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ABSTRACT

Digital data from petrophysical logs of the Jeanne d’ Arc Formation in the Terra Nova and Hibernia oil fields
within the Jeanne d’Arc Basin (JDB) were analyzed. This work is a contribution to the JDB Hydrocarbon Charge
Modelling Project. The purpose of this work is to achieve an assessment of physical properties of the Jeanne d’Arc
reservoir and the saturating fluids.

Three groups of phyical parameters were deduced; petrophysical parameters, including porosity and
permeability, and lithology variations; electric parameters, including water saturation, bulk and water resistivities,
electric tortuosity, cementation factor, and specific internal surface area of grains and mean grain size; and elastic
parameters, including the elastic moduli in terms of rigidity and compressibility, Poisson’s ratio, Young’s modulus,

Lame’s constant, and velocity ratio and acoustic impedance. Wide variations in the various physical parameters were

obtained, which might be mainly attributed to the high heterogeneity of reservoir sediments.
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ABSTRACT

Digital data from petrophysical logs of the Jeanne d’ Arc Formation in the Terra Nova and Hibernia oil fields
within the Jeanne d’Arc Basin (JDB) were analyzed. This work is a contribution to the JDB Hydrocarbon Charge
Modelling Project. The purpose of this work is to achieve an assessment of physical properties of the Jeanne d’Arc
reservoir and the saturating fluids.

Three groups of phyical parameters were deduced; petrophysical parameters, including porosity and
permeability, and lithology variations; electric parameters, including water saturation, bulk and water resistivities,
electric tortuosity, cementation factor, and specific internal surface area of grains and mean grain size; and elastic
parameters, including the elastic moduli in terms of rigidity and compressibility, Poisson’s ratio, Young’s modulus,
Lame’s constant, and velocity ratio and acoustic impedance. Wide variations in the various physical parameters were

obtained, which might be mainly attributed to the high heterogeneity of reservoir sediments.

1. INTRODUCTION

Digital log data from the Jeanne d’Arc Formation in fourteen Hibernia and Terra Nova wells in the Jeane
d’Arc Basin (JDB) were analyzed and interpreted. More details and interpretations will be given in several papers
dealing comprehensively with specific physical parameters of the JDB. Analyses of the digital data were carried out
using the Terra-Log program in addition to other programs developed to achieve the purpose of this study. In
addition to the digital data, analog data, as well as lithological logs from cuitings analysis produced by the Canadian
Stratigraphic Service Ltd. (CSSL) were used. This study concentrates on the Jeanne d’Arc reservoir interval of the
Hibernia and Terra Nova oil ficlds in the JDB (Table 1.1). Table 1.2 shows the location information (latitude and
longitude) for the various wells, in addition to some technical data (CSSL and Petro Canada PC) from drilling and

logging processes. These data were used in the quantitative analysis of physical parameters.

2. METHODS

2.1 INPUT DATA AND GENERAL RELATIONSHIPS

The different logs used in calculation of physical properties are given in Tables 2.1 and 2.2, and the ranges
and averages of measurements for the reservoir intervals of the Terra Nova and Hibemia wells are listed.

Generally the data given in Tables 2.1 and 2.2 show that the Jeanne d’Arc facies of both oil fields, Terra
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Nova and Hibernia are characterized by wide variations in their physical properties. For example, the gamma ray
values vary between about 8 and 135 API units, the bulk resistivity varies between about 0.1 and 9870 Q.m, the bulk
(matrix and fluid) density varies between about 1.35 and 3.72 gm/cm?, the transit time of the compressional seismic
wave varies between about 135 and 660 ps/m, or in terms of compressional wave velocity, as will be seen later, it
varies between about 7350 and 1500 m/s, respectively. These wide variations of the measured physical broperties
are due to the limological-mineralogical heterogeneity of the sediments, and due to the effect of the multi-saturating
fluids (oil, gas and brine) filling the pore spaces. As will be seen later, these variations of the measured physical
properties are reflected in the various calculated petrophysical, electric and elastic properties of the sediments.

To show the variations in some of the log measurements, Figure 2.1 is a plot of resistivity log (ILD) and
spontaneous potential log (SP), density log (DEN) and sonic travel time log (SON), and sonic travel time log and
neutron porosity log (CNL). The negative relationship between ILD and SP (Fig. 2.1-A) shows that by increasing
the bulk resistivity (matrix and saturant resistivities), or by decreasing the bulk conductivity, the SP tends to decrease.
This figure also shows that a range of SP between about -160 and -20 mv corresponds to a resistivity range between
about 1 and 70 Q.m. It can aiso be observed that 6 points of the 12 plotted points exhibit a range of SP between
about -80 and -20 mv, corresponding to a resistivity range between about 1 and 10 Q.m. Typical values of SP for
shale and clean sand formations are between -15 and -100 mv, respectively (Desbrandes, 1985). The increase in
electric conductivity and spontaneous potential is mainly attributed to the presence of conductive elements, either
clay minerals or saline water or both, which helps the electric current to flow easily, leading to increase in the
potential linked to the difference between the pore water and the mud filtrate. If the mud filtrate resistivity is higher
than the pore water resistivity, the SP will be negative; if the mud filtrate resistivity equals pore water resistivity,
the SP will be zero; if the mud filtrate resistivity is less than pore water resistivity, the SP will be positive.
Therefore, the SP is negative if the pore water is saltier than the mud filtrate. Positive SPs are generally observed
in the case of fresh water sands, or due to the presence of hydrocarbons in sandy formations. The presence of
conductive elements such as clay minerals exisiting either in the form of shale layers, suspended particles in the fluid
saturating the pores, or in the form of films coating the matrix particles, has an important influence on the
relationship between spontaneous potential and electric conductivity.

Figure 2.1-B shows a decreasing relationship between bulk density (DEN) and sonic travel time (SON).

This relationship shows a general range of DEN between about 2.25 and 2.65 gm/cm’® corresponding to a general
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range of SON between about 230 and 280 ps/m. The following values are the grain densities in gm/cm’ for some
composite minerals of sediments. Quartz = 2.65, calcite = 2.71, dolomite = 2.88, anhydrite = 2.98, halite = 2.04,
and some clay minerals have grain densities between 2.12 and 2.79. Table 2.3 shows values of transit time (in
ps/m), compressional wave velocity (in m/s) and bulk density (in gm/cm?) for some selected dry and wet sediments
and rocks, as well as fluids. Table 2.3 shows that the variation in travel time (seismic wéve velocity) are affected
by variations in bulk density due to variants in compaction and consolidation, saturation and type of saturant. One
of the important factors which also affects the relationship between travel time or velocity of acoustic signal and
density is the porosity level.

Figure 2.1-C shows a strong increasing relationship between sonic travel time (SON) and neutron porosity
(CNL). This relationship corresponds to the decreasing relationship between seismic velocity (inverse of travel time)
and porosity. Empirical equations linking the various logs plotted ianigure 2.1 were derived for the logs of
spontaneous potential (SP) and deep resistivity (ILD), sonic travel time (SON) and bulk density (DEN), and neutron
porosity (CNL) and sonic travel time (SON). These equations and their error coefficients (a and b), as well as the
mean absolute deviations (MAD) of points from the regression lines are given in Table 2.4 (Eq. 2.1.1-2.1.3).

The average values of gamma ray (GR) logs show no systematic relationships with average values of other
logs. For example, the relationships between GR and other logs such as SP, ILD, and CNL show increasing trends
in the case of Terra Nova wells, and decreasing trends in the case of Hibernia wells. This is probably due to

variations in amount and type of radioactive elements in the sediments of both oil fields.

2.2 OUTPUT DATA

By introducing the log measurements given in Table 2.1 into the Terra-Log program (1989), three groups
of physical properties characterizing the sediments of Terra Nova and Hibemnia were obtained for the reservoir
intervals at 0.20 m increments. These properties are classified as petrophysical and lithological, electric, and elastic.
This classification depends on the physical indications of the various properties in terms of petrophysical, electric

and elastic responses of sediments in relation to their lithology and fluid saturants.

2.2.1 PETROPHYSICAL AND LITHOLOGICAL PROPERTIES

The petrophysical properties discussed in this part of the study are porosity in relation to the lithologic
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variations investigated by the gamma ray (GR), sonic (SON), density (DEN), and compensated neutron porosity
(CNL) logs. In addition, the shale content deduced from gamma ray logs, and the permeability calculated from

porosity and water saturation are also discussed.

22.1.1 LITHOLQGY AND POROSITY

An estimation of the various lithological components in addition to porosity was achieved using the PETRA
module in the Terra-Log program. Using the CSSL logs, digital and analog data, the lithological composition and
porosity were obtained at different depths within different intervals of the various wells. This was achieved by
introducing to the program the lithological components and porosity, for the various zones, in addition to their log
readings to finally get a model of lithology and porosity being in agreement with the introduced data.

Two or more appropriate logs were chosen from the log measurements given in Table 2.1. It was found
that the most effective logs in lithology and porosity calculations were the GR and SON logs. In case that SON logs
were not available (Table 2.1), DEN and CNL logs were used. The lithological components used in the model
representing the sediments in the different wells are: shale (SH), siltstone (SILT), sandstone (SS), marl (MARL),
limestone (LS) and conglomerate (CGLM), as well as porosity (POR). It was found that the fewer components
introduced, the better the results obtained. Therefore, the different zones were analyzed in small increments to
reduce, as much as possible, the number of components, and consequently the errors in calculations.

To obtain a model of lithology and porosity satisfying the real situation, iteration processes were used. This
type of analysis was done by solving a set of linear equations defining the lithology, porosity and their log readings.
For example, 2.65SS + 2.71LS + 2.50SH + 1.00POR = DEN, where the constants in this equation are the density
coefficients (in gm/cm?) of each component, and DEN is the bulk density read from the density log. Each log used
as input, either GR, SON or other, generates a similar equation with its own coefficients. Another equation used
in the analysis implies that the sum of the components must be unity, i.e SS + LS + SH + POR = 1.0,

The success and accuracy of this analytical procedure is greatly dependent on choosing the abpropriate
coefficients, as well as on identifying the lithological components correctly. The accuracy of this procedure can also
be adjusted by numerical diagnostic processes to assess the final solution reasonability. The diagnostics include the
degree of agreement of the lithological-porosity model with the real situation of lithology and input measured data.

Inconsistencies may result from bad log registrations, bad hole conditions, log miscalibrations, as well as poor
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selection of the required coefficients. The diagnostic process is controlled by the sum deviation, which shows the
deviation of analysis from the mathematically-ideal solution. The zero sum deviation indicates a very high degree
of accuracy. The proportional variance as well as the error factor are other mathematical factors helping to improve
the degree of accuracy. The proportional variance is an indicator of the degree of heterogeneity (or homogeneity)
of the various lithological fractions included in the model to satisfy the real conditions. The error factor indicates
the overestimation if this factor shifts from zero. Also the accuracy in analysis is highly dependent on the number
of iterations used in computations.

A general summary of the results of this analysis including ranges of lithology fractions and porosity, as
well as their averages are given in Table 2.5 and Table 2.6. The wide variation of lithology in the various wells and
the presence, sometimes, of five lithological components or more, simply indicate the high degree of heterogeneity
of the sediments, which is, in turn, reflected in the wide variations in porosity and, as will be seen later, in other
physical properties. It is obvious from Table 2.5 that the shale and silt fractions are dominant, followed by the
sandstone fraction. The silt fraction, as indicated by the CSSL, is generally shaly silt or silty shale. Comparing the
Terra Nova and Hibernia oil fields, the Terra Nova has greater amounts of marl and conglomerate, and is generally
characterized by higher amounts of shale.

