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ABSTRACT

Extremely low and heterogeneous permeability is an important characteristic of tight oil
reservoirs and poses major challenges to predict. The aim of this work is to develop a
permeability predictor based on a tight area of the Cardium Formation, Edson Field,
Alberta using log and core measurements from one well.

Experimental design analysis indicates that the deep resistivity, GR, and SGR logs show
stronger correlation with permeability than other conventional wireline measurements.
We also tested a literature permeability estimation model designed for tight formations
using conventional well logs which worked better in the shaly siltstone (R?= 0.94) than
the shale and conglomerate (R? < 0.5) facies.

Among the less conventional logs run in this well, we used the NMR log to predict
permeability. A pore size-related lithofacies model was built based on the T, spectrum
decomposition. It gave accurate lithofacies proportion estimates based on our core
analysis and data from published studies. Integrating the NMR analysis with probe
permeability, our approach provides a ‘bridge’ to connect the permeability between the

probe scale (<1 cm laminations) and core size (>15 cm thin beds) samples.
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CHAPTER 1 INTRODUCTION 1

CHAPTER 1: INTRODUCTION

1.1 Background

This research concerns permeability prediction in low permeability (tight) reservoirs. The
analysis and application of our results focus on the Cardium Formation, located in the
Western Canadian Sedimentary Basin (WSBC) (Fig. 1.1). Among all the reservoir
properties, permeability is one of the most important. Throughout the oil industry
process, permeability plays a very important role. Accurate permeability values help to
determine the perforation location and length in the early oilfield stage. During the
reservoir development, it is useful to optimize injection and production rates, as well as
enhanced oil recovery strategies. It is also a critical factor in reservoir simulation and
production history matching and prediction, etc. An accurate prediction of permeability is
thus essential in the oil industry.

The typical techniques for permeability prediction include core and wire line
measurements. Researchers have frequently and successfully investigated these methods
in conventional formations for many years. In conventional formations, the permeability
usually exceeds 0.1md. However, in the tight Cardium Formation we studied for this
project, only a very small proportion of the permeability is greater than 0.1 md. Few
parts of relatively clean siltstone and the conglomerate reach this range (Fig. 1.2), while
most parts show very low permeability (<0.1 md). Apart from low values, scale and
resolution are also big issues in tight formations when the traditional permeability
prediction techniques are applied. For example, the plug scale permeability is usually
adequate to characterize conventional core. In tight formations, the permeability
variations are typically at the cm-scale. Traditional permeability predictors used in tight

formations will give large errors without considering these factors properly.
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Figure 1.1. Middle Cardium deposition plot (from WCSB, Atlas).
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Figure 1.2. Unconventional and conventional formations permeability range, including core samples
from the Cardium (Modified from US Department of Energy).

1.1.1 Cardium Formation Review

There were several stages of oil production in the West Canadian Sedimentary Basin

(WCSB). The first stage was conventional oil production begun in the 1950s. It increased
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quickly and reached a peak in the 1970s. After that, the conventional light oil production
steadily declined. The second stage was heavy oil production, including conventional
heavy and oil sand raised up, since the 1980s (Fig.1.3). Heavy oil production exceeded
the conventional oil in the early 2000s. Because of oil price increasing and technology
progress (mainly horizontal wells widely applied), tight oil wells have rapidly developed
since 2010 (Fig.1.4). The recent stage in WSBC is tight hydrocarbon production.

A similar trend occurred in the Cardium Formation, which is a very important formation
in the WSBC. The Cardium Formation has been a productive formation since it was first
discovered in the 1950s (Krause et al., 1994). It was estimated that there are over 1.7
billion m® of oil in the Cardium Formation (Energy Resources Conservation Board,
2011). However, previous production mainly came from conventional parts of the
Cardium, including high permeability conglomerates and sandstones (Energy Briefing
Note, 2011). In recent years, attention has been focused on the tight portions of the
Cardium Formation, which were supported by new drilling technology for horizontal
wells. Successful application of these new techniques in other tight formations, such as
the Bakken formation, increased confidence for the tight Cardium recovery (Clarkson and
Pedersen, 2011). The tight Cardium continues to be an important part for the Alberta oil
industry.

One recently drilled well from the Cardium Formation in the Edson Field, was
processed using the latest well logs, including NMR, and full core analysis. This well
provides a rich dataset to attempt permeability characterization in the tight Cardium

Formation and this study reports on the analysis of these data.
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Figure 1.3. History of oil and bitumen production from Western Canada (from Canadian Association

of Petroleum Producers)
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Figure 1.4. Cardium tight oil production and well counts (from Divestco).

1.1.2 Challenges in Permeability Characterization for the Tight Cardium

The permeability estimation is based on two distinct methods, direct and indirect. In this
study, the term direct measurement includes profile and press-decay derived
permeability. These measurements are based on core samples, including core plugs, core
slabs, and full diameter cores. In order to measure the permeability, fluid flow is required.
The measurement fluids used in this work are gas. The indirect method mainly consists of
wireline logs. All methods have their strengths and weaknesses. The direct techniques
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usually give an accurate permeability estimate based on lab conditions. Most
measurements ignore the original formation conditions, such as rock stress, wetting
condition and reservoir temperature. The downhole well log based prediction keeps the
initial reservoir conditions, but its accuracy cannot be guaranteed. In tight formations
such as the Cardium, these weaknesses are amplified.

