06-35-017-09WaM
I
= s
sandstone 638 646
802-803 814816
839
969-672 874677
254200 241-254
o 3T
340-373 427459
shale 431450 oo740
624-635
e s
843-061
786-706
R
266-284
sandy shale/ 32"’::‘.1 507618
shaly sandsione s gon 753-758
807-820 761-783
837-840 831-840
317
45
338 682
. 640 005
bentonite poss posd
795 760
798
004
204
23224 215
278 347
334 438
calcitic or sideritic unit 580 485
591 815
73 550
811 87
085
oas filed sandsione 772778 no evidence




levels in shales and low levels in sandstones because radioactive elements
tend to concentrate in shales in association with clay minerals. Care must be
taken, however, as "All clays tend to be radioactive but all radioactivity is not
necessarily clay® (Cannon and Coates, 1990, p. 3). Highly soluble uranium
bearing sah precipitates, for exampie, may be deposited aimost anywhere
(Etnyre, 1993). The natural gamma ray spectroscopy log heips dissipate some
uncertainty as to the origin of radiation. The uranium curve of 5-7 exceeds the
relative base level, which is constant along the entire log, only in the First and
Second White Speckied Shales. No evidence of uranium-induced radioactivity
is observed in sandstone. Thorium and potassium are more reliable shale
indicators, since concentrations of both of these elements are lower in the
sandy units than in shales. The potassium in sandstone is associated primarily
with feldspars and micas.

The neutron porosity log is sensitive to hydrogen atoms in the dry clay
crystal structure and to the water bound to ciay minerals. The associated high
hydrogen index drives the derived apparent porosity above the effective
porosity in clay rich shales and sandstones. The extent of the effect of clay-rich
shales on the density porosity reading depends strongly on the contrast
between the buk densities of the shale and the sandstone mineralogies. The
total buk density of shale is generally higher than the density of quartz, which is
assumed as sand matrix density in the computation of the density porosity log
from the bulk density log with equation 2.2.1. The derived density porosity is,
therefore, lower than the effective porosity. The neutron porosity and density
porosity curves are usually piotted on a common scale grid to aliow relative
comparison. The separation between the neutron porosity and density porosity
curves widens with an increase in clay content and with increases in heavy

minerals. Cross-over of the curves generally indicates the presence of gas as a
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low hydrogen index results in low neutron porosity while low fluid density
results in high density porosity. In shaly formations the gas and clay effects can
cancel, or at least negate, each other.

The sonic log reading responds to the total traveltimes associated with
the minerals and pore-filling fiuids. These traveltimes are longer in shales than
in sandstone, due to the presence of clay minerals in the former. However, the
difference is partially offset by the low sonic velocities of fiuids that fill the
generally higher percentages of pore space in sandstone. The sonic log is,
therefore, not a reliable tool for visual lithology inspection.

The salinity or ion content of the formation waters of both 5-7 and 6-35
appears 10 be similar in vaiue to the salinity of the mud filtrate because the
spontaneous potential curve displays overall poor definition. As a result, the
spontaneous potential curve contributes little information regarding lithology or
permeabie units. For the same reason of similarity in ion content, as well as the
abundance of conductive ciays and a lack of appreciable hydrocarbon content
around the well bore, the resistivity curves are aiso of little value for determining
formation. Slight reduction of the resistivity readings in shales with respect to
Sandstone may be due to clay effects, or may imply that the formation water is
size, build up adjacent to permeable units such as sandstones. Breakouts or
for shales.




The potential for the photoelectric cross-section index to be useful in the
analysis of lithology is appreciable. Unfortunately, the index values derived

clearly mark horizons of "abnormal” mineral assembiages such as prominent
bentonite layers, and calcareous streaks or siderite laminae.

For the mixed lithologies of shaly sandstone or sandy shale, the
lithological effects on log responses are less prominently developed than for
pure shale and sandstone.

Bentonite beds are identified on log curves by the high thorium radiation
and low photoelectric cross-section index associated with their basic
constituent, smectite (Tizzard, 1974). Also, the neutron porosity reading is
relatively high due to the concentration of bound water, which is caused by
smectite’s particularly great potential to absord water. According to Merature
(Maikiem, 1962; Tizzard, 1974; Hankel et al., 1909; Glass, 1980), bentonite is
occurrences are thick enough to prompt the characteristic log signature
illustrated in Figure 3.3.

radiation, high photoelectric cross-section index (Tabie 3.4), and sometimes a
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properties. Pmmumm;mmmm;mmmmum
insufficient relative to the tools’ vertical resolutions, or that the layers contain
significant amounts of sandstone and shale minerais. According to Glass
(1990), concretionary layers of caicite and siderite are present throughout the
minerals in their pure forms are indistinguishable from each other under the
given conditions of surrounding mineralogy, available well logs, and lack of
mineralogical analyses. The observed log signatures are, therefore, attributed
along the entire section to concretionary layers of either calcite or siderite, or &

descriptions of the core analyses for these two and nearby wells (03-29-017-
10W4M, 12-07-018-08W4M, 13-20-17-7W4M in particular), and published
reports (Maikiem, 1962; Male and Pacholko, 1982; Moinard et al., 1983; Giass,
interpretations.

mmbmwmmm 1985)Tmﬁmhodmﬂbd
ZSMWWBMMMMISMM
index (Pe) against potassium concentration (K) on the one hand, and against

the ratio of thorium conc DN 10 potassium concentration (Th/K) on the other
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Figure 3.4: Cross of (a) potassium concentration (K) versus photosiectric
mmsm%).%um)mmumnm
concentration (ThVK) versus photosiectric cross-section index (Pe) for the
identification of clay types at 05-07-017-07W4M (identification cross-plots
adapted after Schiumberger, 1968, p. 52).
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digitized, only overall trends were investigated. K ranges between 1.5 and 2.3
% in shale and shaly sandstone. Pe ranges mostly from 2.8 to 3.1
barns/electron. Th/K varies between approximately 4 and 9 ppm/%.

The shaded area in Figure 3.4 a), representing the observed parameter
ranges, piots between the boxes of ilite and montmorilionite (smectite),
permitting only ambiguous conclusions about any one or a combination of
specific clay types. The shaded area in Figure 3.4 b) is contained almost
compietely in the "mixed layer"-area. While the thorium to potassium ratio
appears 10 increase within the stated range with depth, a slight tendency for a
decrease of the photoelectric cross-section index is observed. These vague
trends may possibly indicate an overall change in ciay combinations with depth,
in which ilite decreases, and smectite and kaolinite increase in relative weight
ortion in the mixed layer clay.

No detailed mineralogical studies to sample and categorize the
encountered clay minerals were conducted for this project. Some answers may
be found in literature, though. Moinard et al. (1963) examined core from the Milk
River Formation, the log signature of which is closely comparable to those of the

The results of the graphical analysis combined with descriptions in
iterature are insufficient to ascribe a single clay type 0 any interval, shouild
such a layer exist. More reliably, the information supports the presence of mixed
layer clays or combinations of clay types in proportions which change with
depth, possibly along a continuous trend.
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Layers identified as bentonite from their log signatures were not included
in the cross plot analysis. The clays in bentonites were derived from voicanic
ash (American Geological Institute, 1976), which differs from the sources of
clays found in the sandstone and shale beds. Thus, their mineralogy may not

be representative of that of adjacent layers.