Porosity in the Terra Nova and Hibemia fields varies between 0.0 and about 60% (Table 2.5), and ranges
in average between about 7 and 18% (Table 2.6). This wide variation in porosity is attributed to the variations in
grain size and lithology. The lowest values of porosity were obtained where considerable amounts of limestones and
sandstones exist at greater depths. The highest values of porosity were generally obtained where high amounts of
shale and silt exist at shallower depths. The traditionally accepted smooth porosity-depth decreasing curve may not
represent the actual relationship at individual locations. The porosity sometimes decreases toward the inter-bedded
permeable zones. A simple explanation for these porosity variations within the shales themselves or the sandstones
might be attributed to variations in lithology or mineralogical composition or both. However, many instances
shqwing no difference in composition or lithology with significant porosity differences can be attributed to the
subsurface drainage and the pore pressures (Maghara, 1986). High values of porosity were also obtained even at '
very great depths. This is probably due to continuous deposition and burial causing the deeper sediments to be
overpressured. Because of uplift and erosional effects, the surface temperature will decrease, and consequently the

pore spaces may expand. In his study of overpressuring in the Venture gas field offshore Nova Scotia, Canada,
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Mudford (1990) pointed out that the relatively rapid sedimentation rates in past geological times lead to the
generation of overpressures.
Later in the permeability section, various relationships between porosity, permeability and the lithological
fractions including shale, sandstone, silt and limestone are demonsirated and discussed.
The shale content (volume of shale, VSH) was calculated again according to the following equation
(Terra-Log, 1989):
VSH = 0.33[2% - 1], where: 22.1.1.1
x = Gamma log reading of clean sediments/Gamma log reading of dirty sediments.
Table 2.7 shows that the shale content calculated according to Equation 2.2.1.1.1 is generally greater than 90%. - This
high range of VSH might reflect the shales as total existing in the forms of suspended and structural shale, silty

shale, shaly silt, sandy shale, shaly sand, limy shale, and shaly limestone.

2.2.1.2 PERMEABILITY

Permeability (K) is a very important parameter in petrophysics. It is one of the physical parameters which
can’t be easily deduced by log measurements. Most of the methods used to obtain permeability are based on
empirical relationships. In addition to laboratory measurements, permeability can be obtained indirectly from the
seismic attenuation method. However, because the laboratory meaurements of permeability were not used, the
empirical equation given by Timur (1968) was used. This equation (2.2.1.2.1) generates an estimation of
permeability (K) in mD based on porosity (®) in % and water saturation (S,) in %. Timur’s equation can be
expressed as follows:

K= a(cb)b/(Sw)c, where: a = 0.136, b = 4.40, and ¢ = 2.0 2.2.1.2.1
It is worth indicating that derivation of (a, b, and c) coefficents from relationships between porosity and water
saturation based on laboratory measurements is an important step to calibrate the present results of permeability.
To obtain permeability (K), the calculated porosities given in Table 2.5, as well as the calculated water saturation
values, disussed later, were introduced in Equation 2.2.1.2.1. The ranges and averages of permeability are
summarized in Table 2.7. The calculated values of permeability generally range between 0.1 and about 1.52*10*
mD (between 9.87%10"7 and 1.50*10"° m%). Desbrandes (1985) pointed out that reservoir permeability, in general,

varies between 0.1 and more than 1.0*10* mD depending on reservoir lithology. The smallest value of permeability
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obtained is 0.1 mD or 9.87*10""7 m®. This value is the lowest limit that can be calculated by the Terra-Log program.
However, Katsube et al. (1991) obtained extremely low values of permeability between 1.0*¥10% and 7.0%10"2 m®
for cores taken from three wells on the Scotian Shelf at depths between 4500 and 5600 m. They attributed their
extremely low permeabilies to the very tortuous paths connecting the pore spaces. They estimated an error value
of up to 50%. However, Davis and De Wiest (1966) gave a permeability value of montmorillonite clay as low as
9.9%10® m? or 10 Darcy.

The wide range of permeability obtained is attributed to many reasons such as variations of pore geometry
in terms of pore network, porosity, and tortuosity, specific surface area of grains and grain size. In addition, it is
strongly influenced by lithology variations. As seen in Table 2.7, permeability in general is low or, in some cases,
very low. This is due to the effects of overburden pressure and presence of shale in very high percentages.

Figure 2.2 shows various relationships between the averages of ® and K (Table 2.6 and Table 2.7); and the
averages of the various lithological fractions of sediments (Table 2.6). Emperical equations expressing the general
trends of the regression lines of the various plots were derived. The equations are given in the same figures and
summarized in Table 2.8. Regarding the various plots in Figure 2.2, the following features can be observed:

* Scattering is highly characteristic of the various relationships. This might be attributed to the fact that these
relationships present the average values of the various quantities. In addition, the variations in surface area and size -
of composite grains of the different fractions of sediments is a main factor producing this high scattering.

* There is no general or consistent trend between porosity and permeability on the one hand, and lithology
fractions on the other. It can be seen that porosity increases with increase of shale, sandstone, and silt fractions (Fig.
2.2-A,2.2-C, and 2.2-E, respectively), whereas it shows no trend with the limestone content (Fig. 2.2-G). Regarding
the permeability (K), it can be seen that K shows no trend at all. It slightly increases with increase of shale content
(Fig. 2.2-B), and clearly decreases with increase of silt content (Fig. 2.2-F). As will be seen later, if shale and silt
fractions were added together and considered as one fraction, from the point of view that they generally show the
same readings of physical parameters, especially gamma ray and sonic transit time, it can be concluded that
permeability decreases with increase of shale and.silt contents. Permeability slightly decreases with increase of
sandstone content (Fig. 2.2-D), and obviously increases with increase of limestone content (Fig. 2.2-H). This can
be attributed to the fact that the sandstone is highly compressed due to the effect of overburden pressure, hence it

shows a weak decreasing relationship with permeability. Increase of permeability with limestone content could be
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attributed to the fact that, due to the effect of high overburden pressure and compressional stresses, new fractures
might be created producing additional framework channels for fluid flow.
* The empirical equations, given in the same figures and summarized in Table 2.8 (Eq. 2.2.1.2.2-2.2.1.2.9),
show that the plotted points of permeability in relation to lithological fractions exhibit high deviations (MAD) from
the regression trend lines, and high errors in the a and b equation coefficients. The error values of a andAb are
generally higher than the coefficients themselves. Mathematically this indicates that the permeability relationships
with lithological fractions are insignificant.
* In addition to the foregoing mentioned reasons, the high scattering in permeability relationships might also
be attributed to the use of Timur’s empirical equation in this study. The constants used in this equation are default
ones, which probably do not strongly correspond to the sediments under study. In addition to the constants, Timur’s
equation takes into account the water saturation and porosity. The accumulated errors prodﬁced from porosity and
water saturation calculations, in addition to the default constants, are other factors responsible to some extent for the
high, scattered permeability-lithological fractions relationships.
* In conclusion, despite the high scattering in the relationships between porosity and permeability in respect
to lithology, the porosity-lithology relationships show more reasonable results than permeability-lithology
relationships. The imprecision in permeability relationships could be due to many factors such as drainage flow
which is changed from layer to layer, and from zone to zone, and from well to well due to pressure variation. The
characters of both dispersed and continuous phases rwill strongly affect the permeability relationships. These
characters include, for example, compressibility of solid and fluid materials, viscosity and density of muli-phase
fluids (brine, oil, and gas), pore geometry and fabric of sediments, temperature of saturants and
containing-formations, and size and specific internal surface area of composite grains.

Figure 2.3 summarizes the relationships between porosity (®), permeablity (K) and shale content (VSH) for
the Terra Nova and Hibemnia oil fields. Figure 2.3-A shows the general relationship between @ and K for all the
lithological fractions together. A slightly decreasing relationship between ® and K can be observed. This
relationship can be expressed as follows:

® = 1.427*10* - 2.661*10 K, where: 22.1.2.10
@ in %, and K in mD.

Figure 2.3-B shows the general relationship between ®@ and VSH. The values of the shale content presented in this
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figure, as well as in Figure 2.3-C, are the average values of the total shale deduced from the gamma ray
measurements. This figure shows an increasing trend between @ and VSH. The line of regression of this
relationship shows the following empirical equation:

@ = 3.597%10" + 3.355%10" VSH, where: 2.2.12.11

@ and VSH are in %.
Despite the high scattering in the relationship between K and VSH, a slightly decreasing trend (Fig. 2.3-C) between
these quantities was obtained. This relationship between permeability and shale content may reflect a reasonable
result. This relationship can be expressed in the following empirical equation:

K = 4.835%10* - 6.847 VSH, where: 22.1.2.12

K in mD and VSH in %.

2.2.2 ELECTRIC PROPERTIES

Electric properties including pore water resistivity (p,), water saturation (S,), cementation factor (m),
formation resistivity factor (F), and electric tortuosity (T) were calculated using the resistivity log measurements
given in Table 2.1. In relation to these electric properties and the previously calculated porosity and permeability,
the specific internal surface area (S;) of composite grains and the mean grain size distribution (GSD) of sediments
were also calculated. Note that S, and GSD are not electric properties, but they are considered here because of their
linkage to the electric properties. Tables 2.9 and 2.10 show ranges and averages of the deduced parameters

corresponding to the Terra Nova and Hibemnia oil fields.

2.2.2.1 PORE WATER RESISTIVITY

The pore water resistivity (p,) was calculated according to the modified Archie’s formula (Eq. 2.2.2.1.1).

Values of the tortuosity factor (a) of 0.65 and the cementation factor (m) of 2.15 were used. These values of a and

m generally correspond to shaly sandstones. In addition to a and m, a resistivity log (p,) representing the formation

bulk resistivity and porosity (), which was previously calculated, were also used. The Archie’s equation, in terms
of pore water resistivity (p,,), can be written as follows:

P, = p, (@M/a 22.2.1.1

The average values of water resistivity (Table 2.10) at reservoir temperature have a range between 0.05 and 1.32
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Q.m. In terms of conductivity (C), it ranges between 20 and 0.76 (Q.m.)", or 2*10° and 7.6*10° uS/cm, respectively.
It is evident that the pore water is highly conductive or of low resistance, indicating high salinity. The high salinity
of pore water might be attributed to continuous chemical reactions between the pore water and the matrix composed
of various minerals, by means of the water circulation. The high salinity (high conductivity) of pore water, and the

conductive clay minerals, are effective factors in transmitting electric current.

2222 WATER SATURATION

Water saturation, in addition to the shale content, is considered an important quantity in reservoir evaluation.
Water saturation (S,,) is defined as the ratio of the volume of water in the pore spaces to the total volume of pores.
The volume of pores is defined as the total volume or bulk volume of a sample multiplied by porosity of the sample.
S,, was calculated as a fraction and expressed as a percent or a fracﬁon. The hydrocarbon saturation (S;) can be
expressed as: 5, =1-8S,.

The modified equation given by Simandoux (1963) for sﬁaly sediments was employed in this study to
calculate the water saturation. The shale may be laminated, dispersed or structural. The three coexisting forms of
shale were taken into consideration when Simandoux gave his modified model to calculate the water saturation.
Simandoux’s model can be expressed as follows:

S, = [(@p,/@™) (1 - VSH)/[p, + {p, VSH (1 - VSH)/2p,)™° - [p, VSH (1 - VSH)/2p,,]] 2222.1

where: S, = Water saturation as a fraction
a = Archie’s coefficient (tortuosity factor) = (.65
m = Archie’s exponent (cementation factor) =2.15
n = Saturation exponent =2.00
@® = Porosity in fraction

VSH = Volume of shale in fraction

p., = Pore water resistivity in Q.m
p. = True formation resistivity in Q.m
p, = Bulk measured resistivity in Q.m

P = Shale resistivity in Q.m.