Because of the low permeability in tight formations, how we obtain accurate estimates is
important. The permeability value in formations sometimes goes beyond the tool
measurement limits. For example, there may be whole core sample measurements taken.
Because the lower limit of this measurement is 0.01 md, many measurements only show
the maximum permeability of the samples (Fig. 1.5). For these samples, the exact

vertical permeability cannot be obtained through the whole core measurement.

1.00

measurement limitation (0.01 md)

Vertical core permeability, md
o
=
o

0.01

1968 1969 1970 1971 1972 1973
Depth,m

Figure 1.5. Vertical whole core permeability measurements in the Cardium Formation.

Wireline log derived permeability does not explicitly suffer value limitations, but there
may be several implicit limitations to its accuracy. One important factor concerns the
scale and resolution. Although high resolution logging technology is used today, its
resolution is still restricted to a relatively large scale (>20 cm), compared to the cm-scale
heterogeneity in tight formations (Solano et al., 2012). There is one 20cm core sample
from the Cardium A (Fig.1.6 B). The gamma ray log (GR) shows very mild
heterogeneity, which has not presented any significant change (Fig.1.6 A). The probe

permeability from the same core sample presents a significant difference, exceeding one
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order of magnitude variation (Fig.1.6 C). The well log is impossible to detect the cm-

scale change, which affects the permeability in the tight formation.

1969.05 1969.05
¢ °
1969
o 1969
°
°
£ 1968.95 . 0.144md g 1968.95 °
E £
) ° a °
O 1968.9 . 0.017md O 1968.9
°
°
1968.85 1968.85
® 0.007md ©
°
°
. 1968.
1968.8 0.017md 9688
0 50 100 c 0 0.2 0.4
A GR, API 0.023md Permeability,md

Figure 1.6. A) The gamma ray log measurement; B) core image; C) the probe permeability in the
same core from the Cardium A.
This problem remains when comparing lab measurements. For example, when we
correlate pulse decay-derived permeability with probe derived permeability values, the
scale and resolution problems become particularly important. For example, whole core
permeability measurements have larger scales (>15 cm) than the probe permeability (<1
cm). These two techniques give significantly different permeabilities. The horizontal

whole core permeability (kmax) is larger than the probe result in most samples (Fig.1.7).



CHAPTER 1 INTRODUCTION 7

® kp ® kmax

s °
e o
g o1 $
= °
= ° ° o i . °
® 8 o o '
Q o '
£ ! . ¢ !
o 001
[a P ® ® .
® [ J
0.001
0 2 4 6 8 10

Sample number

Figure 1.7. Horizontal whole core measurement and probe permeabilities compare from the
Cardium A.
Besides the low value and scale problems, the other challenge for permeability
characterization of tight formations is heterogeneity. The heterogeneity in this study
includes two levels: one is caused by directional anisotropy and another is lithofacies
dependent. The permeability anisotropy caused by directions is mainly because of
sedimentary structures. In tight formations, the laminations can be up to a few cm thick.
These laminations cause large differences between vertical and horizontal permeabilities.
The ratio of horizontal to vertical permeability (koo/kvert) can reflect this difference. All
the horizontal permeabilities are larger than the vertical values and some differences can
reach an order of magnitude (Fig. 1.8). Another reason for the heterogeneity is the facies
variations. There are two facies which appear to be similar (Fig. 1-9.B). However, the

probe permeability values between them show considerable differences (Fig. 1-9.A).
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Figure 1.8. The ratio of horizontal to vertical permeability (Keo/kvert) in the Cardium A.
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Figure 1.9. A) Box and whisker permeability plot of two similar facies in the Cardium A; B) two
similar facies core photos.
There are many errors created when traditional techniques are used for permeability
prediction in tight formations. The core based methods give reliable estimates, but suffer
from the value limitation and measurement environmental effect. Well log based
predictions approach the reservoir conditions, but the result is questionable and the
resolution cannot reach the small scale of micro-facies in tight formations. This thesis
tries to solve these challenges based on the tight Cardium Formation and provides

reference for other tight formations.
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1.2 Literature Review

In this work, we focus on different permeability predictions in the tight Cardium
Formation. To begin, we discuss permeability estimate methods in the literature from
three categories:

1) Permeability prediction from core data

2) Permeability calculation based on conventional logs

3) Permeability estimation from the NMR log

1.2.1 Core-based Permeability Prediction

Many studies have discussed permeability prediction using different methods. For
example, Poiseuille (1846), Kozeny (1927), and Carman (1939) developed some
theoretical relationships to calculate permeability. But these expressions were based on
the assumption of a single capillary tube, which can fail for actual porous rocks.
Krumbein and Monk (1942) have investigated the effects of rock properties on
permeability. Their study found permeability was proportional to the square of the mean
of grain size and the exponential of the standard deviation of the grain size (Eq. 1.1,
Table 1.1). Berg (1970) derived a theoretical estimate of permeability which agreed with
Krumbein’s results (Eq. 1.2). Shepherd (1989) summarized previous work and proposed
a simple equation between grain size and permeability (Eg. 1.3). But, in tight formations,
it is difficult to directly measure the grain size distribution.