Brock (1986) presented a cross piot which may be used to approximate
the type of shale distribution. Figures 3.5 and 3.6 are cross plots of neutron
porosity against density porosity for 5-7 and 6-35, respectively. The data pairs
for the entire section are divided into depth ranges according 0 stratigraphic
units of similar shale character, i.e., units with identical shale base vaiues, that
is neutron porosity and density porosity values assigned to represent 100 %
shale. (A detailed account of the determination of the shale base values is
given in Section 3.4.) Figures 3.5 a) and 3.6 a) show the general pattern of
distribution of shale types on the plots. In Figures 3.5 b) to h) and Figures 3.6 b)
to h) the diagonal and the trend line for laminated shales have been drawn to
serve as orientation lines. Points outside the marked triangular region of the
graph roughly correspond with sections where the coordinates fall outside the
range between the shale baselines assigned on the curves. Upon location of
these points on the log curves it becomes apparent that nearly all points below
the triangle, i.e., low density porosity, are associated with previously identified
sideritic or calcitic lithology. The majority of points lying to the right of the
triangle, i.e., high neutron porosity, and along the trend ine of structural shale
are found to be associated with previously identified bentonites. Figures 3.5 e)
and 3.6 @) are the most notable exceptions 0 both obeervations. For these the
assigned shale baseiine vaiues are the goveming factor for the abundance of

points outside the marked triangie (for explanation please refer 10 Section 3.4).
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contribute to points outside the designated area of the graph. In summary, the
sections with some structural shale in the form of bentonites. Brock's method of
shale type identification appears to fail in massive shale segments of the
section, such as the Colorado Shale and Second White Speckied Shale
(Figures 3.5 @) and 3.6 @)). The analysis is very approximate; nevertheless, the
plots as a whoie confirm generalizations about shale types in literature (Tizzard,
1974; Moinard et al.,1983) and core analyses.

methods include the M-N and the MID

More frequently used cross-plot
mineral mixtures and matrix identification (Crain, 1988; Schiumberger, 1969),
0.g., gypsum, anhydrite, sak, and dolomite versus imestone versus sandstone
enhanced by such methods, as there are no salts or heavy minerals to be
identified and the matrix has aready been established to consist of sandstone

3.4. Shale Volume
Shale volume is a required quantity for porosity caiculations. By itself,
shale volume serves as a type of continuous lithological indicator. Although it is

of several formation factors including clay and bound waler contents on one or
& combination of two logs.



Three methods of shale-volume determination were used, involving the
total gamma radiation curve, the spontaneous potential curve and a
combination of the neutron porosity and density porosity curves. For each of
these methods, base values or base lines, constants which represent a
particular log parameter for clean sandstone or shale (i.e., no shale or

picked. The indicators discussed in Section 3.3 were used to identify these
kthologies on the logs. Based on distinct changes of log signatures of shale
resulting from different formation characteristics and mineralogical composition,
the entire log interval was divided into seven sub-intervals of one or several
stratigraphic units.

On the total gamma radiation curve the shale base values (GR100) were

Speckied Shale and the Second White Speckied Shale where uranium
contributed radiation in excess of the shale-indicative thorium and potassium
radiation; here the base value was picked well below the maximum deflection.
Sandstone base vaiues were more difficul to choose. There are very few clean
sandstone units, all of which are probably t00 thin to warrant full deflections on
(GRO) was picked at the very minimum deflection or even at a somewhat
smaller value. GRO is not zero because of background radiation possibly

amma radistion curves in terms of fractional units of shale volume. The
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underlying assumption is that ail gamma radiation recorded above the
sandstone base value is due solely to shale. The scale is linear and may be
expressed mathematically as

VEHG = zOR=GR0 (3.4.1)
where VSHG is the shale volume as determined from the total gamma radiation
curve, and GR is the recorded measurement of total gamma radiation (Crain,
1986). In the true physical sense VSHG represents clay volume rather than
shale volume. GR100 is the total Jamma radiation produced by the clay content
of pure shale (approximately 60 % or less by volume). Error is generated if the
clay content varies in volume proportion of total shale volume, or if its radiation
characteristics change over the depth interval in which the base values are
applied.

Attempts to pick clean sandstone and pure shale base values on the
spontaneous potential curves failed due to the lack of clear definition of
kthology on the curves. The mathematical expression for the calculation of
shale volume would have been based on the same principle as equation 3.4.1.

For the neutron porosity and density porosity curves, only shale base
values were necessary. Because shale volume is represented mainly by the
separation of the two curves rather than the absolute vaiues of each curve,
separation constants were established first. Care was taken to exclude
bentonite and calicitic beds, as well as intervals with disturbing borehole
rugosity. As a second step, shale base values were assigned to the neutron
porosity (PHINSH) and density porosity (PHIDSH) curves in accordance with
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end point is an assumed zero separation for clean sandstone. The assumption
is shown to be practically acceptabie by very small separations (less than 0.03
fractional porosity units) at several one- to threr-metre intervals of probably not
perfectly clean sandstone of 5-7 and 6-35. The 1esulting linear mathematical
expression is

VSHND = o DHIN - PHID _ -
* PHINSH - PHIDSH (3.4.2)

VSHND is the shale volume in fractional units determined from the combined
neutron porosity and density porosity curves; PHIN and PHID are the recorded
neutron porosity and density porosity measurements, respectively (Crain,
1986).

Equations 3.4.1 and 3.4.2 were applied to the digitized measurements of
total gamma radiation, neutron porosity and density porosity in separate
spreadsheets for 5-7 and 6-35. The calculations were repeated for each depth
entry with the appropriate constants GRO, GR100, PHINSH and PHIDSH. The
VSHG and VSHND values resulting from the first round of computations did not
correlate well with each other, and included numerous values outside the
fractional range of zero 10 one. Several iterations were necessary with adjusted
base values and redefined depth intervals of application. As better
understanding of the signatures was gained in the process, more reasonable
values were assigned to the constants. The final sets of constants and
corresponding depth intervals of 5-7 and 6-35 are listed in Table 3.5.

The final sets of computed VSHG and VSHND differed for the most part
by 5 to 30 %. Figures 3.7 a) and b) display the overall correlations. The largest
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considerable borehole rugosity strongly influence the density porosity reading.
The gas cross-over of the neutron porosity and density porosity curves in the
Bow Island Formation in 5-7 resulted in a negative VSHND. The fine one-metre
divisions may have contributed to the differences between VSHG and VSHND.
Where the log responses for a ‘thin’ (less than or approximately equal to one
metre) formation or borehole condition are offset by a digitizing interval, the
vaiues of the shale volumes are offset by the same one-metre interval.

Some discrepancy is also surely due to the difference in physical
principles upon which the total gamma radiation, neutron porosity and density
porosity measurements are based, and on the different spheres of investigati
Thus, the caiculated shale volumes reflect different formation characteristics.
For example, VSHG is largely independent of the type of shale distribution
the neutron porosity measurements, and thereby VSHND.
were established, may have been assigned inappropriately or in insufficient
intervals causing unrealistically high or low shale values, implying that R is not
acceptable to extrapoiate the defined base values from the points of definition
to the entire sub-interval. However, no finer or different division was justifiable.

Mmdtdﬂngmﬂnhﬂmplnplﬁdnﬁldﬂghmolm
volumes for further spreads! caicuiated
vsuemvsnnammunmmmmmm
given to the entire log suites, and other sources of information including the
usually resulted from the caiculations. Prominent caicitic units resulted in low

"




VSHG and variable VSHND; the assigned shale values are very close in value
to VSHG. In view of the moderate accuracy of the arithmetic methods involving
base values and the anticipated effects associated with a change of, say 10 %,
of shale volume, a 5 % precision was thought adequate for the final shale
volume. A final shale volume (VSH) was assigned to each one-metre interval
keeping in mind the criteria stated above as potential
discrepancies. Because the process invoived personal judgment, it was
repeated once to improve consistency. A complete keting of the final shale
volumes is included in Appendix C. Plots against depth are provided in Log
Sets B1 and B2.

reasons for

3.5. Porosity

formation models, @.9., those illustrated in Figure 2.9, and involving one or more
log parameters. Seven methods are introduced in this section. These contain a
minimum of case- and area-specific calibration and proportionality constants,
and therefore, represent the most general methods found in kterature.

measurements and the corresponding porosities.
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a term associated with the strict definition provided in Section 2.1; rather, it is
referred to as log-derived porosity.