The above equation shows that the calculation of water saturation clarifies the contribution of shale to conductivity
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of the medium. It also shows that water saturation is affected, in addition to shale content, by many factors linked
to the electric conductivity, including degree of cementation and pore geometry.

As seen in Table 2.9, water saturation has a range between about 1 and 100%. The averages of water
saturation (Table 2.10) range between about 40 and 83%. These results suggest that the water saturating the pores
occupies a very low to medium to high proportion of these pores. The remaining parts might be occupied by oil

or gas.

2.2.2.3 FORMATION RESISTIVITY FACTOR AND CEMENTATION FACTOR

The ratio between the bulk resistivity (p,) and the pore water resistivity (p,,) was originally given by
Sundberg (1932). This ratio was later defined by Archie (1942) as the formation resistivity factor (F). This
parameter in.relation to other parameters is affected by the behavior of porous media, and depends on the intricate
geometry of the pore channels. The formation factor was calculated in this study (Table 2.9) according to Archie’s
formula (F = p/p,). Its average (Table 2.10) varies between about 35 and 2170. The ranges given in Table 2.9
show that F exhibits very few readings of values less than 1.0. This indicates that, where very clean and pure clays
exist, the pore water resistivity is higher than the bulk resistivity. The extremely high values of F indicate very high
bulk resistivity (resistive dispered phase) and very low pore water resistivity (conductive continuous phase). In the
present study, this situation was mostly encountered at greater depths where limestones, clean sandstones and even
shales exist. The high formation factors of shales indicate that at greater depths shales become more resistive.
However, according to modified Archie’s equation (F = a/®™) (Winsauer et al., 1952), the formation factor (F) is
inversely related to porosity (®), and directly related to tortousity factor (a) and cementation factor (m). Since the
formation factor (F) is dependent on bulk as well as electrolyte resistivities, it can be concluded (Table 2.10) that
formation factor increases (higher resistivity) with increase of mean grain size. Sarma and Rao (1962)
experimentally, and Salem (1990) practically, achieved the same results.

The cementation factor (m) was originally defined by Archie (1942). As previously seen, it was included
in many functions describing the behavior of porous media when an-electric current passes through. In addition to
consolidation and compaction effects, the cementation factor is also affected by the fabric of sediments, including
the degree of packing, texture, orientation, grain size distribution, sorting and sphericity-angularity of grains. The

results of m, given in Table 2.9, show wide variation, including low and high extremes. If these extremes reflect
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the reality7 it can be said that the low values might be related to weakly cemented sediments, and the high values
might be correlated to well consolidated and cemented dense sediments. The extreme values may be due to mistakes
in calculations. The averages of m between about 1.6 and 3.1 (Table 2.10) are in good agreement with the values

given in the literature (between 1 and 3).

2.2.24 TORTUOSITY

Knowledge of the formation factor (F) and porosity (®) helps to numerically evaluate, in terms of tortuosity
(T), the behaviour of electric and hydraulic flow in porous media. Salem (1990) mathematically derived T, in
relation to bulk and pore water resistivities and porosity, as T = (F*®)*>. When an electric or hydraulic current
flows in a porous medium, it will face higher resistivity if low porosity exists. In this case, the current will be forced
to take a longer, more tortuous path which, consequently, leads to an increase in resistivity.

The values obtained for the formation factor and porosity were introduced in the-simple equation defining
the tortuosity (mentioned above). The results (ranges and averages) are given in Table 2.9 and Table 2.10. It can
be seen that tortuosity has extremely high and low values. The extremely high values might be attributed to
sediments exhibiting very high formation factors and very low porosities. This condition satisfies, more or less, the
coarse-grained sediments, mainly the sandstones and probably some of the limestones. Carman (1956) pointed out
that one of the factors affecting the tortuosity is the variation in particle shape. He experimentally indicated that
spherical particles have relatively low values of tortuosity, whereas angular particles show relatively higher values
of tortuosity. The high tortuosity values of angular particles may be attributed to the difficulty of obtaining random
packing, The extremely low values of tortuosity represent sediments exhibiting very low formation factors and
relatively high porosities. This condition generally corresponds to the very fine and fine-grained particles of shales,
clayey and silty shales. The averages obtained in this study range between about 2 and 4 (Table 2.10). Katsube et
al. (1991), in their study on the tight shales at depth greater than 4000 m, obtained apparent tortuosities between 23
and 11.9, and a true tortuosity of 3.3. They suggested that the high values of tortuosity indicate a very complex
network of flow paths with pocket pores. Generally, increased resistance can be noted for rocks characterized by

more tortuous passages (Helander and Campbell, 1966).
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2.2.2.5 SPECIFIC INTERNAL SURFACE AREA AND MEAN GRAIN SIZE

In petrophysics, the specific internal surface area (S,) has important physical influences in relation to various
physical properties of porous media. It is of particular importance since it is related to grain size variation and shape
of particles, porosity, permeability, tortuosity and other properties. It also has a specific meaning in defining fluid-
solid relations. Also, it has a characteristic relation to the surface electric and electrolytic conductance of clays and
fine colloidal clay particles. This parameter is defined as the ratio between the total internal surface area of particles
and the bulk volume of the porous material (Wyllie and Spangler, 1952; Pfannkuch, 1969). More details about the
mathematical derivation of this parameter, as well as the theoretical and practical physical meanings are given in
Salem (1990). It can be numerically derived from the grain size distribution (GSD) or vice versa. In this study, it
was derived in relation to the formation resistivity factor, porosity, and permeability according to the following

equation given by Chilingar et al. (1963), which is originally based on the well known Kozeny-Carman equation

(Carman, 1937):
S, = 4.46*10"/[F**@'**K]'?, where: 22251
S, = Specific surface area in cm™
F = Formation resistivity factor, dimensionless
o = Porosity in fraction
K = Permeability in mD.

The previously deduced values of F, ®, and K were introduced in Equation 2.2.2.5.1. The results of S, (Table 2.9)
show a very wide range generally between 0.5 and about 1.6*10° cm™. In hisl stgdy of the glacial deposits in
northern Germany, Salem (1990) obtained a range of S, between 3 and 3*10° cm™ corresponding, respectively, to
a range of grain size between 2 and 2*10”° cm in diameter. These values correspond, respectively, to gravel and
colloidal clay. The grain size in terms of diameter (D) was obtained in relation to the specific surface area according

to the following equation given by Bear (1972):

D = [(6 - 6D)/S,], where: 22252
D = Diameter of grain in cm

) = Porosity in fraction

S, = Specific surface area in cm™.

The derived grain size exhibits a range between 0.04 and 4940 pm in diameter. This range of grain size corresponds
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to colloidal clay and coarse sand to fine gravel. The averages (Table 2.10) of mean grain size range between about
8 and 35 pm in diameter. This range corresponds to the grain size of clays, or to the equivalent, such as very fine
calcite and dolomite. Katsube et al. (1991) experimentally obtained very small grain sizes agreeing with the present
results. The deduced results of mean grain size suggest that the sediments are generally composed of clays, silts,
fine to medium sands as well as calcites and dolomites. In conclusion, the clastic sediments under study are
generally characterized by very high specific surface areas, and consequently by very fine to fine grained-particles.
The degradaton of sediments towards the fine scale has a considerable effect on the various deduced petrophysical,

electric and elastic properties.

2.2.2.6 RELATIONSHIPS BETWEEN ELECTRIC AND PETROPHYSICAL PROPERTIES (DEDUCED), AND

PROPERTIES FROM LOG MEASUREMENTS

Relationships between various parameters (deduced and measured), including tortuosity (T), porosity (P), .
cementation factor (m), pore water resistivity (p,,), water saturation (S,,), formation resistivity factor (F), distribution
of mean grain size (GSD), permeability (K), specific surface area (S,), bulk resistivity (ILD), spontaneous potential
(SP), gamma ray (GR), and bulk density (DEN), are plotted in Figures 2.4 and 2.5. These relationships are evaluated
in terms of the mean absolute deviation (MAD) from the regression lines, and in terms of empirical equations
showing the errors in the a and b coefficients in each equation (Table 2.11). The various plots show the following:
* Tortuosity (T) decreases with increase of porosity (&), cementation factor (m), and increase of water
saturation (S,) (Fig. 2.4-A, 2.4-B, 2.4-D, respectively). It slightly increases with increase of pore water resistivity
(p,) (Fig. 24-C). In the low range of @ (Fig. 2.4-A) a gradual increase of T with decrease of ® becomes
well-marked. This result was also obtained by Carman’s (1956) experimental work, and by Salem (1990) from field
electric measurements. The T-® relationship also shows that the rate of increase in T accelerates rapidly when @
becomes less than 10%, where low porosities are produced by increasing consolidation with depth. increase.
Consolidated porous media attain greater tortuosities than unconsolidated porous media (Wyllie and Spangler, 1952).
Hence, T progressively decreases as < increases indicating that the tortuous path of electric and hydraulic currents
becomes longer and more complicated.

The decreasing relationship between tortuosity (T) and cementation factor (m) (Fig. 2.4-B) was also obtained

by Wyllie and Rose (1950). According to their empirical formula, m = [(In ®/T*5)/In ®], tortuosity (T) increases
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with decrease of the cementation factor (m). This type of relationship might be attributed to more conducting cement
materials coating the grains, which in turn helps to conduct the electric current (lower tortuosity).

* The increasing relationship between tortuosity (T) and pore water resistivity (p,) (Fig. 2.4-C) can be
attributed to the fact that the increasing resistance (decreasing conductance) of pore fluid forces the electric current
to pass through more tortuous and longer paths. |

* Tortuosi'ty of a continuous medium also shows some dependence on the variation of the degree of saturation
(Perkins et al., 1956; Corey, 1977). As the degree of water saturation decreases (decrease of the wetting phase), fluid
will take longer paths to flow, and the electric current will also follow in more tortuous paths (Fig. 2.4-D).

* The MAD as well as the error values of a and b coefficients in the derived empirical equations (Eq.
2.2.2.6.1-2.2.2.6.4) relating tortuosity and other parameters (Table 2.11) are reasonable.

* The formation resistivity factor (F) shows increasing relationships with bulk resistivity (p,), distribution of
mean grain size (GSD), and permeability (K) (Fig. 2.4-E, 2.4-F, 2.4-H, respectively). It also shows an inverse
relationship with porosity (®) (Fig. 2.4-G). The direct relationship between F and p,- (Fig. 2.4-E) is due to the
mathematical definition of the formation factor, i.e. [F = p/p,]. The increase of formation factor with increase of
grain size (GSD) (Fig. 2.4-F) can be explained in terms of surface electric conductance appearing on the surfaces
of grains. In this case, the coarse-grained sediments exhibit low values of specific surface area and, in turn, they
show low electric conductance or high resistance. Another explanation of the direct relationship between F and GSD
is that porosity decreases by increasing the éize of grains, hence they show higher formation factors than fine-grained
sediments because the conduction is mostly via the water filling the pore spaces (Salem, 1990). Therefore, the
conductivity primarily depends on the electrolyte within the pore spaces, especially if the pore water is highly saline
as is the case in the present study. In fresh water formations, the electric conductivity is strongly dependent on the
conductivity of clays, and on the electric charges held by the surfaces of clay particles. Generally, the total
conductance (or resistance) appears to be equal to the sum of the conductance (or resistance) of both the solids and
the saturating fluids (Patnode and Wyllie, 1950).