Several studies found that porosity (¢) and residual water saturation (Swi) have shown
good correlations with permeability. Wyllie and Rose (1950) developed a simple
empirical expression using ¢ and Swi (Eq. 1.4). But, they reported that it was impossible
to find an accurate general constant for all situations. Morris and Biggs (1967) also
determined an estimate for permeability using ¢ and Swi (Eq. 1.5). In their equation, they
recommended the ¢ = 250 and 79 for oil and gas, respectively. Timur (1968) obtained an
empirical formula for permeability calculation from laboratory tests (Eq. 1.6). He
processed 155 sandstone samples with different relations and found Eq. 1.6 has the
highest coefficient of determination (R?) and the lowest error, compared to other

equations. These equations are accurate in relatively clean, consolidated sandstone with
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medium porosity (15% - 25%) (Coates and Dumanoir, 1973).

In the tight Cardium

Formation, the unique and clean lithofacies is uncommon and shale plays an important

role, which impairs the accuracy of these relationships.

Table 1.1. Equations for permeability empirical estimates using core-derived quantities

Authors Permeability Correlations Parameters Eq.
] D mean of grain size; o
Krumbein and ,
k=N-D?exp(-a- o) standard deviation of the 11
Monk, 1942
grain size
D mean of grain size; o
_ -6 /5.1 A
Berg,1970 k=5.1x107¢" Dexp(-2-0) standard deviation of the 1.2
grain size;¢ porosity
Shepherd, 1989 k=c-D? D mean of grain size 1.3
Whlli R ity: S, i i
yllie and Rose, K2 _ cli+c2 ¢ porosity; S, irreducible 14
1950 Sui
Morris and Biggs, 2 g #° ¢ porosity; S, irreducible T
1967 Sui '
4 orosity; S, irreducible
Timur, 1968 k= 0.136-?—2 op y 1.6

1.2.2 Conventional Log Permeability Prediction

Yao and Holditch (1993) compared the cost of permeability estimates from cores and
well logs. The costs from core analysis were nearly 10 times greater than well logs. So
many attempts have been made to find well log permeability predictors. Some
investigators derived specific correlations (Table 1.2).

Tixier (1949) first used electric logs to calculate the permeability. He introduced the

resistivity gradient concept (%). The parameters, besides the resistivity gradient in his
A

model, also included the sample resistivity and the oil and water densities (Eq. 1.7). This
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model was assumed applicable only in homogeneous sandstones without significant
amounts of shale.

Coates and Dumanoir (1973) also used resistivity logs to estimate the permeability. In
their model, they also included the porosity and cementation and tortuosity factor w (Eq.
1.8). The key and difficult point of this model was the determination of the parameter w.
Yao and Holditch (1993) presented a method to calculate permeability using well log
data in tight formations. The model included porosity, deep and shallow resistivities, and
GR (Eq. 1.9) and showed a moderate to strong correlation with core permeability, R? >
0.7.

Saner et al. (1997) established an experimental estimator for permeability with water
saturation and resistivity, which were determined by resistivity well log data. The study
was done using carbonate samples. They gave one simple relation between formation
factor and permeability (Eq. 1.10).

Mohaghergh et al. (1997) developed a multiple regression model using gamma ray, bulk
density and deep resistivity to calculate the permeability (Eq. 1.11).

Xue et al. (1997) used sonic travel time (At), density porosity (¢4¢), gamma ray (GR), and
ratio of deep resistivity to shallow resistivity (RR) as variables to predict the permeability
(Eqg. 1.12). But this model gave a weak correlation with core results, R? = 0.49. Then they
applied the alternating conditional expectation (ACE) technigue to find one more optimal
multiple regression function. The ACE actually increased the model regression from R? =
0.49 to R? = 0.62, which was not a significant increase.

Lim et al. (2004) used a fuzzy logic technique to rank the effects of well logs on
permeability. They found the sonic, GR and density logs were most important for
permeability.

These methods were mainly used in conventional formations, and sometimes required
relatively “clean” formation. So applications of these models were mostly suitable for
high permeability or specific areas. It is difficult to directly copy and apply these
relationships in the Cardium tight reservoir. Among these reports, only the geological
conditions from Yao and Holditch (1993) are similar to the Cardium tight formation. So
in this thesis, their model will be selected as one potential method to use.
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Table 1.2. Permeability calculation prediction models derived from well log measurements

Authors Equations Parameters Eq.
Ro sample resistivity; p
o 2.3 AR _ S
Tixier, 1949 k= C(ﬁﬂ) density; AR/Ah resistivity 1.7
o\Pu ™ Po gradient
t w .
Coates af‘d v C, ¢ w tortuosity factor; Rw ,Rt
bumanolr, =_“(R / ) water and true resistivit 18
1973 wR R y
H(\)(Iil?t;?de _ A1) Ry ler gamma log index; RisRs |
93 ’ (Ryg / Ry ) deep ,shallow resistivity '
Saner et log(k) =7.04—4.19*log(F) F formation factor 1.10
al.,1997
Mohaghergh | k=126.5+0.001*R -50.3*p, | Ry deep resistivity; pp bulk 111
etal.,1997 | +0.06*1, density; Icr gamma log index '
At sonic travel time; ¢g density
Xue et log(k) =0.15At—0.019¢, — porosity; GR gamma ray; RR 112
al.,1997 0.039GR +0.022RR - 7.73 ratio of deep resistivity to '
shallow resistivity