The first pair of methods is based on the bulk density curve. The general
relationship between density and porosity may be expressed as

Po=¢°pt+(1-4¢)°pma . (3.5.1)
pb is the bulk density of the formation, ¢ is the porosity, pf is the density of the
fiuid filling the pores, and pma is the matrix density. If the shale content is
separated from the matrix term as was the fiuid content, equation 3.5.1
becomes

Pb =& pf+ Ven* pgh + (1 = ¢ - Ven) * pma (3.5.2)
which is equivalent to

- H - Vene :s:": _p;;;’ (35.3)

where Psh and Vsh are density and volume of shale, respectively. In terms of

pragDA . (DENSMA-DENS) _ . . (DENSMA-DENSSH)
" {DENSMA - DENSW) ~ ¥®'" TDENSMA - OENSW)  (35:4)

where PHIEDA is a density-log derived porosity corrected for shale, DENSMA
is the assumed density of the formation matrix (2650 kg/m?3 for both 5-7 and 6-
35), DENSW is the approximated density of the mud fitrate (1047 kg/m® for 5-7,
1035 kg/m3 for 6-35), DENSSH is the approximated mean value of the bulk
density of shale (Table 3.6), DENS is the digitized bulk density, and VSH is the
shale volume (see Section 3.4). The original reference for equation 3.5.4 could
not be located, however, the equation was stated by Dresser Atias (1982).

A siightly different version of the same equation is found in Crain (19086):
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PHIEOC = (DENSW - D

7 ENSMA) - VoH PHIDSH . (3.5.5)
PHIEDC is a density-log derived porosity corrected for shale; DENSMA,
DENSW, DENS, and VSH are the same parameters as in equation 3.5.4; and
PHIDSH is the shale base value of the density porosity curve (Tabile 3.6).
Just as the first fractional term of equation 3.5.4 is equal to PHID, the
density porosity recording (compare to equation 2.2.1), the second fractional

Difterences between PHIEDA and PHIEDC may be attributed mostly to the
definition of shale base values on the bulk density and density porosity curves,

The sonic traveltime may be transformed into porosity via the Wyllie
relationship introduced in Section 2.2 as equation 2.2.3:

¢-ﬁ 35.8)
is the traveltime in the formation fluid which fills the pores. By accounting for the
log response associated with shale portions of the travel path separately, the

. DELT- DELTMA) _ .y, . (DELTEH -DELTMA
PHISC = [DELTW - DELTMA) ~ Yo' * {DELTW - DELTMA)

where PHISC is the traveltime-log derived porosity corrected for shale;

is the assumed traveltime in the mud filtrate which fills the pores in the invaded
volume. The value of DELTSH (Table 3.6) was determined from log readings of
the sonic curve in sections with VSH values equal 10 or greater than 0.80.
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Crain (1986) suggested the application of a commonly used correction
factor (KCP) in shallow stratigraphic units (generally above 900 to 1200 m in
western North America) where DELTSH is greater than 328 usec/m (original
reference in the 1960's could not be located). KCP is caicuiated as the ratio of
DELTSH to a constant 328 usec/m. it is an empirical factor which compensates
for a characteristic of young sedimentary rocks: individual particies may not be
locked rigidly into the framework of the rock due to incomplete or insufficient
compaction and cementation, thus making the rock more compliant, which
increases the traveltime. The correction was applied where appropriate, and
the travelitime-log derived porosity corrected for shale and compaction (PHIES)
was determined from the equation

PHIES (3.5.8)

_prisc
KCP -
The second group of methods is based on combinations of two logging
parameters. These are often referred to as cross-piot methods because the
parameters may be piotted on the two axes of a Cartesian coordinate system
and, therefore, lend themseives 10 graphic chart book analysis (0.9.,

computational equivaients are included here.

apparent porosity, displayed in generic fractional porosity units (p.u.). Both

manipulations, however, tend to improve the quality of the results.

Crain (1988) stated two versions of a quick-look method. First, shale
corrections are made on the individual curves:

PHINC « PHIN - VSH » PHINSH (3.5.9)
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and PHIOC = PHID - VBH « PHIDSH . (3.5.10)
PHINC and PHIDC are the shale corrected neutron porosity and density
porosity values, respectively; PHIN and PHID are the digitized neutron porosity
and density porosity, respectively; PHINSH and PHIDSH are the respective
shale base values (Table 3.6); and VSH is the shale volume (see Section 3.4).

Theoretically, PHINC and PHIDC are both effective porosities. By
arithmetically averaging equations 3.5.9 and 3.5.10, some compensation for
environmental factors may be achieved. The new shale-corrected neutron-
density cross-plot derived porosity (PHIEND2) emerges as

PHIEND2 » EHING + PHIOC (3.5.11)
The second version is a less optimistic va.iant of PHIEND2:

PHIEND3 = PHIOC + -THINC - PHIOC (3.5.12)

PHIEND2 = PHIOC 4 -LHINC = PHIOC (3.5.13)

it becomes apparent that PHIENDS is consistently 1/8 of the magnitude of the

separation between PHINC and PHIDC less than PHIEND2.
Schiumberger (1985) proposed a simpiified mathematical expression to

approximate porosity (PHIENDS) from the same two logging parameters:

PHENDS - PHINAPHD, vy (3.5.14)

By applying the shale correction t0 the arithmetic average of the neutron
porosity and density porosity measurements, no shale base values need to be
picked. With respect to equation 3.5.11, PHIENDS and PHIEND2 differ by an
amount equal to
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The relationship shows that PHIENDS is consistently lower than PHIEND2. The
difference between PHIENDS and PHIEND2 increases with increasing shale
volume within depth intervais of constant shale base values. Individually, the
error associated with ili-defined base values (affecting equations 3.5.11 and
3.5.12), as well as the error due to shale correcting the already scaled effective
porosity (equation 3.5.14), increase with an increase in shale volume.

volume water, or dual water, cross-plot. It is based on the dual water formation
model (Clavier et al., 1984) in which the water azsociated with shales or shaly
sand is treated as a mixture of formation and so-caled clay waters. The
differentiation is a result of the adsorption effects of surtace charges of clay
mmmmmmTMMmmmmmﬂmm

for water and hydrocarbon saturations. The derivation of a mathems
mmmmmgwmimmma
Crain (1988) presented the series of equations required for the
determination of porosity from the bulk volume water method (PHIEBVW). The
recorded neutron porosity and density porosity curves in shales are assumed to
be a combination of the response 10 the bulk volume water attached to the clay
[BVWSH) and the response to dry clay. PHIDDC is the
approximated density porosity reading in dry clay.

(3.5.16)
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for 5-7, 1035 kg/m3 for 6-35). DENSDC is the assumed density of dry clay
(2900 kg/m?3 for both welis). PHINDC, the neutron porosity reading in dry clay is
estimated from PHIDDC and previously defined shale base vaiues PHINSH
and PHIDSH:

_—(1.00 - PHIDDC) « {1.00 - PHINGH)
PHINDC = 1.00 (1.00 - PRIDSH) . (3.5.17)
BVWSH is computed from the expression
PHINDC * PHI - (PHIDDC + PHINSH
BVWSH = (PHINDC — PRIDDC) . (3.5.18)

PHINSH, PHIDSH, PHINDC, PHIDDC and BVWSH are constants over the
depth intervals which were defined for the purpose of picking shale base values
(Section 3.4 and Table 3.6). The total porosity (PHIT) is determined with the
bulk volume water method for individual one-metre digitizing intervals:

PHINDC  PHID) - (PHI * PHIN
PHIT o -{PHINOC_EHI0) - (PHIDOC - PHIN) (3.5.19)

The final log-derived porosity is the solution to an equation which is familiar
from one-log methods. The total porosity is adjusted for shale effects in
proportion to shale volume (VSH):

PHIEBVW = PHIT - VSH « BVWSH . (3.5.20)
Little may be said about the physical basis of the buk volume water method in
terms of porosity because some necessary background information is
unavailable. Of concem is the process of assigning a value to PHIDDC.
Athough the densities of the four clay minerals are well defined in theory,
without mineralogical analysis it is impossibie t0 estimate a value of DENSDC
for any particular depth interval, let alone for the entire logging interval, with
certainty and accuracy. DENSMA and DENSW are also mere approximations
in equation 3.5.16, which is used to caicuiate PHIDOC. Unfortunately, the
resulting PHIDOC is part of the definktion ¢* PHINDC, and both variables are
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included in the equations for BYWSH and PHIT. The uncentainty associated
with PHIDDC, therefore, tends to be magnified throughout the computational
process to eventually affect the quality of PHIEBVW.

Plots of all log-derived porosities against depth are inciuded in Log Sets
B1 and B2.