* The well-known inverse relationship (Archie, 1942) between the formation factor (F) and porosity (P), as
obtained in Figure 2.4-G can be explained by the electric properties of most rocks and sediments, which mainly
depend upon variations of electrolyte and bulk resistivities, and grain size.

* As previously pointed out, permeability (K) generally shows no consistent relationship with many other
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parameters. The paradox in such relationships mainly depends on local petrophysical conditions, such as clay
content, water salinity, grain size distribution and others. Various studies show direct correlations between K and
F, and other studies show inverse correlations. More details about this controversy are given in Salem (1990).
However, with dependence on a mathematical treatment between permeability, tortuosity, shape factor of grains, and
formation factor given by Wyllie and Rose (1950), it can be suggested that the increase of permeability is related
to decrease in tortuosity, and hence increase in formation factor (Fig. 2.4H) can be obtained. Archie (1942,1947)
pointed out that the relationship between F and K is markedly dependent on the rock texture. This indicates that‘
the variation in permeability with resistivity (in terms of the formation factor) is a function of the variations in both
porosity and tortuosity.

* The MAD and the error values applying to the empirical equations between formation factor and other
parameters (Eq. 2.2.2.6.5-2.2.2.6.8 in Table 2.11), seem to be generally high. These high values might be attributed
to the fact that the sediments are highly shaly, which disturbs the relationships between formation factor, as a
property of sediments resistance for electric current flow, and other parameters.

* The mean grain size distribution (GSD) shows considerable variations with different physical properties (Fig.
2.5A-H). Increasing trends are shown (Fig. 2.5-B, 2.5-C, 2.5-E, 2.5-F, 2.5-H) with permeability (K), tortuosity (T),
spontaneous potential (SP), bulk resistivity (ILD) and bulk density (DEN), respectively. Also, decreasing trends are
shown (Fig. 2.5-A, 2.5-D, 2.5-G) with porosity (&), specific surface area (S,), and gamma ray (GR), respectively.
The decrease of porosity by increasing the size of grains (Fig. 2.5-A) is accompanied by increase in tortuosity (Fig.
2.5-C). The increase of permeability with increase in grain size (Fig. 2.5-B) is attributed to the decrease of surface
area of composite grains (Fig. 2.5-D). For example, clays (smaller grain size than sands) exhibit greater surface
areas, and hence they exhibit less permeability than sands. These inter-relationships between grain size, porosity,
permeability, tortuosity, and surface area of grains might be explained in terms of pore geometry (porosity), channel
geometry (fortuosity), and the hydraulic conductance (linkage between porosity, permeability, tortuosity, and surface
area of composite grains) of a medium composed of a network of channels connecting the pore spaces. Various
studies were carried out (either experimentally, or theoretically, or in-situ measurements) and showed that
permeability becomes progressively lower with decreasing grain size (Krumbein and Monk, 1942; Jones and Buford,
1951; Beard and Weyl, 1973; Paterson, 1983; Salem, 1990). Accordingly, one can expect that permeability decreases

where the sediments become shaly, and it increases where the sediments become sandy. Increase of pressure (depth
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increase), of course, is an important mechanism to decrease the permeability where packing and compaction tend
to increase.

* Despite there being no known direct correlation between permeability, porosity (in relation to grain size),
and the magnitude of spontaneous potential (SP), the polarity of the resultant potential depends on the nature of the
solid (Serra, 1984). The slightly increasing relationship between SP and GSD (Fig. 2.5-E) is probably due to the
fact that because of the ionization process, the surfaces of sandstone and limestone particles become negative, and
clay surfaces become strongly negative as the light cations (Na*, K*, H', ...) tend to pass into solution. The SP is
produced mainly by two main mechanisms; electrokinetic potential developed while the electrolytes penetrate the
pores of the medium, and electrochemical potential developed when two fluids of different salinities are in direct
contact or separated by a shaly membrane.

* The increasing relationship between resistivity (ILD) and GSD (Fig. 2.5-F) is due to the fact that the
resistivity of a material generally increases by reduction of the amount of conductive elements, as in the case of fine-
grained clays. The fine-grained particles are characterized by high specific surface areas on which more conductive
ions are held and, in turn, electric current flows easier because of low resistance. The intercalation of sediments with
different grain sizes, as well as the degree of coarseness of poorly-sorted sediments, in addition to variations in
porosity and pore water resistivity, are all coexisting factors that could be responsible for resistivity variation in
relation to grain size variation (Salem, 1990).

* The increasing relationship between bulk density (DEN) and GSD (Fig. 2.5-H).is attributed to the fact that
the saturated coarse-grained sediments are mostly characterized by higher density than the saturated fine-grained
sediments. Lennox and Carlson (1967) obtained higher densities for saturated sand than those of saturated silt and
clay.

* The decreasing relationships (Fig. 2.5-A, 2.5-D, 2.5-G) of correlations between porosity (), specific surface
area (S,), and gamma ray (GR), respectively, and GSD can be explained as follows: the decrease in grain size leads
to more contact between the solid grains, consequently less packing and higher porosity are produced. In addition,
the predominance of fine-grained platy sediments (shales) tends to increase the porosity. The smaller and flatter the
particles, the greater the surface areas. Clay minerals, for example, due to their sheet structure, have an enormous
specific surface areas compared to other materials. So far, the most important factor in evaluating the specific

surface area in terms of grain size distribution is the clay content, where a decrease in grain size is produced.
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Accordingly, an increase in gamma ray radiation is expected with the decrease of grain size (higher clay content).
* The MAD and errors in the a and b coefficients of the vaﬁous equations (Eq. 2.2.2.6.9-2.2.2.6.16) given
in Table 2.11, correlating grain size in terms of grain diameter (D) and other parameters, exhibit low, moderate and
high values. This might be atrtributed to the complexity of relationships between the various physical properties of

shaly sediments.

2.2.3 ELASTIC PROPERTIES

In the previous sections of this study, petrophysical and electric properties were deduced in relation to
lithology and saturation. In this part of the study, elastic properties of the JDB sediments of the Terra Nova and
Hibernia oil fields were deduced and interpreted in relation to lithology, saturation and other physical properties.

Elasticity is the property of resisting changes in size or shape and of returning to the undeformed condition
when the external forces are removed. A perfectly elastic body is one which recovers completely after removal of
a distorting stress. The relations between the applied forces and deformations are expressed in terms of stress and
strain, The size and shape of a solid body can be changed by applying forces on the external surface of the body.
These external forces are opposed by internal forces which resist the deformations. The body tends to return to its
original condition when the external forces are removed. Liquids resist changes in size but not in shape. The
propagation of a seismic wave through a body casuses the body to behave elastically. The stress-strain properties
of a material which obeys Hook’s law are specified by elastic moduli. The various elastic moduli, including
Poisson’s ratio, bulk modulus or its reciprocal (compressibility), shear modulus (rigidity), Young’s modulus, and
Lame’s constant can be expressed in terms of each other, and derived in relation to compressional and shear wave

velocities (V, and V,) (or transit times of both waves) along with bulk density (@). Seismic velocities and bulk

densities provide sufficient information about the elastic behaviour of sediments in terms of elastic moduli.

2.2.3.1 POISSON’S RATIO

In principle, to obtain the elastic parameters, the transit time of both compressional and shear seismic waves
are required in the case of log measurements, or seismic compressional and shear wave velocities in the case of
"in-situ" field measurements or in the case of vertical seismic profiling. In the present study, because of the absence

of shear wave measurements, it was attempted to indirectly estimate the various elastic parameters. This method
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is not as good but it gives, to some extent, an acceptable estimation of the elastic parameters. By this method,
Poisson’s ratio (o) was calculated using the previously calculated values of shale content (VSH). The following
empirical formula representing a quantitative analysis for shaly sand and sandy shale formations, given by Crain
(1986), was used:

o= [VSH*O.IZS] + 0.27 22311
The above formula simply indicates that by increasing the shale content, the Poisson’s ratio will increase, and the
lowest derived value of G is not smaller than 0.27. Therefore, ¢ exhibits a range between about 0.27 and 0.40
(Table, 2.12), and a range of averages between 0.31 and 0.33 (Table 2.13). Clark (1966) reported ranges of
0.18-0.28, and 0.23-0.31 corresponding, respectively, to sandstones and limestones. Poisson’s ratio, as a measure
of the change in shape, or a ratio of the lateral contraction or transverse strain to the longitudinal strain or extension
resulting from a change in normal stress under compression or dilatation, has generally a wide range of variation
between 0.0 and 0.5. The 0.5 value of ¢ indicates no volumetric change, as in the case of the fluids when they
stressed. All the elastic properties, including o, mostly depend on the lithological properties, degree of saturation,
and type of saturant (gas, oil, water). However, any departure of the acoustic signal propagation from unsaturated
to partially saturated, or to a totally saturated medium will increase the seismic wave velocity and, in turn, the
Poisson’s ratio tends to increase. Also, as indicated in the above equation, increasing the shale content tends to
increase the Poisson’s ratio. This is because shale can be simply deformed by the effect of stress applied. As will
be seen later, the variation in Poisson’s ratio can be explained in terms of the variations in other petrophysical and

electric parameters.

22.3.2 COMPRESSIONAL WAVE VELOCITY

The compressional wave velocity (V,) was directly deduced from the sonic transit time log (SON), as
10°/SON. The velocity deduced ranges between 1515 and 7510 m/s (Table 2.12), with a range of averages between
about 3650 and 4265 m/s (Table 2.13). These results indicate that sediments under study exhibit a wide range of
velocities, from fluid velocity (see Table 2.3) to very high values corresponding to very consolidated sediments with
extremely low porosity (zero or near zero). For purposes of comparison, some results of Gregory’s and Pickett’s
(1977, 1963) experimental work, respectively, are presented in Table 2.14. The present results of V, are shown to

be higher than Gregory’s results. This is due to the fact that Gregory’s results do not represent sediments of high
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densities and low porosities, similar to the present situation. The wide ranges of velocity reflected in the wide ranges
of the elastic parameters deduced, can be attributed to variations in lithology and grain size, porosity, density,
saturation and type of saturant. Compressional wave velocity shows a considerable change with change in
compressibilities of both solid and fluid materials. Very low velocities might be due to gas saturating the pore
spaces, 61' to the presence of very fine and soft clays. Very high readings of V, might be attributed to very dense
and hard rocks of extremely low porosities. High or very high velocity-materials might indicate hard, non-porous
limestones and sandstones, or even shale under high overburden pressure. Gregory (1977) showed that fluid
saturation effects on compressional wave velocity are much larger in low-porosity rocks than in high-porosity rocks
(Table 2.14). In the general case, velocity increases with depth as porosity decreases. It is worth noting that in some
results obtained in this study, V, remains constant or shows a decrease at certain depths. This is probably due to
the strong heterogeneity of the sediments, and to the type of saturant and degree of saturation. The dramatic decrease
in V, (increase in compressibility, as will be seen later) is associated with the change from water or oil saturation

. to gas saturation (Tatham, 1985).