1.2.3 NMR-based Permeability Prediction

Apart from conventional log measurements, the NMR log is playing an important role in
recent permeability prediction efforts. Coates et al. (2000) introduced an NMR-based
permeability prediction model based on Eg. 1.5 in Table 1.2. The model needs to
determine the residual water saturation, which depends on the transverse relaxation time
cutoff (T2 cutoff) selection. Usually the value 33 ms is chosen for the T cutoff in
sandstone, which is an overestimation in our tight formation compared to the core
measured Swi. So this model applied in tight formations will underestimate the
permeability. Another commonly used model was called the SDR model by Kenyon et
al. (1988, 1997). This model works well in conventional clean water zones. There are
drawbacks of the SDR model used in tight formations, however. For example, the
porosity from the NMR usually is underestimated, compared to core porosity in tight
formations (see below Fig.4.6 in Chapter 4). Besides these two empirical models,
Lowden (2003) used a thickness-weighted permeability calculation model with the NMR
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log. The weights of different facies determination were based on the ‘typical’ sand zone
assumption. He divided the formation into clean sand, silt, and shale parts according to
the GR value < 30 API, 30-100 API, and > 100 API, respectively. But in the Cardium
Formation and many other tight reservoirs, there are not clean sand zones. Even the
cleanest silt intervals still have over 10% clay in the Cardium Formation. So this method
will overestimate the sand weights and permeability. Another weakness of this method is
ignoring the shale permeability. Because it was used in conventional formations, the
shale permeability was assumed zero, which is unrealistic in tight formations.

Genty et al. (2007) decomposed the log (T2) spectrum into at most three Gaussian
components and got nine parameters, which were used to identify pore and porosity types
in carbonate rocks. For the NMR well log, the dominant T» time is directly proportional
to the pore size, ignoring fluid effects (Coates et al. 1999). For pore size, many studies
have demonstrated that the lognormal probability density function (PDF) is the best
fitting. The mercury intrusion porosimetry (MIP) method has found pore size to be
lognormal distribution (Diamond and Dolch, 1971, 1972; Shi, Brown and Ma, 1991).
Lindquist and Venkatarangan (2001) again found the lognormal PDF for sandstone pore
sizes using X-ray tomographic image analysis. Another technique called mercy injection
capillary pressure testing (CMICPT), used by Chuanyan et al. (2013), and also showed
the lognormal PDF of pore size in very tight core samples. In a heterogeneous rock with
several rock types, we can therefore expect that the T» spectrum will consist of a mixture
of lognormally distributed pore size components. That is, the log (T>) distribution will be
assumed to consist of normal (Gaussian) components of various amplitudes, means, and
standard deviations.

In this research, we applied the NMR decomposition method of Genty et al. (2007) for
permeability prediction. Based on parameters from a similar decomposition, we build a
pore size-related lithofacies model (fine size- shale, medium size — fine silt, and coarse
size — coarse silt or sand) and verified by core image. XRD, and some literature data. In
order to calibrate the model, some probe permeability data are used to identify facies
permeabilities. Arithmetic and harmonic permeability using the model was calculated to

compare with whole core permeability (Kmax, koo and kyert).
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1.3 Data Available

The data used in this study can be divided into four categories according to their
relationships with permeability (Fig. 1.10). All the data come from well 4-33-053-18 in
the Edson Field.

1. Lab measurements of permeability, which include the whole core (kgo, kmax, and
kvert) and probe (kp) permeabilities. The whole core measurements were
performed by the Core Laboratories Canada, in 2010. The probe permeability
was measured in the lab of University of Calgary, in 2012.

2. Rock petrophysical, textural, and compositional properties, such as porosity,
grain size, clay volume, and XRD (X-ray diffraction) analysis. The XRD result
was measured by Core Laboratories Canada, in 2011.

3. Conventional well logs, such as GR, SGR, resistivity, and density logs. All these
logs were measured by Schlumberger, in 2010.

4. NMR well log T2 spectrum, which is digitized from the NMR log interpretation
plot.

The vertical resolutions and investigation depths of different data sources are variable
and need to be taken into account. For example, well logs can only capture bed scales
(>15 cm); however, probe permeability can distinguish small laminations (<1 cm) (Table
1.3).

measurements

A 4

petrophysics )
(porosity,grain control , " permeability |« eflectio
size...)

conventional
logs(GR,SGR...)

r 3

‘ calculation models ‘

Figure 1.10. Available data in this research.
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Table 1.3. Different data properties (Rider and Kennedy, 2011).

Data Vertical Resolution (cm) | Investigation depth (cm)

Whole core measurement >15 10
Probe k 0.6 0.6

GR 30-40 10-15
Density 10-40 <10

Conventional Neutron 50 15-25

logs
Array 20 25
Inductions

Sonic >50 >20

NMR 15 1.3-3.2

1.4 Methods Overview

This thesis can be divided into three main parts: lithofacies and core analysis,
conventional logs-permeability calibration, and NMR prediction for permeability.
Different methods and techniques are used.

e Lithofacies and core analysis

» The pore throat aperture (rp3s) proposed by Aguilera (2002) has been used
for pore throat radius characterization in both conventional and tight
formations. rpsss are calculated using core data (kp, keo, and core porosity)
and compared with literature results.

» There are many important statistical properties of permeability, which
include its PDF and variability. Probability plots will be used to assess the
permeability distribution and coefficients of variation (Cy) to describe the
permeability heterogeneity.

» X-ray diffraction (XRD) techniques provided content of different
minerals, including relative amount of clay minerals. The spectral gamma
ray (SGR) log can also be used to identify and distinguish clay minerals.
These two measurements should be associated.
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» From XRD analysis, clay contents have been measured. In order to
decrease measurement uncertainties, we choose locations where XRD
were measured and draw 3 x 11 grids. So there are 33 probe
measurements at every XRD sampled location. After this, we check the
effect of clay contents on permeability.

e Conventional logs for permeability prediction

» Conventional logs are potential predictors for permeability. It is critical to
choose factors which are significant to permeability. Factorial design can
help to select potential and important permeability predictors.