To this point the simplified formation model has incorporated only sand
matrix, shale and fiuid, namety mud or mud filtrate. No adjustments have been
made for hydrocarbons in the pore space. Referring to Section 2.4, gas may be
expected in the section. While oils may be approximated by mud in porosity
computations, gas requires special corrections of the log measurements. For
the two bulk density methods, the corections may simply be the substitution of
the density of gas for the variable DENSW in equations 3.5.4 and 3.5.5.
Similarly, DELTW in equation 3.5.7 may be repiaced by the sonic traveltime in
gas. Such corrections are complicated by the fact that the logging
measurements refiect mostly the conditions in the invaded zone. in shaly sands,
mud and mud filtrate are likely to completely or partially repiace gas in the pore
space. The density and traveltime of the resulting mud-gas mixture depends on
factors such as the water saturation in the invaded zone, pressure, temperature,
and gas and mud densities (Crain, 1986).

No adjustments of the parameter curves for gas eflects are proposed for
the first two neutron-porosity density-porosity cross-piot methods PHIEND2 and
PHIENDS. Instead, Crain (1906) suggested PHIEND2 to be caiculated as

renoe | NG s (HiDG)? (35.21)

where gas cross-over occurs after the shale comection has been applied (all

variabies are those of equation 3.5.11). PHIENDS may be preferable 10
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PHIEND2 in gas-bearing zones because equation 3.5.12 is based on the
premise that the neutron porosity operates with a greater depth of penetration
than the density tool. The neutron porosity measurement is therefore more
affected by gas, and as a result is given a less influential position in the
equation than the density porosity. No further adjustments are necessary
(Crain, 1986). Schiumberger (1985) states no mathematical equivalent of the
suggested graphical gas correction to increase the value of PHIENDS
(equation 3.5.14). For the dual water method, Crain (1986) assured that
PHIEBVW (equation 3.5.20) is reasonable without special provisions for gas.

In the log suites of 5-7 and 6-35, characteristic signatures of gas (Figure
3.3) were observed only in the int»rval from 772 to 775 m in 5-7. According to
the production records, gas may also be expected in other intervals of the Bow
Island Formation and the Basal Colorado Sandstone in both 5-7 and 6-35.
insufficient information was available for sensible corrections of the effective
porosities derived from the bulk density and sonic traveitime, PHIEND2 only
was re-caiculated for the section of the Bow island Formation of 5-7 spanning
from 772 to 775 m using equation 3.5.21. With respect to the porosity values
obtained with equation 3.5.1, the adjusted porosities were less than 1 % higher.
This difference is insignificant in view of the absolute magnitudes of PHIEND2
(9 %, 22 %, 23 %, 24 %) and their uncertainties.

The seven log-derived porosities computed for each one-metre interval
of both 5-7 and 6-35 are listed in Appendix C and are included in Log Sets B1
and B2. One immediate observation was the abundance of negative results.
meaningless. The equations invoived in caiculating PHIEDA, PHIEDC, PHIES,

81



PHIEND2, PHIEND3 and PHIF™" /W produce negative answers in the case of
over-correction of porosity for shale effects. in other words, the correction
exceeds the total or apparent porosity. This statement holds true only in a
conceptual sense, however. In actual fact, a simplified formation model
consisting merely of sandstone, shale and drilling fluid, in addition to the
estimated or artificially defined formation constants, was used to approximate
the porosity correction for shale as the product of VSH and the associated

The same criteria apply in the approximation of the minuend in the same
equations. The over-correction is, therefore, not even an artifact of
computational manipulations of absolute physical measurements, but of loosely
de’.ned variables already prone to uncertainty. It follows to reason that negative
answers for porosity are not only alarming in terms of being physicaily
meaningless, as said earlier; the tedious explanation for their existence leads to
the more essential conclusion that the entire suite of log-derived porosities
consists of pseudo-artificial values. A preliminary comparison of log-derived
porosities to porosity measurements from core analyses of 5-7 and 6-35
(Section 3.1.2 and Table 3.1) confirms that they generally do not agree well in
the overiapping depth intervals. The consistency aimed for in the cautious
definition of constants from recorded data or from literature lends support o the
speculation that the results are reliable at least in relative, it not necessarily in
sand and shale, though.

Equation 3.5.14 for PHIENDS does not permit negative porosity values
based on the shale correction because the correction term (1-VSH) is applied
in form of a multiplication and cannot be less than zero with VSH being Smited

to the range zero to one. Nevertheless, the same conclusions as have been
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drawn for the quality of the results of the remaining methods in terms of the
reliability of the absolute and relative profile are valid for PHIENDS.

Linear regression was used to compare the seven different series of log-
derived porosity statistically. In general, regression analysis is a method of
finding the statistical dependence of one quantity on other quantities (Sherift,
1991). The least-squares method (Davis, 1983) applied here is the aigebraic
expression of a graphic principle based on a cross-plot of quantities x and y,
where x is the independent and y the dependent variable. The objective is to
obtain the equation of a straight line, which may be placed in the cross-plot in a
manner that minimizes the deviations of the data points from the line in terms of
quantity y. In other words, the regression equation is defined to minimize the
sum of the squares of the distances between the actual y-values and those
predicted from the equation itself. The equation of the best-fit-ine is of the form

y=mex+¢ (3.5.22)
where m is the slope and c is the intercept at which the ine crosses the y-axis.
The goodness-of-fit of the line to the points is defined by R2. The reader is
referred to Freund and Walpole (1960, pp. 419 to 451) or Davis (1983, pp. 176
to 182) for the complex equation of R? and its derivation. R? is the square of the
sample corelation coefficient, which is the percentage of variation in one
variable corresponding to variation in the other. An R? of 1.0 is optimal while an
R? of 0.0 imphies that the two variables are uncomelated.

Tabile 3.7 contains the results of the regression analysis for various pairs
of log-derived porosities for 5-7 and 6-35 computed with a pre-{ amme
spreadsheet function. Mpdnduﬁmh:mMIam-iﬁ!m
lative of each group, i.e., PHIEDA and

PHIEDC, PHIEND2, PHIENBS and PHIENDS, PHIES, and PHIEBVW. For a
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given pair of porosities, R? is a constant; the siope and y-intercept vary with the
assignment of each porosity as either dependent or independent variable.
Because R? is the indicator of greatest interest here, only one of the two
possibilities was considered for each pair.

with depth. The absolute magnitude of the y-intercept is representative of the
buik offset in porosity units between the curves. For example, the pair of
PHIEND2 and PHIEND3 results in nearly optimal R%'s of 0.9916 and 0.9832,
and very low y-intercepts of -0.0004 p.u. and -0.0015 p.u. for 5-7 and 6-35,
respectively. Based on these criteria, the two curves may be expected to closely
overiap. The log plots (Log Sets B1 and B2) of PHIEND2 and PHIEND3 on one
common scale grid support this statistically based hypothesis.

Some observations and conclusions may be made from the analysis.
PHIEND2, PHIEND3, PHIEBVW, PHIEDA and PHIEDC are very close
quantitative and qualitative replicas of each other for both 5-7 and 6-35.
Atthough they are computed with different aigorithms, all are based on the
same buk density recording and shale constants, and all but PHIEDA and
PHIEDC on the same neutron density measurement. The similarity is, therefore,
not without reason. The cormelation between PHIENDS and the log-derived
porosities of the group of five identified above is ikely reduced by the neglect of
log responses to shale in equation 3.5.14. PHIES is an exception in that the
algorithm for its calculation is based on sonic traveltime, and thereby en a
different physical principle of formation evaluation than the remaining six

it is not sensible to iterate the porosity caiculations for the purpose of
variables in equations 3.5.4 t0 3.5.20, as would be required 10 increase the
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R?'s, the log-derived porosities would be calibrated against each other without
reference to the actual effective porosity of the formation beyond the borehole.
The resulting log-derived porosity would not have gained either accuracy or

precision.

The porosities measured on core samples are representative of the
formation porosity and, therefore, are more appropriate as a training set to
calibrate the log-derived porosities. The processing of the porosities of the
original core analysis to the log equivalent format was discussed in Section
3.1.2. Regression analysis was used to examine the correlation between the
log-derived porosities and the averaged core measurements (Tables 3.8 and
3.9). For the derivation of the regression equations, core porosity was defined
as the independent variable because it is based on actual measurements of
rocks brought to the surface. The log-derived porosities were the dependent
variables to be predicted or calibrated from the equations. The statistical
parameters are listed in Table 3.10, and Figures 3.8 t0 3.11 illustrate the
correlations graphically.