2.2.3.3 VELOCITY RATIO AND SHEAR WAVE VELOCITY

The velocity ratio (V/V,), compressional velocity (V) to shear velocity (V,), was obtained according to the
following formula:
VY, = [2(1-0)/(1-20)]°* 22331
The results show that this parameter generally ranges between 1.78 and 2.4 (Table 2.12). The results of V,/V, show
that this parameter decreases with decrease of porosity as depth increases. The velocity ratio is a sensitive parameter
to the degree of saturation as well as to the type of saturant. Since gasr is more compressible than oil or water, the
velocity ratio is lower for gas saturation than for oil or water saturation (Tatham, 1985). From log and laboratory
measurements, Pickett (1963) observed that V,/V, can be used as a good indicator for lithology differentiation (Table
2.14). Gardner and Harris (1968) showed that velocity ratio values of less than 2.0 indicate either well consolidated
rocks or gas saturation, Benzing (1978) fljrthe_r concluded that the presence of mud or shale in both carbonates and
sandstones tends to increase the velocity ratio. By correlating the V/V, results to the lithology logs of the various
wells studied, it is found that the shaly zones exhibit V/V values higher than other zones of different sediments.

The shear wave velocity (V,) was deduced from the velocity ratio by substitution of Equation 2.2.3.1.1 into -
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Equation 2.2.3.3.1. The results obtained for V, (Tables 2.12 and 2.13) range between 775 and 4000 m/s, and range
in average between about 1855 and 2220 m/s. Gregory (1977) obtained a range of V, (Table 2.14) between 1097

and 2533 m/s, corresponding to sandstones saturated with different fluids.

2.2.34 SHEAR MODULUS OR RIGIDITY

Shear modulus (rigidity, p) was calculated by introducing the bulk density (@ in kg/m?), taken from density

log (DEN), and shear velocity (V, in m/s), in the following equation:
p= (V) 22341
The values obtained for shear modulus and the other elastic moduli discussed below, are in kg.m™.s%, equal to one
Pa. The shear modulus exhibits a range between about 1.6 and 41 GPa (Table 2.12), with a range of averages
between about 8.2 and 13 GPa (Table 2.13). In dyne/cm? these results range between about 1.6%¥10* and 41*10%°,
Gregory (1976) obtained p values in a range of 3*10" and 31*¥10" dyne/cm? corresponding to high porosity-chalks,
and low porosity-dense sandstones, respectively. The present results and Gregory’s results indicate that rigidity
increases by decreasing porosity. More information about she}ar modulus is given in Table 2.15. However, the shear
strength and dynamic rigidity increase by increasing the effective pressure in terms of depth increase, as porosity
is expected to decrease. The resistance to shear stresses is related to sliding and rolling friction between grains, and
to the contact and inter-locking of solid particles (Salem, 1990). These factors depend on grain size and grain shape,
in addition to the packing of grains. Decrease in shear modulus can be correlated to increase in porosity and to the

presence of clays, as the interaction between pore fluid and clay producing softening of the matrix.

22.3.5 BULK MODULUS AND COMPRESSIBILITY

Bulk modulus (incompressibility, K) is a parameter describing the volume change due to compression and
dilatation. It was calculated from bulk density (@), compressional wave velocity (V,) and shear modulus ()
according to the following equation:

K = Q*(V)? *(4p/3) 22351
In practice, this parameter is a function of porosity, grain size distribution, lithology, cementing material and effective

pressure, The values obtained of bulk modulus (Table 2.12) range between about 4 and 99 GPa (4*10" and 99*10™

dyne/cm?), with average values (Table 2.13) between about 20 and 30 GPa. The extremely high bulk modulus, shear



22 .
modulus - as previously seen, and Young’s modulus and Lame’s constant - as will be seen later, are attributed to
the very low or zero-porosity of highly compacted sediments at great depths. Experimental results of K obtained
by Gregory (1977) for various materials, including minerals and saturated sediments, as well as different types of
fluids, are cited in Table 2.15.

The compressibility (B, reciprocal of bulk modulus, K) defines the relationship between the pressure exerted
on a body and the resulting change in its volume. From this study, it is found that B exhibits a range between about
0.01 and 0.259 GPa! (1*10'? and 2.59*10""! Pa), with a range of averages between about 0.035 and 0.054 GPa™!
(3.5%10? and 5.4*10** Pa’"). Examples of compressibility results obtained by Clark (1966) are cited in Table 2.15.
The bulk compressibility of a saturated medium is a function of both matrix and fluid compressibilities. In the case
of water saturating the pores, Shumway (1958) pointed out that the compressional wave velocity is highly affected
by the high compressibility of water (between about 4.6*10°¢ and 5.1*10° Pa). It can be concluded that the type
of saturant, the type of lithology and the magnitude of porosity are important factors that affect the bulk
compressibility and, in turn, the velocity of compressional waves.

To correlate between bulk modulus (incompressibility, K) and shear modulus (rigidity, p), their ratio (K/n)
was calculated. It varies between 1.84 and 4.42 (Table 2.12), and ranges in average between 2.34 and 2.64 (Table
2.13). This ratio, besides the velocity ratio, is considered a good indicator for lithology, fluid saturation and porosity

variations. Some relationships between this quantitiy and other parameters are demonstrated later.

2.2.3.6 YOUNG’S MODULUS AND LAME’S CONSTANT

Young’s modulus (E) is defined as the ratio of normal stress to normal strain. It was calculated using the
previously obtained results of Poisson’s ratio (o) and rigidity (n) according to the following equation:
E = 2p(1+0) 223.6.1
Table 2.12 shows that E exhibits a range between about 4 and 106 GPa, with a range of averages (Table 2.13)
between about 22 and 34 GPa. These values reflect a wide range of variability of the stress applied and the strain
developed due to presurization. Clark (1966) reported values of E (Table 2.15) between 19 and 100 GPa
corresponding to different types of rocks. It is obvious that the deduced ranges in this study agree well with the
values given by Clark. Clark’s results indicate that sandstones exhibit the highest values of Young’s modulus (E),

followed by dolomites, limestones, dry shales, and finally wet shales. This indicates that the sandstones show high
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resistance to the normal forces applied, and the wet shales show the lowest resistance, and in between the dolomites
are followed by limestones, dry and wet shales. The decrease in Young’s modulus and the increase in bulk
compressibility might be caused by more fluid saturating the pore spaces (Mann and Fatt, 1960). The increase in
Young’s modulus can be attributed to reduction in the volume of pores due to increase in effective pressure by
increase of depth. It can.be concluded that, since Young’s modulus indicates the ratio of normal stress to normal
strain, and since it includes the Poisson’s ratio and the rigidity, or rigidity and incompressibility, in its mathematical
definitions, the shales studied might be described as low resistance marerials. Variations in the physical and
lithological properties of shales and other sedimets affect their elastic behavior and, in turn, the elastic parameters
magnitudes will be changed.

Lame’s constant (A) was calculated in terms of incompressibility (K) and rigidity (n) as follows:
A=K - (273w 22362
Lame’s constant (A) varies between about 3 and 78 GPa (Table 2.12), with a range of averages (Table 2.13) between
about 15 and 22 GPa. These results indicate that Lame’s constant, as do other elastic parameters, increases with

increase of effective pressure (depth), and with decrease of porosity.

22.3.7 ACOUSTIC IMPEDANCE

The acoustic impedance T, in (km/s)*(gm/cm?), is not one of the elastic moduli. It is considered in this
study as an elastic property, defined as the product of the compressional wave velocity (V) times the bulk density
(Q). This parameter is related to the reflected energy and the incident energy in terms of the reflection coefficient.
It exhibits a range between 3.2 and 19 (Table 2.12), and a range of averages (Table 2.13) between 8.3 and 10.7.
This wide range of T" reflects the wide range either in seismic velocity or in bulk density or in both. The high values
indicate dense sediments of low porosity, and the low values indicate high porosity sediments, or sediments saturated

with oil or gas.

2238 RELATIONSHIPS BETWEEN VARIOUS ELASTIC, PETROPHYSICAL AND ELECTRIC

PARAMETERS
Plots of double relationships are demonstrated in Figures 2.6 and 2.7 between the calculated petrophysical,

electric and elastic parameters. The derived empirical equations (Eq. 2.2.3.8.1-2.2.3.8.12) correlating the various
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parameters, as well as the mean absolute deviations (MAD), and error values in the a and b equation coefficients
are given in Table (2.16). The various relationships and their derived equations suggest the following:
* The compressional wave velocity (Vp), is correlated with shale content (VSH) (Fig. 2.6-A, left) and with
specific surface area of grains (S,) (Fig. 2.6-A, right). Both parameters, VSH and S, show negative trends with Vo
The inverse relationship between V, and VSH can be explained by the fact that the presence of clays reduces the
seismic wave velocity because of their low bulk modulus ¢high compressibility) relative to other materials. The high
compressibility of clays is attributed to their structure in comparison with sandstones and limestones. Different
studies showed that the clay content tends to reduce the seismic velocity in both poorly and highly consolidated
sediments (Minear, 1982; Castanga et al., 1985). The inverse relationship between V, and S, can be atiributed, as
previously discussed, to the fact that clay particles are characterized by extremely high specific surface areas. This
result indicates that the -seismic velocity increases by increase of grain size, as the surface area and the grain size
are inversely related. The direct relationship between seismic velocity -and grain size might be attributed to the
higher stiffness of coarse-grained particles relative to fine-grained particles (Salem, 1990).
* A direct relationship between compressional wave velocity (V,) and shear wave velocity (V,) (Fig. 2.6-B,
left), and an inverse one between V, and porosity (®) (Fig. 2.6-B, right) are shown. The direct relationship between
V, and V, is attributed to the fact that the sediments show increasing trends in incompressibility and rigidity (bulk
modulus K and shear modulus p) with increasing stress. The inverse relationship between V, and @ is directly
related to increase in overburden pressure producing a decrease in pore spaces. From refraction measurements,
Salem (1990) showed that the variations in V, and V, are dominantly correlated to variations in porosity.
* The third relationship shows an increasing trend between V, and bulk modulus (K) (Fig. 2.6-C, left), and
a decreasing trend ‘betwcen V, and water saturation (S,,) (Fig. 2.6-C, right). The increasing relationship between V,
and K is due to the direct derivation of K from V,, density and shear modulus (Eq. 2.2.3.5.1). This trivial
relationship is plotted here to show the variation in bulk modulus in relation to the compressional wave velocity for
the different wells in the Terra Nova and Hibernia oil fields. The inverse relationship between V, and S, is due to
the fact that by increasing the amount of saturation, the bulk modulus will decrease. As previously seen, the increase
in shale content also decreases the V,. The decrease in bulk modulus (decrease in velocity) indicates an increase
in bulk compressibility (B) related to an increase in water saturation and shale content. This is because of the