» Take significant impact factors from factorial design and check their
relationships with permeability. If there are no clear relationships,
calculate conditional probabilities of different permeability occurrences.

> If there are no clear relations between logs and permeability, use
semivariogram model to connect well logs, probe permeability and core
data.

> Apply Yao and Holditch (1993) permeability calculation model to the
Cardium formation.

e NMR log for permeability

» From NMR well logs, T spectrum can be obtained. Because log pore size
has been observed to have a Gaussian distribution and T is proportional to
pore size, the NMR T2 spectrum can be decomposed into at most three
Gaussian components. Then the Gaussian parameters can be obtained.
Because different T» values represent pore sizes, a pore size related
lithofacies model can be proposed.

» Core image analysis is used to determine shale proportion. According to
the color differences, specific facies volume proportions can be calculated.
Core image analysis results are compared to facies ratio from the T»
decomposition.

» In order to calibrate the model, some probe permeability data are used to

identify facies permeabilities. Arithmetic and harmonic averaged
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permeabilities using the model can be calculated to compare with whole
core permeabilities (Kmax, Koo and kvert).
> In order to decrease uncertainty of the result, Monte Carlo will be used to

assess the variability.
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CHAPTER 2: CORE STUDY AND LITHOFACIES ANALYSIS

2.1 Lithofacies Characterization

The Cardium Formation is divided into two units: the Pembina River Member (deeper)
and the Cardium Zone Member (shallower) (Krause and Nelson, 1984). The Pembina
River member can be further sub-divided into two separate parts: the Cardium A and
Cardium B (Krause et al., 1994; Mageau et al., 2012). The lower sequence is the
Cardium B interval, also called the lower Pembina River Member. The upper Pembina
River is the Cardium A. The Cardium A and Cardium B usually are separated by a shale
section. The Cardium A was deposited in a relatively broader, shallow shelf, shoreface
and coastal plain environment, making the facies more uniform and cleaner than the
Cardium B (Mageau et al., 2012). The Cardium A starts with a conglomerate interval
with its thickness varying from several centimeters to meters. Below the conglomerate is
a relatively clean siltstone with high porosity and permeability, which is typically the
main target for hydrocarbon exploration. Below the clean siltstone, the lithofacies
become more muddy or argillaceous, decreasing the porosity and permeability. The lower
portion of the Cardium A is a “pure” shale interval. A thick conglomerate interval forms
the top of the Cardium B. Different from the Cardium A, the conglomerate has better
sorting and higher porosity and permeability. Below the conglomerate, the Cardium B
changes to shale or muddy siltstone.

This research is based on a new well 00/4-33-053-18 W5M/0 in the Edson field, which
was drilled by Talisman in 2010 (Fig. 2.1). In this well, the depth of the Cardium A is
from 1967m to 1975m. | viewed the core and made the following observations.

1. At the top, there is about 0.4 m matrix-supported conglomerate. The sorting is
poor and the grain size varies from 1mm to 20mm. Most grains (>65%) have
diameters 1 mm to 3 mm (Fig. 2.2). The permeability varies from 0.01 md to 0.2
md (Fig. 2.4).

2. There are about 2 m relatively clean siltstones, with high porosity (~10%) and

permeability (0.1 to 0.5 md). The remains are very muddy siltstone intervals in
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the Cardium A, which decrease the porosity and permeability by about 40% and
90%, respectively (Fig. 2.4).

Between the Cardium A and Cardium B, there is about 17m of shale. Below the shale
interval, the Cardium B starts as 2.5m conglomerates. Compared with the Cardium A, the
conglomerate in the Cardium B is mainly clast-supported, better sorted and rounded.
Most grain diameters are between 1 mm and 2 mm (>90%) (Fig. 2.3). The permeability is
higher than the Cardium A, with a range of 0.1 to 40 md (Fig. 2.4). Homogenous shale,
with permeability of approximately 0.01md, is then below the conglomerate in the
Cardium B. The lithofacies and main permeability variation in the study well are shown
in Fig. 2.4.

7 b o J‘ Edson/Pine Creek
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Figure 2.1. A) Study area location (from www.canadianoilstocks.ca) B) study well location (from

Accumap).
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Figure 2.2. Distribution of the grain diameters of the Cardium A conglomerate.
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Figure 2.3. Distribution of the grain diameters of the Cardium B conglomerate.
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Figure 2.4. Lithofacies change in the study well (modified from Mageau et al., 2012).

2.2 Core and Well Log Depth Matching

Due to differences in drilling and logging tools and incomplete core recovery, the core
and well logging depths are normally inconsistent. To assist the depth-shifting with
wireline gamma ray (GR) and bulk density well logs, core gamma ray and bulk density
were measured by a core laboratory after coring to assist the depth-shifting. There is a
significant difference between the original core measurements and well log GR values
before shifting, especially in small GR regions (Fig. 2.5). The core depth appears to be
2.5m shallower than in the logs. After adding 2.5m to the core depths, these two GR
measurements match well (Fig. 2.6). However, even after this depth shift, the core and
well log density measurements are not consistent in certain sections. Some locations even
show opposite changes (red rectangle in Fig. 2.7). Further refinement in depth shifting is
required. Because of the high heterogeneity in the tight formation, even a small mismatch
will create a large difference.
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Figure 2.5. Raw core (samples every 4 to 5 cm) and well log (samples ~20 cm) GRs before depth

matching in the Cardium Formation.
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Figure 2.6. Core and well log GRs after depth matching in the Cardium Formation.
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Figure 2.7. Core and well log densities after 2.5m shift in the Cardium Formation.