Figure 3.8 shows the cross piot for the Bow Island Formation core
interval of 5-7. The bimodal distribution (two clusters of plotted data points) of
the porosities is a refiection of lithology. The cluster in the lower porosity range
corresponds to shale volumes of 0.45 to 0.55, the other to shale volumes of
0.10 10 0.20. The R2's associated with this core interval range from 0.5835 to
0.8726.

The graphs for the Basal Colorado Sandstone core interval of 5-7
low R?'s confirm the lack of comelation. The original core analysis report
(Appendix B) revealed several intervals of 0.02 10 0.59 m of shale throughout
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the cored section, for which no porosity measurements are available. The lack
of porosity measurements may not pose a problem in a homogeneous
formation, but is a serious problem in a laminated sequence. Difficulties arise
from the fact that the available core is sandstone; according to the lithology
description in the original core analysis report the missing part is shale. At the
depth of 874 m, 0.82 m of the one metre of core represented by one average
porosity value was identified as calcitic or sideritic unit on logs. No other causes
for the scatter, such as rough borehole walls, were observed in the log suites.

The graphs for the Bow Island Formation of 6-35 (Figure 3.10) do show a
knear trend. it does not represent correlation, however, because a spread of
about 0.10 p.u. in each of the log-derived porosities corresponds to a spread of
less than 0.03 p.u. in the core based porosity. The low R2's also do not indica.e
any correlation. Again, numerous shale laminae were omitted in the core
analysis resulting in a bias in the distribution and range of core porosities, while
no apparent causes of uncertainty were found in the log suite.

Bimodal distributions are apparent for the Basal Colorado Sandstone
core interval of 8-35 (Figure 3.11). The original core analysis report shows that
the value of porosity for the depth of 874 m was averaged over only 0.47 m of
sandstone in the one-metre interval. The remaining 0.53 m of shale are not
incorporated in the analysis. Since Mthology may influence porosity, the deta
pair for 874 m is considered unreliable. Similar conditions are found at 879 m.
marked as affected by fracturing. The core based porosity value for a depth of
880 m was computed from only 0.09 m. The data points corresponding 10 these
below the imaginary trendiine connecting the remaining points in Figure 3.11.
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representative nature of the core based porosities. The repeated regression
analysis resulted in significantly enhanced R2's (Table 3.10).

The degree of correlation between the log-derived porosities and the
core based porosities was used as criterion to choose regression equations
from Table 3.10 for the calibration of the computed porosity series. The
correlation was believed to be too low in the Basal Colorado Sandstone section
of 5-7 to aliow reliable calibration. The regression analysis in the Bow Island
Formation interval of 6-35 was considered inconclusive for the purpose
because the spread of the core porosity is insufficient for the definition of a best-
fit line. The results of the regression analyses of the Bow Island Formation core
interval of 5-7 and the Basal Colorado Sandstone interval of 6-35, however,
indicate good correlation.

With the statistics being derived from data sets containing merely seven
make-ups of the intervals to be calibrated are of concem. The calicuiated shale
volume in the Bow (siand Formation interval of 5-7 is relatively low, i.e., 0.10 to
0.55, compared to the remaining log interval which is shale dominated, with
shale volumes of 0.80 or greater (VSH logs of Sets B1 and B2). The Basal
Colorado sandstone interval of 6-35 includes a more favorable (0.05 to 1.00)
spread of shale volumes.

Equation 3.5.22 was rearranged to soive for x, in order to calibrate the

xa =t L _ 28 (3.5.29)

where ¢ is the y-intercept and m is the slope. The log-derived porosity for every
one-metre interval was substituted as variable y cormesponding 10 the set of
95



constants. The results are listed in Appendix C and plotted as porosity against
depth in Log Sets B1 and B2.

Regression analysis was empioyed to compare the calibrated log-
derived porosities to each other (Table 3.11). With respect to the analysis
previously appiied to the uncalibrated log-derived porosities (Table 3.7), the y-
intercepts and siopes of the best-fit lines changed for respective pairs of log-
derived porosity to accommodate the adjustment of the individual log-derived
porosity curves 10 the core porosity. The curves were shifted laterally on the
scale grid by an amount equal to the ratio of the y-intercept to the slope of the
best-fit line. The magnitude of their deflections were aktered by a factor equal to
the inverse of the siope of the best-fit line (see equation 3.5.23).

The R2's of the respective peirs of log-derived porosity remained
identical. it may be deduced that, overall, the calibration preserved the
signature character of the individual log-derived porosity curves and the
correlation between the curves derived from different aigorithms. The
observations and conclusions made about the correlation of the initial, log-
derived porosity curves are, therefore, still vaiid in the context of calibrated log-
derived porosities.

The accuracy of the calibrated log-derived porosities was checked by
comparing these to porosity measurements available from core analyses in
boreholes located in townships bordering on those containing 5-7 and 6-35
(Table 3.12). Where possible, logs were compared to ensure similarity of
signatures, and therefore, of approximate ithology. For the purpose of
comparison, ranges of porosity were favoured over average values of porosity

for individual stratigraphic units 10 lsssen the influence of the high-grading bias
96
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introduced into core measurements by selective sampling with emphasis on
core intervais with the highest potential for reservoir quality porosity. Overall,
the porosity ranges determined for PDA, PDC, PND2, PND3 and PBVW agreed
well with the corresponding core analysis porosity ranges for the Milk River
Formation, the Medicine Hat Sandstone, the Second White Speckled
Sandstone and Shale, the Bow Island Formation and the Basal Colorado
Sandstone. This observation is encouraging and provides support for the
validity of the calibration procedure with small training sets of core based
porosity. However, a more in-depth examination with a broader independent
data base would be required to determine the quantitative accuracy of the log-
derived porosity profiles for the full lithology spectrum and continuously over the
entire section.

The core analysis report for the Mik River Formation of 14-28-018-
07W4M contains measurements for anomalous ithologies. Two shaly streaks of
siderite of 0.16 m and 0.21 m thickness are recorded with porosities of 6.8 %
are listed with thicknesses of 0.08 to 0.24 m and corresponding porosities of 9.3
to 15.3 %. Although no special provisions were included in the analysis, the
log-derived porosity profiles do, in general, show a distinct deflection to lower
porosity relative to the adjacent lithology. Thhtrmdhnulbtdmm
principles; however, it is more likely an artifact of mathematical
mmmmmmmmmmammmmn
matched, since the thickness of the streaks is below the imit of vertical
resolution of measurements and no special provisions for mineralogy other




Thus far it may be concluded that PDA, PDC, PND2, PND3 and PBVW

and 6-35 to permit the computation of only one porosity profile with the method
of choice without loss of essential signature character or accuracy of the final
porosity profile. PNDS of 5-7 and PNDS of 6-35 show merely weak tendencies
toward lower vaiues than any of PDA, PDC, PND2, PND3 or PBVW. As such,
PNDS may serve satisfactorily as a first approximation without the necessity of
defining shale base values. P3 exceeds all other porositie

magnitude. The discrepancy appears to be largest (up to about 0.05 p.u.) in
intervals with shale volume content of greater than 0.85. Based on a different
type of physical measurement, it may be advisable to compute PS as the only
porosity approximation only if no neutron porosity and bulk density or density

3.6. Permeability
ssturation, traditional approaches of permesbility determination from well logs
using a semi-logarithmic equation expressing the dependence of permeability

logarithm of permeability (PERMp):
log (PERMp) = HPERM - PHie + JPERM , (3.6.1)

the antilog of which soives for permeabilty:
100



PERMp = 10 (HPERM < PHie + JPERM) (3.6.2)
where HPERM and JPERM are constants related to lithology for which
recommended ranges of values are listed in the reference.