deformation produced by the propagation of seismic waves within saturated medium consisting of solid frame (matrix
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particles) and fluid saturating the pore spaces. The type of fluid also has a significant role on bbulk compressibility
variation. In addition, the increase in water saturation softens the clay particles composing the shaly sediments.
Consequently the bulk modulus will decrease and, in turn, the seismic velocity will also decrease. Han et al. (1986)
pointed out that water saturation effects on seismic velocity in shaly sandstones are a function of different degrees
of consolidation with respéct to pore fluid and clay interactions.
* Relationships between porosity (®), compressibility (), Poisson’s ratio (), compressional to shear velocity
ratio (V,/V,), bulk to shear moduli ratio (K/p), square of compressional wave velocity- (VP)Z, square of shear wave
velocity (V,)?, and acoustic impedance (I") are demonstrated in Figure 2.7. Direct relationships between @ and 8
(Fig. 2.7-A, left), as well as between © and o (Fig. 2.7-A, right) were obtained. The direct relationship between
® and ¢ is due to the fact that higher pressure produces a reduction in porosity, as well as a reduction in
compressibility. This means that more pressure is associated with higher seismic velocity, lower porosity, higher
bulk and shear moduli (lower compressibility and higher rigidity). This indicates that any change in bulk
compressibility is correlated to changes in fluid and solid compressibilities as well as to changes in porosity. The
increase of compressibility with increase of porosity might be due to the deformation produced by the propagation
of seismic waves. Hence a change in pore volume accompanying a change in bulk compressibility will be produced.
From laboratory measurements on samples of limestones carried out by Koeffoed et al. (1963), and from refraction
measurements carried out by Salem (1990), negative trends between porosity and Poisson’s ratio were observed.
Tatham (1985) pointed out that the softer the solids (finer grain size), the higher the porosity and the higher the
Poisson’s ratio, and the harder the solids (coarser grain size), the lower the porosity and the lower the Poisson’s ratio.
Davis and Schultheiss (1980) obtained very high Poisson’s ratios corresponding to very highly porous clayey
sediments. Gregory (1977) pointed out that Poisson’s ratio tends to increase as porosity increases, but may increase,
remain constant, or decrease as a function of pressure. This discussion suggests that no specific trend exists between
porosity and Poisson’s ratio, and this relationship (©-G) mainly depends on the variations in pressure and clay
content. Therefore, the increasing trend in the present study between ® and ¢ is probably caused by variation in
pressure, as well as by the presence of high amounts of clays in the sediments.
* Relationships in Figure 2.7-B (left and right) show, respectively, direct relationships between velocity ratio
(V,/V) and Poisson’s ratio (), and between velocity ratio and bulk to shear modulus ratio (K/p). Since the three

parameters were directly derived from each other, such relationships show systematic and smoothly increasing trends.
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Extension of the regression lines of both relationships to a Poisson’s ratio value of 0.25 (Poisson’s solid) will
correspond to a V,/V, value of 1.732, as well as a K/u value of 1.667. These figures indicate high inter-connection
and great dependence of the three parameters.

* Figure 2.7-C (left and right) shows increasing relationships between the square of shear wave velocity (V,)?
and the squére of compressional wave velocity (Vp)2 on the left side, and between (V,)? and acoustic impedance (")
on the right side. Krief et al. (1990) showed that cross plots of the squares of velocities contribute valuable
information about lithology and fluid content, and the slopes of the regression lines have specific meanings. The
present relationships silow the following: A slope value of 3.30 represents the (V,)>-(V,)* relationship, and a slope
value of 1.59 represents the (V)T relationship. The intercept value of the regression line with the square of the
compressional velocity is about 11.6 (km/s)>. The square root of this figure is about 3400 m/s (about 294 ps/m =
123 ps/ft). The intercept of the regression line with " (right Y axis) is about 7.8 (km/s)*(gm/cm?), indicating a bulk
density of about 2.3 gm/cm®. These figures generally indicate shaly sediments saturated with gas. Note that these
relationships are plotted for the average values of the three parameters (V2 VPZ, I') corresponding to 12 wells, If
this technique is applied for a specific well with more data, more satisfying results can be obtained.

* The derived empirical equations and their corresponding mean absolute deviations (MAD), as well as the
errors in the a and b coefficients are given in Table 2.16. Generally they indicate good relationships between the
various parameters plotted. These results of the elastic properties, and the previous results of the petophysical and
electric properties obtained, give a better understanding of the physical behavior of the Jeanne d’ Arc Basin sediments

and their saturating fluids.

3. THREE DIMENSIONAL REPRESENTATION

Some of the measured and deduced petrophysical, electric, and elastic properties of the Jeanne d’Arc
Formation in the Terra Nova and Hiberina oil fields are presented in the form of three dimensional plots (Figs. 3.1
and 3.2). Fourteen relationships representing all the wells studied and relating the various parameters, lithology and
depth, are plotted and discussed. Eight plots are given in Figure 3.1 representing the Terra Nova properties,
including specific surface area (S, in cm™), permeability (K in mD), distribution of mean grain size (GSD in pm),
porosity (@ in %), dimensionless tortuosity (T), bulk resistivity (ILD in Q.m), water saturation (S, in %), bulk

density @ in kg/m®), gamma ray (GR in API), shale content (SH in %), sand content (SS in %), spontaneous
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potential (SP in mv), and water resistivity (p,, in Q.m). Six plots given in Figure 3.2 representing the Hibernia
properties, including dimensionless Poisson’s ratio (), compressional wave velocity (V, in m/s), bulk modulus (K
in GPa), shear modulus (u in GPa), acoustic impedance [T in (km/s)*(gm/cm®)], Young’s modulus (E in GPa), and

the compressional wave velocity to shear wave velocity ratio (V,/V). The various plots show the following:

3.1 TERRA NOVA FIELD

* Figure 3.1-A (C-09 well) shows seven peaks characterizing the permeability-surface area of composite
grains-depth relationship. An increase in permeability is accompained by a decrease in surface area of composite
grains. These peaks generally become very sharp at depths greater than 3460 m. Permeability varies from low to
high at three different levels between about 3270 and 3360 m. The specific surface area tends to decrease (coarser
grain size) with depth until it becomes nearly constant at a depth of about 3360 m. Below this depth it varies widely
between low to high values.

* Figure 3.1-B (E-79 well) shows that porosity increases by decreasing the grain size of particles. Two sharp
peaks and one wide peak at depths greater than 3280 m show medium to high porosity mostly corresponding to fine
grained-sediments. The remaining part of the plot is generally -characterized by smooth variations with smooth to
moderate topography. At depth greater than 3200 m, porosity as well as grain size vary widely from very low to
very high values.

* Figure 3.1-C (H-99 well) shows wide ranges of porosity and tortuosity. This model is characterized by
many peaks at different depths. A characterized peak at a depth of about 3245 m can be seen on the left side of the
plot corresponding to high porosity of about 30% and to a low tortuosity value of about 2.6. Generally, the plot
shows an increase in tortuosity where porosity decreases by depth.

* Figure 3.1-D (I-97 well) shows a water saturation range between 1 and 100% with a bulk resistivity range
between less than 1 and more than 2000 Q.m. From right to left and from the top of the reservoir to the bottom,
four narrow peaks and a very wide one appear in the plot indicating wide variation of resistivity in relation to wide
variation in water saturation. The most characteristic wide peak, appearing at different depths, shows that water
saturation starts from a moderate value of about 34% to complete saturation of 100%. This plot generally suggests
that no specific trend exists between resistivity and water saturation in relation to depth variation.

* Figure 3.1-E (K-07 well) shows gamma ray increasing from about 28 to 100 API at different depths, where
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density tends to be variable. This plot generally indicates no specific trend_ between density and gamma ray, and
both quantities show considerable variation with depth.

* Figure 3.1-F (K-08 well) shows an increase in shale content (from zero to about 55%) correlating to a
general decrease in sandstone content (from about 68 to 0.0%) in relation to depth decrease. This plot cleary
indicates a systematic decrease of shale at the expense of a systematic increase of sandstone with depth.

* Figure 3.1-G (K-17 well) shows a plot relating permeability, porosity and shale content. It can be seen that
porosity shows erratic variations between about 40 and 1.2% correlating to a permeability increase from 0.1 to 100
mD and to increase in shale content from 4.6 to about 25%. It can also be seen that by increasing the shale content,
permeability tends to increase, while porosity tends to decrease systematically. This plot probably does not reflect
the general character of the sediments under study, especially, as discussed earlier, that permeability decreases by
increasing the shale content. For such relationship, the variations in depth, grain size, type of shales and their
composition, and other lithological fractions, in addition to variations in other factors must be considered. Note that ’
many permeability values are missed in this plot.

* Figure 3.1-H (K-18 well) shows the variation in spontaneous potential in relation to the water resistivity and
depth variations. This plot shows a general increase of spontaneous potential (from about -164 to -135 mv
correlating to an increase in depth and to an obvious decrease in pore water resistivity from about § to 0.01 Q.m.

The water resistivity shows three decreasing levels with respect to depth decrease.

3.2 HIBERNIA FIELD

* Figure 3.2-A (B-08 well) shows the relationship between Poisson’s ratio, mean grain size and depth. This
plot shows many peaks of low and high values of grain size at different depths, whereas Poisson’s ratio does not
correlate with grain size, but shows a decrease with depth increase. Since the Poisson’s ratio was deduced in relation
to shale content, its variations are related to shale content variation with depth. As previously discussed, Poisson’s
ratio for many reasons has no specific relationship with porosity, as a function of grain size variation.

* Figure 3.2-B (B-27 well) presents relationship between compressional wave velocity, p.orosity and depth.
It can be seen that the seismic wave velocity increases from about 1500 to 7500 m/s at a small depth interval from
4163 t0 4340 m. In addition, porosity varies between 50% to zero for the same depth interval. A characteristic peak

of seismic velocity between about 3260 and 5260 m/s apears at different depths. An obvious increase in velocity
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starts from about 5000 m/s to reach its maximum of more than 7500 m/s. Also, it can be seen that at this range of
velocity (5000-7500 m/s) porosity exhibits a range of between 12 and 0.0%, corresponding to the total interval.
* Figure 3.2-C (C-96 well) shows the relationship between shear modulus, bulk modulus, and depth. This
plot shows obvious increase in both moduli in relation to depth increase. It can also be seen that both parameters
show their maximum values at greater depths, whereas the lowest values correlate to shallower depths. This plot
simply indicates that rigidity (shear modulus) and incompressibility (bulk modulus) of sediments vary in the same
manner in response to pressure variation.
* Figure 3.2-D (K-14 well) shows the relationship between shale content, acoustic impedance and depth. This
plot shows that the shale content increases and decreases with depth, whereas the acoustic impedance (seismic
velocity times density) generally increases with depth increase. The increase in acoustic impedance with depth is
a direct function of increase in density or seismic velocity or both. This suggests that the increase in density and
velocity with depth increase is a direct-consequence of porosity decrease due to more compaction and cosolidation.
It can also be seen that many positive peaks are spreading all over the plot, indicating different levels of variation
in shale content and acoustic impedance in relation to depth increase.
* Figure 3.2-E (K-18 well) shows relationships between Young’s modulus, mean grain size and depth.
Generally, a decrease in grain size to about 130 um is accompanied by a decrease in depth, then it gradually
increases with increasing depth. Young’s modulus shows two characteristic positive and negative peaks opposite
to each other, with relatively the same range of values (between about 18 and 26 GPa). These peaks occur at deep
and shallow depths.
* Figure 2.3-F (P-15 well) shows relationships between tortuosity, compressional to shear seismic velocity
ratio in relation to depth. Tortuosity generally shows erratic variation with depth, while the velocity ratio shows a
gradual increase with depth. Generally, this plot shows no clear relationship between tortuosity and velocity ratio.

It can be concluded that the three-dimensional plots, presented for the Terra Nova and Hibernia oil fields
help to understand the inter-relationships between the different physical and lithological properties of sediments.
They reflect conditions in the individual wells rather than the general behavior of the sediments of the Jeanne d’Arc

Basin.
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4. CONCLUSIONS

This study, as a contribution to the Hydrocarbon Charge Modelling Project of the Jeanne d’ Arc Basin (JDB),
offshore Newfoundland, was carried out to quantitatively analyze several petrophysical, electric and elastic properties
in order to achieve better understanding of the physical behaviour of the Jeanne d’ Arc Formation and its saturants.
For this purpose, digital log data from 14 Terra Nova and Hibernia wells were analyzed and interpreted. The depth
of the Jeanne d’ Arc reservoir in the Terra Nova is between 2888 and 3556 m with a range of thickness between 290
and 389 m, while the depth in the Hiberia field is between between 3848 and 4763 m, with a range of thickness
between 171 and 587 m.