The comparison between core and well log GRs and densities are based on the same
measurements. Relevant parameters, such as density log and core porosity, can also be
used to examine the depth shift. From a core and well log GRs comparison, 2.5 m should
be added to the core depth to match with the depth of the well log. After the 2.5 m shift,
there is still an error comparing the density log and core porosity. The biggest core
porosity should correspond to the lowest density. However, in the Cardium A, there is
still an error of approximate 0.4 m between the smallest density and the highest porosity
depths (Fig. 2.8). Based on this, the adjusted depth shift changed from 2.5 m to 2.1 m in
the Cardium A. To evaluate these two shifts, a 0.5 m (1967.79-1968.27 m) relatively
homogenous core interval is chosen, which should have similar properties (Fig. 2.9). For
the GR log, there is a difference of approximately 50 API in this sample before re-
shifting. It is questionable whether the GR value decreases nearly 50% in such a
homogenous and small shale sample (Fig. 2.10). After re-shifting, the difference is 15
API, an acceptable change. Similarly, a density log change is observed. There is an
approximate 0.06 g/cm? density difference in this sample using a 2.5 m shift. However,
when the core depth is shifted with 2.1 m, the density log has a small difference (0.007
g/cmq) (Fig. 2.11). Based on this specific interval, a 2.1 m shift is more suitable than the
2.5 m shift in the Cardium A.



CHAPTER 2 CORE STUDY AND LITHOFACIES ANALYSIS

2.8

N~
N

N
)}

Density log, g/cm3

N
wn

2.4
1970.5

Figure 2.8. Density log versus core porosity in the Cardium A.
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Figure 2.11. Density log comparison between 2.5 m and 2.1 m shift.

In the Cardium Formation, probe permeabilities were measured with spacing 1 to 6 cm.
The probe permeability data were collected using a PDPK-400 probe permeameter. The
probe tip supplies nitrogen (N2) gas against the core slab surface and calculates the
permeability according to the pressure decrease vs. time (Jones, 1994). The measurement
range of this tool is between 0.001 md and 20 d (Clarkson et al, 2012). The probe
permeability data used in this study are slip-corrected (Klinkenberg corrected). A total of
610 points were collected: 330 came from the Cardium A and the remainder from the
Cardium B.

The probe permeability, combined with other well logs, can also be used for the depth
shift testing. The nuclear magnetic resonance (NMR) T2 value is directly proportional to
the pore size (Coates, et al., 1999). Usually, the larger NMR T2 should correspond to
higher permeability. After the 2.5 m shift, the high probe k peak mismatches with the
largest T value, with an error of 0.4 m (Fig. 2.12). Based on all the data, the 2.1 m depth
shift is more accurate in the Cardium A. In the Cardium B, the larger T correlates with
the higher probe k well using a 2.5 m depth shift (Fig. 2.13), so the Cardium B does not

need to be re-shifted.
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Figure 2.13. NMR T2 versus probe k in the Cardium B.

2.3 Core Petrophysical Analysis

In addition to the probe measurements, 17 full diameter intervals were evaluated for
routine core analysis from the Cardium A and Cardium B by Core Laboratories Canada.
These core intervals were first put into Dean Stark distillation to measure the residual
water saturations. Then the samples were cleaned using toluene extraction and prepared
for the permeability to be measured in both horizontal (kmax and ko) and vertical (kvert)
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directions. Finally, Boyle’s law technique was applied to determine the porosity using
helium.

The whole core porosity shows a weak correlation with whole core permeabilities (Kmax,
koo and kvert) in the Cardium A (Fig. 2.14). This indicates that porosity is not the unique
factor controlling the permeability in this well. kmax is approximately equal to ke in most
samples; however, there is a large difference between the horizontal and vertical
permeabilities. The ratio of Kvert /keo is commonly used to identify the anisotropy of a
layered system. When the porosity is around 6 %, the anisotropy is strongest (Kvert /Koo~
0.1) (Fig. 2.15). When the porosity is below or higher than 6 %, the anisotropy weakens.
When the porosity is smaller than 6 %, the facies tends to be pure shale, which decreases
the anisotropy. The vertical and horizontal permeabilities become closer, approaching
isotropic and homogenous in the shale interval. On the other hand, increasing porosity

with decreasing shale proportion also weakens the heterogeneity.

1

kmax

k90

Whole core permeability, md
o
[

‘ kvert

0.01
0 002 004 006 0.08 0.1 0.12 0.14

whole core porosity

Figure 2.14. Whole core porosity versus whole core permeabilities in Cardium A. The kmax of one

sample was not measured.
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Figure 2.15. kv/koo versus porosity in the Cardium A (The line approximates the trend).

The correlation between the whole core porosity and permeability in the Cardium B is
stronger than the Cardium A; A higher core porosity corresponds to a higher
permeability. The trends between whole core porosity and log-permeabilities (Kmax, Koo,
and Kkvert) appear approximately linear (Fig. 2.16). Similar to the Cardium A, the vertical
permeability (Kvert) is smaller than the horizontal (keo and Kmax). The ratio Kvert /Koo Shows
an increasing trend with the porosity (Fig. 2.17).
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Figure 2.16. Whole core porosity versus whole core permeabilities in the Cardium B.
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Figure 2.17. k/ koo versus porosity in the Cardium B.