To evaluate the applicability of the method for the data sets of 5-7 and 6-

interval. Set A in Table 3.13 contains the statistics R2, and y-intercept and siope
of the best-fit line obtained for the porosity (Pavg) and permeability (Kevg)
measurements averaged over one-metre intervals (Table 3.1). Set B in Table
3.13 was caliculated using the origina! porosity (P)) and permeability (Kmaxi)
measurements of Appendix B. The two sets were computed to ensure that the
averaging process of Core measurements representing intervals of imeguiar
thickness, to one-metre intervals comesponding to the digitizing interval of logs
did not adversely affect the correlation. The opposite eflect was recognized in
the slightly higher R2's for Set A with respect 10 Set B. Set A is, therefore,
favorable for the transformation of log-derived porosities 10 permeabilities.
Further, it was noted that R2's were highest for the Bow Isiand Formation core of
resulted in the highest R2's for regression analyses of log-derived versus core
based porosities (Table 3.10). The R2's for Set A indicate a definite correlation
between core porosity and the logarithm of core permeability. Even the R2 of

method was adopted as a result.
The constants HPERM and JPERM of equation 3.6.2 were replaced by
the appropriate values of siope (S) and y-intercept (Y) from Tabile 3.13,
101
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respectively, and the log-derived porosity PND2 was substituted for PHle to
compute permeability KCN in md:

KCN =10 (S -PNO2+Y) (3.6.3)

The substitution of PND2 for core porosity was justified by the previous
calibration of the log-derived porosity by the latter. Because of the high
correlation between the log-derived porosities (Table 3.11), PND3, PDA, PDC
orPBVWcouldhawboondtomlmmofPNDzwiMdgM
influencing the final permeability profile.

To generate a continuous permeability profile for the entire log interval,
the established semi-logarithmic relationships for the Bow Island Formation and
Basal Colorado Sandstone core intervals were extrapolated. Considering the
relatively high R2's, all four intervais were used; in contrast to the calibration of
log-derived porosity with core porosity, where only one interval for each well
contributed to the process. For the final computation of permeabiiity, the sets of
constants for the Bow Island Formation core were substituted into equation
3.6.3 along with PND2 for the depth interval spanning from the bottom of the
Bow Isiand Formation to the top of the log. The sets of constants derived for the
Basal Colorado Sandstone core were used for the remaining log interval from
the bottom of the Basai Colorado Sandstone to the top of the Joli Fou
Formation. The resuling permeabiiity values (KCN) for the one-metre intervals

are listed in Appendix C and plotted against depth in Log Sets B1 and B2.

The second method of permeabiiity determination is independent of core
measurements and log-derived porosity profiies. instead, it is based on an
equation relating the free fluid index and the density porosity t0 permeabiiity.
Logan (1969) derived the equation for shaly sandstone ithology with the
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objective of matching core permeability. Relying on previous work by Timur
(1969) and extensive core and log data the result was:

[(Pr:r: u:o;)gg)@rl‘r?o;)‘]gmt 1 (3.6.4)

KNML is the permeability derived from the nuclear magnetism log, PHID is the
density porosity, and FF is the free fluid index. The multiplications by factors of
100 are required to transform fractions! porosity units to percentages. Even
though PHID and FF| are input in porosity units, KNML is given units of md.
Considering the empirical derivation of the relationship, inverse permeability
units may be ascribed to the constant 105 in the denominator. Equation 3.6.4
was applied to the data sets of 5-7 and 6-35. The results are contained in
Appendix C and Log Sets B1 and B2. Because of the discontinuous FFI curve,
KNML of 5-7 is available only from 332 to 547 m, 631 to 709 m, and 740 to

The qualitative and quantitative evaluation of the KCN and KNML
profiles is difficult due to the lack of comparative data.

MmthMhMﬂﬁhMﬁKCﬂ
the visual comparison of KCN and PND2 confirms the close ressmbiance of the
profiles. PND2 is practically the only variable in equation 3.6.3 with Y and 8
being constant over large depth intervals. PND2, thersfore, strongly influsnces
the character of the signature of KCN. The magnitude of the defiections is
controlied by Y and S, which reflects the dependence of the logarithm of core
permeability on core porosity. By entering fictitious porosity values into equation
3.6.3, k becomes apparent that an increase in porosity of 5% raises
permeability by 0.70 10 0.79 of & log cycle. Overall KCN of 5-7 is higher than
KCN of 6-35. The difference is atiributed 10 the relative valuss of Y and 8 in
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equation 3.6.3. While S is higher for both intervals of 8-35, i.e., causing higher
KCNvahssiﬁseﬁaaiszmngwbmesﬂmr
magnitude than those of 5-7. Also expected, core intervals which displayed a
high R2 in the correlation of core porosity to core permeability show a good
overiap of core permeability (KCA) and KCN.

Equation 3.6.4 for the determination of KNML may be reduced to

KL - %ﬁ‘;‘)ﬂoﬁ‘ (3.8.5)
PHID dominates the denominator because it is generally one 1o two orders of
magnitude larger than FFI. FFI is the more influential factor in the numerator
since PHID is a decimal number raised to the power of 5. Therefore, both FFI
curve. As a resuk, uncertainties introduced to PHID by borehole rugosity may
adversely affect KNML and cause differences between the KNML profiles of 5-7
and 6-35. Different ranges of grid scales on the original nuciear magnetism log
may have aiso caused inconsistencies in the dighizing process of the two FFI
curves.

It is somewhat puzziing that KNML is unexpectedly high in the massive
to permeabiiities exceeding those of the surrounding sandstones or more
sandy shales. A possible explanation is the presence of magnetic ions
associated with minerals contained in the rock mass. Examples of such
minerals are siderite or calche coment, which may sttract various cations
(Mottana et al., 1978). The added density may enhance PHID, while the
FF1 either positively or negatively. Similarly 10 KCN, the comelation between
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KNML and KCA is best for the Bow Island Formation interval of 5-7 and the
Basal Colorado Sandstone interval of 6-35.

The accuracy of the absolute magnitudes of the KNML and KCN profiles
can be evaluated only by comparison to the permeabikty data, though sparse,
available from core analyses in nearby townships (Table 3.12). in addition,
KNML may be compared to the core permeabilities of 5-7 and 6-35. The core
permeabilities indicate wide ranges of values within any one stratigraphic unit,
which erratic character is also observed in the profiles. The spreads of
the overiap of ranges of values over entire stratigraphic units rather than short,
KCN because of the erratic nature of the data.

Analyses of core in the Milk River Formation of 14-28-018-07W4M
provide permeability measurements of 0.04 md and 0.05 md for siderite streaks
in a sandstone matrix. Permeabilities for shaly siderite streaks were lower than
apparati. Similarly to the previously discussed porosity measurements, both
KCN and KNML show the trend of low permeability without true reflection of the

The ratios of Ky 10 Kmexi were caiculated from the original core
heterogeneity within cored intervals of the Bow Island Formation and Basal
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would allow a meaningful statistical transformation of log-derived permeabilities
to a profile of vertical permeability.

Neither the method invoiving core calibrated log-derived porosity, nor
thmbaudonmeﬁumm:afmmﬁlrmmmhﬁmﬂblm
or disproven to be reliable for the determination of permeabiiity.
Recommendations for their usage are limited to considerations of the
availabiiity of the required data sets. If possible, it may be advisable to employ
less uncertain final permeability approximation,
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The algorithms applied in this study originated in the petroleum industry
and are, with the exception of the permeability determination from the nuciear
magnetism log, still widely used by geologists, geophysicists and log analysts
invoived in hydrocarbon exploration. They are employed mainly for
stratigraphic correlation, the detection or delineation of zones of high porosity
and permeability, evaluation of water and hydrocarbon saturations, estimation
of recoverable reserves, etc.. The thorough evaluation of a reservoir or cap-rock
formation generally requires a team of analysts covering several earth science
and engineering discipiines. Such integrative studies are of considerably larger
scale than this thesis study and require a broad data base. Core analysis may
include detailed mineralogical investigations such as thin section, scanning
electron microscope and X-ray diffraction analysis (Sneider et al., 1984),
advanced permeability testing using pressure-decay profile-permeameter
equipment (Jones, 1992; Georgi et al., 1993), measurements of capillary
pressure characteristics and electrical properties like the cation exchange
capacity (Luffel and Guidry, 1989; Guidry et al., 1990), eic.. The conventional
porosity, sonic travelime, mmmumtym-ynommw
include logs of photosiectric cross-section index, natural gamma ray
spectroscopy, nuciear mnguuc properties, array sonic travelimes,
(Shen et al., 19684; E.mulndcmng 1968; Cheruvier and Winkier, 1987;
Herron, 1967; Morriss and Laverdiere, 1968; Cannon and Coates, 1990;
Goldberg et al., 1990; Miller et al., 1990; van den Oord, 1990; Gwinner et al.,
1991; Kiimentos, 1991; Serra ot al., 1903; Wyatt et al., 1993). Fluld and fiuid

108



fiow characteristics may be measured or deduced from drill stem tests and
répiat formation tester data (Yildz and Desbrandes, 1989; Cannon and

al., 1987), the analydl of production records (Ghnng. 1986; Crain, 1888). pic..
Measurement While Drilling (MWD) may contribute quantitative and qualitative
information on permeability (Dewan and Chenevert, 1993). Theoretical and
practical approaches to integrative studies were demonstrated by Connolly and
Reed (1983), Sneider et al. (1984), and Serra et al. (1993). Technological
progress is ongoing and experience is collected most prominently by petroleum
explorationists in the application of new tools and the integration of
comprehensive data bases.