Gamma ray, density, and sonic logs, compensated neutron porosity log and different types of electric logs
were employed. Various petrophysical, electric and elastic parameters, in addition to the lithological composition,
were deduced. The deduced parameters as well as the measured ones are presented in the form of tables including
the ranges and averages corresponding to the various wells, Furthermore, the average values of the various
parameters for all the wells studied were plotted in the form of cross plots. Empirical equations relating the plotted
parameters, were derived. The empirical equations were evaluated in terms of the mean absolute deviation of the
points from the regression lines, and in terms of the errors in the a and b coefficients of the empirical equations.
Three dimensional plots were demonstrated for the physical properties for all the wells studied of the Terra Nova
and Hibernia oil fields.

The Jeanne d’Arc Formation, under study, is composed of shales, sandstones, siltstones, and limestones.
In some cases conglomerates and marls occur. The porosity, permeability, tortuosity, formation resistivity factor,
cementation factor, water saturation, pore water resistivity, size of grains and their specific internal surface areas,
compressional wave velocity, shear wave velocity and their ratio, Poisson’s ratio, bulk modulus and its reciprocal
compressibility, shear modulus (rigidity), bulk to shear modulus ratio, Young’s modulus and Lame’s constant were
deduced.

Wide variations in all of the measured and deduced parameters were observed. This is because of the high
degree of lithological heterogeneity characterizing the formation, The high shale content existing in both fields is
one of the major factors responsible for high scattering in some of the relationships between different parameters.
Also, the high shale content shows very considerable effects on the various parameters (measured and deduced).

In conclusion, the sediments consist of very fine to fine clays and fine to medium sands can generally be
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described as low to medium porosity, low permeability, complicated tortuous networks and high specific surface
areas. The inhomogeneity in sediment resistivity is a function of the pore water resistivity. The pore water is
genel;ally highly saline énd highly conductive.

The Poisson’s ratio and velocity ratio were deduced to indicate variations in lithology, grain size, and type
of saturant. The various elasticA parameters including the bulk modulus, shear modulus, Young’s modulus and Lame’s
constant generally exhibit high values. This result is attributed to the high density, low porosity, and high seismic
velocity of the sediments under high overburden pressure. However, laboratory measurements and calibration of the
deduced parameters are recommended. More details about the physical properties and the physical behaviour of the
Jeanne d’Arc Basin sediments and saturants are given in Salem (1992a, b, c, d, e, f) and Salem and Williamson

(1992).
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Table (1.1): Depth and thickness of Jeanne d’Arc reservoir intervals of JDB wells (after McAlpine, 1989).

TERRA NOVA WELLS

No. Name and Symbol Total Depth (m) Interval Studied (m) Interval Thickness (m)
1. Terra Nova C-09 3640 3188 - 3556 368
2. Terra Nova E-79 3606 3125 - 3495 370
3. Terra Nova H-99 3510 3072 - 3461 389
4, Terra Nova [-97 3465 3080 - 3385 305
S. Terra Nova K-07 3550 3114 - 3422 308
6. Terra Nova K-08 4500 3188 - 3548 360
7. Terra Nova K-17 3250 2888 - 3178 290
8. Terra Nova K-18 3925 3050 - 3413 363

HIBERNIA WELLS

No. Name and Symbol Total Depth (m) Interval Studied (m) Interval Thickness (m)
1. Hibernia B-08 4435 3848 - 4435 587
2. Hibernia B-27 4380 4160 - 4380 220
3, Hibernia C-96 4423 4193 - 4420 227
4, Hibernia K-14 4079 3520 - 4056 536
5. Hibernia K-18 5050 4055 - 4547 492
6. Hibernia P-15 4410 4114 - 4258 171
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Table (1.2): Well locations and some technical data used in log analysis (after Canadian Stratigraphic Service
Ltd., CSSL, and Petro Canada, PC).

TERRA NOVA WELLS

No. Name and Symbol Latitude Longitude KB (m) [p, Ot Pud at T (°O)
(Qm) (Qm) (Q.m)

1. Terra Nova C-09 N 46 28 10 W 48 30 59 24.5 0.12 0.10 026 13

2:  Terra Nova E-79 N 46 28 29 W 48 26 48 242 0.13 0.11 0.28 15

3. Terra Nova H-99 N 46 28 29 W 48 28 50 24.0 0.11 0.10 0.20 18

4,  Terra Nova 1-97 N 46 26 43 W 48 28 49 23.7 0.12 009 0.39 18

5.  Terra Nova K-07 N 46 26 44 W 48 30 58 233 0.16 0.13 0.38 17

6.  Terra Nova K-08 N 46 27 30 W 48 30 59 24.7 0.12 0.10 0.16 19

7.  Terra Nova K-17 N 46 26 43 W 48 32 32 24.3 0.16 015 032 20

8.  Terra Nova K-18 N 46 27 44 W 48 32 32 244 0.20 0.16 0.39 15

HIBERNIA WELLS

No. Name and Symbol Latitude Longitude KB(m) [Pn . Pus Pud at T (O
(Qm) (Qm) (Q.m)

1.  Hibernia B-08 N 46 47 06 W 48 45 30 259 041 038 048 15

2.  Hibemia B-27 N 46 46 10 W .48 48 28 27.1 0.38 0.31 0.55 25

3.  Hibernia C-96 N 46 45 10 W 48 44 36 332 0.06 006 022 18

4,  Hibernia X-14 N 46 43 40 W 48 47 36 332 0.07 006  0.13 21

5.  Hibernia K-18 N464734  W484717 29.7 0.34 027 039 24

6.  Hibernia P-15 N 46 44 59 W 48 46 51 15.0 0.29 020 049 17

Note: KB denotes Kelly bushing in m; p,, p,s and p,,. (in Q.m) denote, respectively, mud resistivity, mud

filtrate resistivity, and mud cake resistivity. T is mean sample temperature in °C.
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Table (2.3): Selected values of transit time, compressional wave velocity and bulk density (modified after
Bourbie et al., 1987).

Sediment or Rock Type Transit Time Comp. Velocity Bulk Density
(ns/m) _ (m/s) (gm/cm?)
Dry sands 833 - 2500 400 - 1200 1.5-17
Wet sands 500 - 667 1500 - 2000 19 -2.1
Saturated shales and clays 400 - 910 1100 - 2500 20-24
Marls 333 - 500 2000 - 3000 21-26
Saturated sands and shales 455 - 667 1500 - 2200 21-24
Porous and saturated sandstones 285 - 500 2000 - 3500 21-24
Limestone 166 - 285 3500 - 6000 24 -2.7
Chalk 385 - 435 2300 - 2600 1.8-23
Rock salt 180 - 220 4500 - 5500 21-23
Anhydrite 180 - 250 4000 - 5500 29-30
Dolomite 150 - 285 3500 - 6500 25-29
Coal 370 - 455 2200 - 2700 13-18
Water 667 - 690 1450 - 1500 1.0 - 1.03
Ice 263 - 295 3400 - 3800 09
Oil 800 - 835 1200 - 1250 0.6 -09
Oil saturated sands (20% porosity) 290 3440 1.8-19
Water saturated sands (20% porosity) 268 3736 1.8-19

Note: The values of the last two materials are taken from Schoen (1983).
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Table (2.5): Ranges of lithological composition and porosity of the various wells.

TERRA NOVA WELLS

No. SH (%) SS (%) SILT (%) LS (%) MARL (%) CGLM (%) POR (%)
1. "0-532 0-68.0 5.8-40.5 04-42.0  seeceeee e 0-23.6
2.7 0-462 0-47.2 4.1-483 R 2115 A— 5.1-42.5 0.7-31.8
3. 0-515 0-47.3 7.6-34.3 0.0-54.8  ememceecer e 0-54.5
4. 0-392 0-35.4 2.1-33.6 2.4-31.9 1o v A— 0-33.7
5. 0632 43-674 70964 0.0-431 e e 0-41.2
6. 0-524 0-69.0 0.0-582 e e e 0-46.8
7. 0-63.7 38769 15977 8.1-553  eeceeem- 17.3-39.4 0-38.5
8. 0-602 0-79.5 5.8-37.9 0.0-44.7  ceeeee e 0-52.8
HIBERNIA WELLS
No. SH (%) SS (%) SILT (%) LS (%) MARL (%) CGLM (%) POR (%)
1. 0446 129460  13.6-49.3 1T 5 0-38.9
2. 0447 0.0-73.1  11.2-409 0.0-53.5 e e 0-58.8
3. 0-43.5 0.0-43.5  59-36.0 y 1 S 9.2-25.9
4, 39489 00638 133419  cccen e e 0-35.7
5. 0-485 62-39.8  11.0-37.2 0.0-44.1 e oo 0-29.6
6. 0-54.0 0.0-449  2.1-414 76-365 e e 0-52.3
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Table (2.6): Averages of lithological composition and porosity of the various wells.

TERRA NOVA WELLS

No. SH (%) SS (%) SILT (%) LS (%) MARL (%) CGLM (%) POR (%)
1. 232 25.6 23.0 192 e e 09.7
2. 222 20.2 19.7 2 | I— 24.4 13.4
3. 270 20.3 23.7 25 7% 112
4, 235 13.2 23.1 13.8 153 e 14.1
5. 317 31.1 276 167 e e 16.7
6. 317 34.7 183 e et e 15.4
7. 230 30.6 28.4 232 e 29.2 18.2
8. 244 25.5 25.5 22.3 e e 16.8

HIBERNIA WELLS

No.- SH (%) SS (%) SILT (%) LS (%) MARL (%) CGLM (%) POR (%)
1. 208 254 252 223 e e 10.3
2. 279 26.1 26.5 R 13.7
3. 227 19.1 224 196 e e 16.3
4. 285 27.7 P e — 14.0
5. 255 217 259 194 e e 07.5
6. 222 26.6 26.3 225 e e 13.5

Note: For Tables 2.5 and 2.6, SH, SS, SILT, LS, MARL and CGLM denote, respectively, fractions (in %) of
shale, sandstone, silt, limestone, marl and conglomerate; POR = & denotes porosity in %; and ----- denotes no
data available.
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Table (2.7): Ranges and averages of shale content (VSH) and permeability (K) in mD and m?

TERRA NOVA WELLS

No. VSH (%) VSH (%) K-(mD) K (mD) K (m? K (m?
1. 02-950 32.0 0.1 - 08976 276 9.87%10"7 - 8.86*102 2.72%107%3
2. 05-999 38.6 0.1 - 32405 695 9.87%10"7 - 32010 6.86%10713
3. 1.0-93.1 482 0.1 - 58818 649 9.87*10™"" - 5.81*10M 6.41%10™
4, 1.1-918 47.1 0.1 - 22060 085 9.87+10°Y7 - 2.18%10™ 8.39%10%
5. 02-938 45.5 0.1 - 07218 039 9.87+10°7 - 7.12%10™2 3.85%10"
6.  0.8-923 43.7 0.1 - 18824 400 9.87*10"7 - 1.86%10™2 3.95%10%
7. 09-955 44.6 0.1 - 01619 017 9.87*10° - 1.60%10™2 1.68%10°
8.  04-93.1 38.2 0.1 - 10997 052 9.87*10"7 - 1.09%10™2 5.13%10%
HIBERNIA WELLS
No. VSH (%) VSH (%) K (mD) K (mD) K (m? K (m?)
1. 1.1-941 36.9 0.1 - 13132 046 9.87*10"7 - 1.30%10™" 4.54%10
2. 03-923 442 0.1 - 68812 081 9.87%107 - 6.79%10" 8.00%10™
3. 05-96.7 378 0.6 - 01360 029 5.92%107% - 1.34%10° 2.86%10"
4. 01-963 422 0.1 - 151817 619 9.87%10Y7 - 1.50%10™° 6.11%10713
5. 12-902 377 0.1 - 28871 099 9.87%107Y7 - 2.85%10 9.77%10
6.  04-919 327 0.1 - 28757 279 9.87*10"7 - 2.84%10™M 2.75%10™?