Another difference between the Cardium A and Cardium B is the correlation between
core porosity and the wireline density log. In each whole core sample, the average density
value was calculated. Because of the relatively constant mineralogy (shaly siltstone) in
the Cardium A, the core porosity and density log correlate well (Fig. 2.18). In the
Cardium B, the core porosity and density log correlate poorly because both shaly siltstone
and conglomerate are present. Two relations may reflect different matrix densities (Fig.
2.19). When the porosity is 0, the density reflects the expected grain density value. From
the lines (Fig.2.19), the grain densities are 2.99 and 2.81 g/cm?® in the conglomerate and
shale respectively. From the core grain density measurement, 2.99 and 2.81 g/cm?® are a
little larger than core analysis results, but still locate in the variable range (Fig.2.20).
These high matrix densities indicate the existence of heavy minerals, such as siderite and
pyrite. From XRD results, discussed below, their weights can reach to 5 %.



CHAPTER 2 CORE STUDY AND LITHOFACIES ANALYSIS

30

Demsity log, g/cm3

2.7

N
o))
vy

N
o))

N
o)
¢

N
U

2.45

2.4

y=-2.18x+2.72
R?2=0.77

0.05 0.1 0.15
Core porosity

Density log, g/cm3

Figure 2.18. Density log versus core porosity in the Cardium A.
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Figure 2.20. Core analyzed grain density between conglomerate and shale.

Aguilera (2002) proposed a parameter (rpss) that uses permeability and porosity to
estimate the pore throat aperture (Eq. 2.1). Aguilera (2014) and Clarkson et al. (2012)
used rp3s to determine flow units in tight formations. The pore throat apertures (rpss)
calculated from the kp are smaller than the kmax especially in the Cardium A (Fig. 2.21).
The rp3s calculated using kp is around 0.2 um. However, this value increases to 0.2-1 pm
when kmax is used. It indicates that the pore throat sizes predicted from horizontal whole
core permeability (Kmax) are larger than from probe permeability.

The conglomerate part from the Cardium B has a larger rpss (>1 um) and shows a clearly
different flow unit compared with the tight Cardium A. Aguilera (2013) plotted
permeability versus porosity for the Cardium tight oil reservoirs in the East Pembina area,
shown in the light blue ellipse in Fig. 2.21. Only a small proportion of the Edson Field
Cardium (red ellipse in Fig. 2.21) shows similar pore throat apertures (0.2 pm <rpzs< 1
pm). Most of our samples are located outside the blue ellipse, and have lower
permeability and porosity. The tight Cardium Formations from East Pembina and Edson

Field show a similar flow unit (similar rp3s), the latter one is even tighter.
k 0.45

(1009)

Thss = 2.665 | (2.1)



CHAPTER 2 CORE STUDY AND LITHOFACIES ANALYSIS 32

1.E+02 -

® Cardium AKp ® Cardium A Kmax
A Cardium B Kmax A Cardium B Kp
Mp3s = 3 HM
1.E+01 - Conglomerate
Mp3s = 1um
o 1.E+00 -
E
=z ——» East Pembina Cardium
5 1.E-01 -
3 Mp3s = 0.2 pm
£
(]
a 1.E-02 - Fpas =0.1 um
1.E-03 - Edson field Cardium
1.E-04 -
1.E_05 T T T T T 1
0 5 10 15 20 25 30

Porosity (%)

Figure 2.21. Permeability (kp and kmax) vs. whole core porosity crossplot for the Cardium Formation.

For the probe permeability, the arithmetic average is calculated for each whole core sample.

2.4 Mineralogical Compositions Analysis—XRD

Mineral content is another important rock characteristic that can be determined by Xx-ray
diffraction (XRD). Five samples (three from the Cardium A and two from the Cardium
B) were measured using XRD (Fig. 2.22). This provided identification of mineralogical
composition, including quartz, clay, and other mineral weight fractions (main heavy
minerals). All five samples have a high fraction of quartz (>75 %) and a low percentage
of clay (<20 %). XRD also provided the relative percentages for the clay minerals (Fig.
2.23), which include smectite, illite, mica, kaolinite, and chlorite. The relative contents
of these minerals are similar to each other in all five samples. All the smectites are
observed in a mixed layer with illite. The main swelling clays come from the

smectite/illite mixed-layer. The richest minerals are illite/mica, constituting around 50 %
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of the clays. Due to the inherent limitations of the XRD quantification, the results should
be considered semi-quantitative (Connolly, 2010).
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Figure 2.22. XRD mineral analysis result for Cardium A and B.
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Figure 2.23. Clay mineral relative contents of the Cardium Formation.

Clay is an important factor that may affect the permeability. To compare the clay with
permeability at these five XRD locations, we analyzed probe permeability (kp)
measurements. To reduce the measurement error, 11 cm x 3 cm grids are chosen at every
XRD location (Fig. 2.24). The center location of the grid is chosen at the depth where
clay composition is determined by XRD. The medium grid lines are located on the core
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center-line. The top and bottom grids are 1 cm above and below the centre-line (Fig.
2.24). During measurements, any fracture effects are removed. At most of the locations,

the kps did not show significant differences (Fig. 2.25).

1cm XRD measured location
-
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Figure 2.24. 3x11 probe permeability measurement grid.
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Figure 2.25. An example of the probe permeability measurements on different grids.