Hydrogeologists should take advantage of already proven knowbdgo
and expand it to suit their wider ranges of application. :
mmsmmmmmmmnlmmuww
machmcall vestigations, in general, are sparse; some examples are
Speeiman and Breunese (1985); Daniels and Keys (1990); Howard (1990a);
Howard (1990b); Soonawala et al. (1990); de Lima (1993); Moiz and Young
(1993); and Pailiet ot al. (1993).

As far as the scope of this study is concemed, several of the conventional

TmbmﬂglsnMﬂdmmmm
mwmmhhmﬂmdhm
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explorationist conducting a reservoir or “play™-study. The reader is asked to
excuse the generalized address of the two professional groups for the sake of
discussion.

1) The zones of interest are more narrowly defined for the petroleum
explorationist. He/she focuses on potential reservoir rocks, usually sandstones
which contain littie or no shales and clays, and possibly indicate promising
porosity and permeability. The hydrogeologist does not regard lithology or first
iwmnsafbmmnmmmm-mm
stratigraphic section MMMWWWIWWCW

2) The petroleum explorationist subdivides the identified zones of
interest into horizontal mmmmMmmmm
entire section into horizontal layers of uniform interval thickness, e.g., one

S)Thovohmofmmmmmmmldmhﬂlh
Wkely to be larger in the case of the hydrogeologist as a result of items 1) and 2).

4)Mmhm1mmmmmhmmm

mmmmhmwmmmmbm
parameters for caiculations.
S)Dopuumunhmﬂﬁ,




with the volume of data. Chart book methods are, therefore, vastly replaced by
numerical aigorithms.

6) The base values in shales and sandstone are picked manually in
similar fashion by both interpreters. However, the values of the individual
parameters in each horizontal layer are picked manually only by the petroleum
explorationist. In doing so, personal bias and judgment enter the process, and
may either lessen or enhance the quality of the analysis. For the hydrogeologist
this step of the analysis is not necessary; the representative values of the log
readings are those recorded at the preset depths defined by the digitizing
interval.

7) The petroleum expiorationist and hydrogeologist may choose from &
mutltitude of methods of analysis considering the availability of various logs,
range of shale content, borehole and driling conditions, presence of
hydrocarbons and heavy mineral deposits, etc., and personal preference. The
petroleum explorationist may base his/her choice on previous personal or other
any one line of methods. The hydrogeologist may or may not have the
opportunity to refer to past applications of methods, which may be strained by
excessive ciay content, and may be advised to implement the maximum
quality of the results for individual parameters if several log-derived values are
available for comparison.

8) The parameters determined by the petroleum expiorationist from
quantitative analysis include several of lithology, shale volume, porosity, water
resistivity, water saturation, permeability, hydrocarbon content and a type of
productivity index. The quantitative analyses of properties ke shale volume
and water resistivity are frequently viewed by the petroleum expi

1M




exclusively as necessary steps in the derivation of permeability or hydrocarbon
content. By contrast, every single factor may contribute individually to
hydrogeoiogical studies, 6.g., as input parameter for computer models,
qualitative interpretation for characteristics of the flow domain, etc..

9) The presentation of the final results is influenced by the initial
subdivision of the curves into horizontal layers. The petroleum expiorationist
may resort to various forms of presentation such as tables listing the determined
values for each property for each individual subdivision, or a representative
(e.g., average, maximum, minimum) value for each zone. The contents of such
a table may aiso be plotted in log form against depth for each zone. Because of
form of logs. For subsequent interpretation it may be advantageous to piot
petroleum explorationists, uclmmmmpdm tﬂﬂdtpdsdpd-
when professional log analysts are called upon by the petroleum explorationis

to aid in thorough evaluations of ithologically complex zones, or in large-scale
hydrocarbon pool or basin studies.

As mentioned, the aigorithms applied in this study were selected on the
of aigorithms were presented by Atias Wireline Services (1985, pp. 183 to 188)
for the estimation of shale volume and the approximation of permeability from
logging data. Those impiemented here share at ieast the one common
112




empirical calibration or cormection factors defined on the basis of location-
specific field data analysis, or mineralogy- and fluid-specific experimental work.
The relative simplicity of the individual aigorithms or of the overall
methodology may have adversely influenced the final results of the analysis.
For some specific points, possible means of improvement are suggested.
invaiuable for spreadsheet data-manipulations. The digitizing process with the
fixed interval of one metre was, however, insensitive to the data character.
Manual editing was required to increase some deflections to their full
magnitude. A flexible digitizing interval, determined by an automated process,
may improve the sensitivity of the analysis. The “fiker” may be designed as the
second derivative of a parameter curve to place digitizing breaks at the
immdmmmmmmmm

nmmmmm»n:mmmmm“mmm
parameter for the majority of shaly sandstone aigorithms. The total gamma
radiation curve could be used as such a parameter.

Two independent aigorithms, based on different physical measurems
were applied for the approximation of shale volume. The di Janciet
mmmmmmmmmm Hand-
VSHND served as guide values. A third independent aigorithm, such as one
based on the spontaneous potential or the natural gamma Speciroscopy curves,
could have resoived some ambiguity and aided or replaced the manual, bissed

Three types of shale distribution were introduced in Section 2.3. The
schematic modeis of these (Figure 2.9) may be expressed mathematically in
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terms of shale volume, and total and effective porosities (Fertl, 1987). Bateman
(1985) even presented equations solving for shale volume and effective
porosity for each of the three types of distribution from neutron porosity and
density porosity. They could not be implemented in this study since the analysis
of distribution type in Section 3.3 was not sufficiently detailed and conclusive.
Equation 3.4.2 for VSHND corresponds to the dispersed shale distribution,
while the porosity equations involving the combination of neutron porosity and
density porosity are not associated with any one model.

Mineralogical impurities such as caicite coment and pyrite were aiso
ignored in the analysis. Matrix parameters such as DENSMA and DELTMA
were approximated by the density of and sonic traveltime in quartz, and
opposed to shale parameters DENSSH and DELTSH without consideration for
cement or mineral inclusions. Partial compensation for these approximations
Unfortunately, the imited core avallable for 5-7 and 6-35 for calibration of log-
derived porosities could not possibly have reclified inaccuracies resulting from
processes.

Another short-coming of the methodology is recognized indirectly in the
high correiation between the log-derived porosities PHIEDA, PHIEDC,
PHIEND2, PHIEND3 and PHIEBVW before and after calibration with core
porosity, density porosity or bulk density, from which denaity porosity is
viewed as a type of error analysis of the aigorithms, in which case &t may be
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porosity profiles. On the other hand, the high correlation may signal the
necessity for a large suite of logs from which porosities may be determined
independently. Only then may the generated profiles be compared for the
purpose of quality evaluation with respect to each other. For example, problems
caused by borehole rugosity in the bulk density measurement wil become most
apparent when the bulk-density derived porosity is compared to the sonic-
traveltime derived porosity.