Note: VSH and VSH denote, respectively, volume of shale and silt combined and its average in %; K and E(in
mD and m®) denote, respectively, permeability and average permeability, 1 mD equals 9.87%10"'6 m?,
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Table (2.9): Ranges of the deduced electric parameters.

TERRA NOVA WELLS

No. p,, (Q.m) S, (%) F m T S, (1/cm) GSD (um)
(DIMENSIONLESYS)
1. 0.001-12.1 32.6-100 14.5-187365 0.7-6.3 0.9-20.9 243-10801 5.1-198
2. 0.001-47.0 14.3-100 7.6-009066 1.3-7.1 1.6-08.1 106-11252 4.9-453
3. 0.001-315 0.70-100 2.4-029787 0.6-12.6 0.6-12.8 037-11243 4.9-1036
4, 0.001-71.7 1.80-100 6.7-036639 1.3-6.9 1.0-13.2 140-11205 5.0-349
5. 0.001-77.4 2.60-100 44-413734 1.0-6.2 1.0-28.8 198-11248 4.9-249
6. 0.001-03.1 2.40-100 3.2-075616 0.5-6.7 1.0-134 0.50-11856 2.7-4940
7. 0.001-0.76 25.5-100 5.1-002547 0.8-44 1.0-07.1 1354-11196 5.0-44
8. 0.001-8.00 8.50-100 2.6-131616 0.6-6.3 1.0-14.3 394-11219 49-151
HIBERNIA WELLS
No. P, (.m) S, (%) F m T S, (1/cm) GSD (um)
(DIMENSIONLESYS)
1 0.001-5.20 5.5-100 5.00-22153 0.002-5.9 1.00-11.1 342-11223 4.9-150
2. 0.001-1.04 11-100 2.00-2641 1.33-9.7 1.00-4.6 507-11171 5.0-059
3. 0.035-2.98 8.3-100 11.9-110 1.354.0 1.75-3.2 655-6845 8.0-071
4, 0.001-120.6  1.1-100 6.00-6957 0.90-8.4 1.00-9.6 73-11177 5.0-623
S. 0.001-26.03 1.0-100 9.00-47537 0.002-4.9 0.30-154 127-7728 7.3-419
6. 0.001-75.00  5.3-100 0.65-67209 0.690-6.6  0.37-10.7 367-1571108 0.04-120




-47 -

Table (2.10): Averages of the electric deduced parameters.

TERRA NOVA WELLS

No. p, (Q.m) S,, (%) F m T S, (1/cm) GSD (um)
(DIMENSIONLESS)

1. 0.72 60.7 2172 2.74 3.80 3640 34.7
2. 1.32 46.3 0105 3.13 2.76 4233 35.3
3, 1.15 65.1 1162 2.72 323 3911 29.8
4. 0.38 59.4 0144 2.57 2.68 5050 14.1
5. 045 70.5 0875 2.36 2.65 5481 12.8
6. 0.21 534 0475 2.48 2.68 3557 18.8
7. 0.08 83.1 0055 2.08 227 6520 08.1
8. 0.18 76.5 0573 228 251 6016 11.1
HIBERNIA WELLS
No. p, (Q.m) S,, (%) F m T S, (1/cm) GSD (um)
(DIMENSIONLESS) A
1. 0.07 524 451 2.06 3.38 4418 15.5
2. 0.05 62.4 075 2.55 2.63 5488 11.5
3. 015 456 037 2.04 233 3613 15.4
4. 1.20 41.1 073 3.08 2.60 3552 26.7
5. 0.06 42.0 847 1.59 4.00 3454 24.0
6. 0.53 55.8 541 2.17 2.11 25736 11.5

Note: For Tables 2.9 and 2.10, p,, denotes pore water resistivity in Q.m; S,, denotes water saturation in %; m denotes
dimensionless cementation factor; F denotes dimensionless formation resistivity factor; T denotes dimensionless
tortuosity; S, denotes specific internal surface area in cm™; GSD denotes distribution of mean grain size in pm.
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Table (2.11): Empirical equations of the plots in Figures 2.4 and 2.5 showing relationships between the deduced
petrophysical and electric parameters, and the log measured parameters.

FIGURE EMPIRICAL EQUATION * *k hokok EQUATION No.
(24-A) T =5034 -1617*10" @ 2.839*10" 3.60%10! 2.58*%10 (2.2.2.6.1)
(24-B) .. T =3225 -1632%10" m 5.824*10™ 9.34*10™ 3.81*%10 (2.2.2.6.2)
(24-C). T =2804 +5.677*10% p, 5.862*10" 2.29*10 3.57*10 (22.2.6.3)
(24-D) T =3565 -1263*107 S, 5.625%10" 7.30%10™ 1.23*102 (2.2.2.64)
(24-E) p, =18.87 +8.175%10° F 2.049*10" 7.70%10° 9.62*10° (22.2.6.5)
24-F D =1528 +7375%10° F 8.482%10° 3.13*10° 3.98*107 (2.2.2.6.6)
(24-G) ® =1510 -2.720%10° F 2.700*10° 9.96*10! 1.27*10° (22.2.6.7)
(24-H) K =2192 +3917%10* F 2.608*102 9.62*10" 1.22*10 (22.2.6.8)
(2.5-A) ® =1737 -1941*10" D 2.576%10° 1.65%10° 7.76%1072 (2.2.2.6.9)
(2.5-B) K =-160.77 + 2.084*10*' D 1.696*10" 1.08*10%  5.11*10° (2.2.2.6.10)
(2.5-C) T =2135 +3.614*10° D 4.739*10 3.03*10* 1.43*10? (22.2.6.11)
(2.5-D) S, =1040 -2264*10" D 5.589*10° 3.58*10° 1.69*10™ (2.2.2.6.12)
(2.5-E) SP =-88.46 +6.899*10" D 5.268*10" 4.15%10"  2.32*%10° (22.2.6.13)
(2.5-F ILD = 5661 + 9.560%10" D 1.868*10™ 1.19%10"  5.63*10* (2.2.2.6.14)
(2.5-G) GR =6740 -1482*10' D 1.795%10" 1.15%10"  5.41*10 (22.2.6.15)
(2.5-H) DEN = 2365 + 3.470%10° D 1.451*10* 9.27*10"  4.37*1(0° (2.2.2.6.16)

Note: * Denotes mean absolute deviation per point; ** denotes error in a coefficient; *** denotes error in b
coefficient; T, F, and m are dimensionless parameters; ® and S, are in %; K in mD, S, in cm™ should be multiplied
by 1000; D = GSD = grain size diameter in ym; p, = ILD; p, and p,, are in Q.m; SP in mv; GR in API; DEN in
kg/m?, .
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Table (2.13): Averages of elastic properties derived from compressional wave velocity, bulk density and shale
content, with the same dimensions given in Table 2.12.

TERRA NOVA WELLS

No. & (V) (V) (V,/V) (V) (V) n K B/00 Km) E A r

1. 0310 3923 157 191 2061 44 1117 2521 429 234 2913 1777 100
2. 0318 3742 143 195 1935 39 0955 2253 486 249 2503 1616 092
S 1 c [ U U O
4. 0329 3678 139 199 1863 3.6 09.02 2246 484 264 2379 1645 09.1
5. 0327 3649 136 198 1854 36 0820 20.18 543 262 2161 1471 083
6. 0325  coeow e e e O
7. 0326 3758 146 199 1916 39 0902 2166 521 263 2365 1564 086
8. 0318 3754 146 195 1945 4.0 (0958 2224 513 248 2504 1585 09.0

HIBERNIA WELLS

No. o Vo (V)P (V,/V) (V) (Vv » K B0 &KW E A T

1. 0316 4056 16.7 194 2104 45 1196 2841 378 243 3140 2044 10.7
2. 0325 3846 150 197 1959 39 1009 2518 410 257 2665 1846 09.9
3. 0317 4010 163 194 2076 44 1136 2681 386 246 2978 1924 104
4, 0323 4264 182 197 2174 48 1183 2959 347 255 3122 2171 106
5. 0317 3985 16.1 194 2061 43 1112 2651 394 244 2921 1910 103
6.

0311 4238 184 1.92 2221 51 12.88 29.19 379 238 3358 2061 107
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Table (2.14): Compressional and shear wave velocities, and velocity ratios (after Pickett, 1963 and Gregory,
1977).

SUBSTANCE V, (m/s) V, (m/s) RAAS
* *) (**)
Brine saturated sandstone 2393-3962 1097-2426 2.18-1.63
Oil saturated sandstone 2249-3956 1116-2448 2.02-1.62
Gas saturated sandstone 1811-3798 1207-2533 1.50
Brine saturated shale 2500-3703 (r¥*)
Sandstones 5486-5944 1.65-1.75
Limestones 6400-7010 1.85-1.95
Dolomites 7010-7315 1.75-1.85

Note: V, denotes compressional wave velocity; V, denotes shear wave velocity; and V, / V, denotes velocity ratio.
The saturated sandstones correspond to porosity values between 34.6 and 17.8% and density values between 1.71
and 2.35 gm/cm’ at depth between 1220 and 5182 m. Brine saturated shale corresponds to porosity values between
27 and 15.3% and a range of density between 2.24 and 2.43 gm/cm®. (*) Denotes data after Gregory (1977); (**)
denotes values calculated from V, and V; and (***) denotes data after Pickett (1963). Pickett’s data relate to a
confining pressure between 0 and 4.1*107 Pa.
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FIGURE (2.2): Various relationships (A to H) between porosity, permeability, and lithology fractions (shale,
sandstone, silt, and limestone). The plotted data are the average values given in Tables 2.6 and 2.7.
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FIGURE (2.4): Relationships of tortuosity with porosity (A), cementation factor (B), pore water resistivity (C), and
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and permeability (H).
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FIGURE (2.5): Relationships of mean grain size distribution (grain diameter) with porosity (A), permeability (B),
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B: TERRA NOVA WELL E-79

A: TERRA NOVA WELL C-09
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D: TERRA NOVA WELL I-97

C: TERRANOVA WELL H-99
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FIGURE (3.1) (cont'd): Porosity [®] - tortuosity [T] - depth [Z] for we]l H-99 (C); bulk resistivity [ILD] - water saturation [Sw] - depth

[Z] for well I-97 (D).
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FIGURE (3.1) (cont'd): Bulk density [DEN] - gamma ray [GR] - depth {Z] for well K-07 (E); shale content [SH] - sand content [SS] -

depth {Z] for well K-08 (F).
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D: HIBERNIA WELL K-14

C: HIBERNIA WELL C-96
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FIGURE (3.2) (cont'd): Bulk modulus [K]
- depth [Z] for well K-14 (D).
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