The calibrations of log-derived porosities and the subsequent
approximation of permeability through core statistics are vuinerable techniques.
Thoynlyonandesofassunwonswchasmcouwmtyo'mmm
the senses of scale and location of the volume of investigation, and the
representativity of point measurements over sampie intervals, etc.. in this study,
particular difficulties arose from the lack of porosity and permeability
measurements in shale strata of the available core, as well as in bentonite and
caicareous streaks. In addition, only two, less than 15 m-long cores from
sections near the bottom of the logged interval were analysed for each location.
mmmuawhobm.m.nmmmmwmm
interval of nearly 700 m. Nevertheless, the core porosity and permeability data
were extrapolated with log-derived porosities to the uncored intervals. The final
porosities PDA, PDC, PND2, PND3 and PBVW of 5-7 and 6-35 did, however,
compare well in ranges of absolute values with core porosities of
corresponding stratigraphic units in nearby wells. Problems associated with the
physical log measurements or the analytical procedures of PS and PNDS,
rather than inappropriate calibration with core values are thought 10 be
responsibie for the lower degree of correlation with core porosities.

The comparison of KCN, the permeability profile obtained from the

transformation of the log-derived porosity profiie with a core based expression
118



of dependence between porosity and the logarithm of maximum permeability,
with permeability measurements from nearby well locations was less
conclusive. The results do not warrant earnest speculations about the reliability
of the technique for this data set.

The comparison of KNML, the permeability derived from the free fluid

locations was equally ambiguous. Without regarding the results, the algorithm
for KNML appears more favorable than that of KCN. Through the direct

by intermittent computational steps involving approximations and assumpt

At the outset of this study, the dominating chalienge to the methods of
analysis adopted from petroleum explorationists was expected t0 be the
excessive clay content in the formation. it may be argued that certain porosity
aigorithms lose validity with the correction for extremely high shale volumes of,
say, greater than 0.80. The reader is reminded, however, that the approximate
parameter, VSH, is not strictly the volume or weight portion of shale in a
form=tion, but a quantity representing the sum of the effects of several formation
chaiaCteristics, most prominently clay content and bound water, on well logs.

on logs of buk density, neutron porosity and sonic traveltime is prompled

may pose a greater chalienge to the concept since clay minerals are its primary
of only about 60 % of the volume of shales (Kukal and Hill, 1906). As a result, a
component of the signal remains after shale comection for further analysis and

interpretation. in fact, the log-derived porosity may possibly be & conservative
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ﬁgumifthemumpﬁonofzoroporod!yusodnﬁonwnhduymmls
incorrect. The computed porosity profiles may certainly not be rendered invalid
on the basis of extremely high VSH values. The effect of large correction factors
on the accuracy of the final log-derived porosity cannot be evaiuated
appropriately in this study because of insutficient comparative data. in general
terms, the range of uncertainty tolerable in the quantitative results must be
pdgodbasodonthopumouoﬂhouudy.ForMMnaryWommu
large areal extent, the porosity profiles of this project may be satistactory.
Detailed studies directed toward the accurate numerical evaluation of specific
wnﬁﬁonsmmcmwillmﬁnmngnnthodsdmm.

The methodology developed in this study lends itself well t0 semi-
automated analysis. The initial log measurements may be obtained in digital
format from the acquisition company, rendering the labour-intensive manual
digitizing procedure unnecessary. With the proposed third method of shale
volume determination, an automated picking criterion or averaging function
could possibly repiace the hand picking or assigning of values. Al constants
invoived in the approximation of porosity and permeability would have to be
estimated manually and be input in spreadsheet format similar to Tables 3.5
and 3.6. The equations, including the substitutions of constants, and the order
of caiculations could be programmed once and implemented with an unlimited
number of sets of logging data provided the input format is honored.

The potential for enhanced quality of results, and increased cost and
labour efficiency grows with the number of wells inciuded in the project. if the
geology is approximately homogeneous in the study area for example, certain
matrix constants may have to be assigned only once for the entire series of

caiculations. Also, core control could be extrapoisted throughout the aree.
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Rather than cutting core in the same stratigraphic units in several wells,
resources could be allocated to the cutting and analysis of one or a small
number of cores covering the entire log section. This would improve the overall
calibration of log-derived porosities and the derivation of porosity versus
permeability relationships.

The results of this thesis project do warrant the application of
ooophyﬂmlwnlllogslnhydmmun minshalyundﬂm

proven {0 various degrees. mmmm«nmmm
incorporated into the established methodology.

Furthermore, the met "",,jhmﬁmmﬁj_, deep
investigations. As discussed in Section 3.2, shallow logs recorded from the
surface to depths of less than 350 m, tied in well with the deeper logs of 5-7 and
6-35. With necessary adjustments to driling and recording equipment,
comprehensive suites of logs may become more readily available for shaliow
unconsolidated zones may be required.

Wﬁlybﬂauuybnundhrwm eg., 0

mmdnmmammmmdm
programmes or manual caicuiations of hydraulic conductivity, specific
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on. They may also be incorporated into computer simulations of fluid fiow
systems for the investigation of cross-formational hydraulic communication,
petroleum accumulations, contaminant transport and dissipation, etc..

it may be inferred from this study that hydrogeologists may safely
the majority of technical devices invoived in the acquisition of well logs and the
methods of log analysis. The empirical nature of the analytical algorithms for
mmﬁmmm-ﬂﬁﬁmedmmnm
clay content. In addition, the conventional methodology is adaptable to the
special needs of hydrogeological investigatic 8. An aggressive approach 10
analysis is necessary, however, to draw the maximum possible quantitative and
qualitative results from well logs.
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§. Conclusions

Several conclusions may be drawn from the theoretical and applied
studies, conducted as a result of the objectives stated in the introduction.

1) The qualiitative interpretation of lithology was successful in the
recognition of shale, shaly sandstone, sandstone, bentonite and calcareous
streaks in the 700 m long sections of interest of wells 5-7 and 6-35. Cross-plot
analyses for clay type involving the photoelectric cross-section index, and the
potassium content and thorium to potassium ratio, were interpreted as mixed
layer clays or combinations of clay types which change with depth. Cross plots
for the approximation of the type of shale distribution indicated mostly
disseminated and laminated shales in shaly sandstone.

2) A mukitude of numerical methods is available in literature for the
analysis of geophysical well logs recorded in shaly sandstone lithology. The
profiles of shale volume caiculated from the total gamma radiation curve, and
the combination of the neutron porosity and density porosity curves were
ambiguous. Hand-picking of values was necessary, with the profiles serving as
guidelines.

3) The resuits computed with a selection of empirical aigorithms for the
approximation of porosity, were found 10 remain meaningful even in extreme!
shaly lithology. From statistical and visual comparisons of the profiles
generated with aigorithms involving the bulk density curve, the sonic traveltime
curve, and the combination of the neutron porosity and density porosity curves,
it was concluded that empirically derived aigorithms based on the same
physical measurements of formation properties tend 10 produce closely related
profies of porosity. Further, accuracy of log-derived porosity profiies is attained
only through calibration with core porosity measurements. The degree 10 which
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the calibrated log-derived porosity profiles of 5-7 and 6-35 represent the actual
effective porosity of the stratigraphic section in relative and absolute terms
could not be evaluated reliably given the insufficient volume of comparati
data from core analyses in nearby wells.

4) The permeability profiles generated from an aigorithm based on
statistical correlation of core porosity and the logarithm of core permeability as
well as log-derived porosity, and an equation involving the free fiuid index and
density porosity, vary from each other by as much as one-and-a-half log cycles.
is & direct method of computation with less potential for recurring uncertainties
introduced in intermittent data manipulations in the other method. The signature
characters and the wide range of values cormesponding to small changes in
kthology or porosity rendered any evaluation of the accuracy of the permeability
geophysical well logs may contribute quaitative and quantitative information
with respect to ithology, shale volume, porosity and permeability of the rock
formation to hydrogeological investigations in shaly sandstone. A selection of
aigorithms developed for the purposes of petroleum expioration is applicable
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for 5-7 and 6-35 as digitized in one-metre

Appendix A: List of well log parameters

| for Cokunn Heeders:
PHID . duﬂypauiyn(aﬁﬂmipﬁuﬂyuﬁ - p.u.)
- u.
DENS = bulk density (kp/m3) 7 7 ,
PHIN = neutron porosity (fractiona n
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