The GR is usually recognized as one of the most important indicators of clay, and has
been called the “shale log” (Rider and Kennedy, 2011). The simple GR log shows a
combination of potassium, uranium and thorium isotopes. Among the common
sediments, shale shows the strongest GR response, leading to the model of larger GR
values at relatively higher shale proportions. In both the Cardium A and Cardium B, shale
intervals correspond with higher GR (> 100API) (Figs. 2.26 and 2.27). The quantified
clay content from the XRD also shows a good correlation with the GR log (Fig. 2.28).
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Figure 2.26. Simple GR log versus lithofacies in the Cardium A.
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Figure 2.27. Simple GR log versus lithofacies in the Cardium B.
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Figure 2.28. XRD clay content versus GR log.

According to the energy spectrum, potassium, uranium, and thorium radiation can be
distinguished, creating the spectral GR log (SGR). Different clay minerals have their
specific radioactive elements, so the SGR log can help identify the clay minerals. For
example, illite contains the highest potassium amount, while chlorite has no potassium;
therefore, the main contributor of potassium is the illite. The illite content from the XRD

shows a strong positive linear relationship with the potassium log (Fig. 2.29).
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Figure 2.29. XRD illite content versus the potassium log.
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From the 11 x 3 cm permeability grid in each XRD location, probe permeabilities were
measured. In the Cardium A, three XRD samples are from siltstone. The permeability
decreases with total clay and clay mineral (kaolinite, illite, and chlorite) contents in the
silt (Fig. 2.30). In addition, the correlations between the SGR and clay minerals suggest

that a basis exists for a relationship between SGR and permeability.
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Figure 2.30. The clay and clay minerals relationships with the probe permeability of siltstones in the
Cardium A (A. total clay; B. kaolinite; C. chlorite; and D. illite).
Both the GR and SGR logs show negative mild correlations with permeability (Fig. 2.31).
At the intervals with small GR or SGR values, permeabilities show decreasing trends.
There is a threshold effect (red lines) above which the permeabilities change little. For
example, in the silt when the potassium content is smaller than 0.013, we can predict the
permeability using a linear model. When the potassium content is more than 0.013, the
permeability does not change much and floats around 0.01 md. It may be caused by the

limitation of log resolution. We compare these four regressions before the cut off lines
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(green lines in Fig. 2.31). Among these four logs, the potassium log shows the strongest

sensitivity and the largest R? (Fig. 2.31 B), although they all have similar values of R2.
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Figure 2.31. GR and SGR relationship with the siltstones permeability in the Cardium A (A. GR; B.

potassium; C. uranium; D. thorium).

2.5 Conglomerate Permeability Analysis

In the Cardium Formation, the conglomerate is an important sedimentary feature.
Compared to other Cardium lithofacies (siltstone/shale), the conglomerate has different
depositional conditions, which creates different core textural characteristics, such as grain
size, sorting, rounding. These characteristics are relatively homogenous in the siltstone
and shale, which makes difficult to study their effects on the permeability. However, in
the conglomerate, these properties can be quantified.

The resolution of probe measurements is around 0.6 cm, so 1 cm x 1 cm “windows”

centered on the probe location is chosen from the core images (Table 2.1). In these core
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image windows, the grains whose diameters are larger than 0.05 mm, are colored white
and the remaining matrix is kept its original color. According to the color difference, the
grain size, number, and volume proportion are counted (Table 2.1). Because the ratio of
conglomerate thickness in the Cardium A to the Cardium B is 4:11, so three and seven
“windows” are chosen from the Cardium A and Cardium B, respectively. In each window
center, one probe permeability is measured. The Cardium B windows have more grains
and smaller grain sizes than the Cardium A, which reflects different matrix supporting
types. Some sorting coefficients are usually used to characterize the grain size sorting.
The Trask Coefficient, which is the ratio of the 75" percentile to the 25" percentile
(Selly, 2000), is calculated in both the Cardium A and Cardium B. The Cardium A
conglomerate has a worse grain sorting (larger Trask coefficient) than the Cardium B,
which corresponds lower permeability (Fig. 2.32).

The conglomerate matrix consists of very fine grains and has a relatively weak
cementation, which contributes to the permeability. So a high conglomerate proportion
usually leads to a low permeability (Fig. 2.33). It also depends on the probe location
against the grain surface. If the probe is located on the grain surface or the part of the
surface, it will decrease the permeability. From the window analysis, the conglomerate
permeability mainly depends on grain volume proportion and grain size sorting. A lower
grain volume proportion and better grain size sorting lead to higher permeability.
Actually, the core image analysis based on 1 cm x 1 c¢cm window cannot cover all
information. The image analysis result (Table 2.1) is based on the core sample surface
condition. However, according to Meyer and Krause’s (2001) probe flow model (Fig.
2.34), the probe permeability is affected by complex flow geometry. It is a simplification
to use the surface to represent the whole flow region. However, different sections of one
core sample with limited size do not show significant geological differences. Therefore,

the analysis based one core surface is representative of the 3D flow complexity.
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Figure 2.33. Grain volume proportion versus permeability in the conglomerate.

Box and Whisker plots of conglomerate permeability from the Cardium A and Cardium

B, along with their Trask grain size coefficients.
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Figure 2.34. Schematic of preferential probe flow path to the sample surface (from Meyer and
Krause, 2001)
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Table 2.1. Grain parameter in the conglomerate (red color from the Cardium A; green color from
the Cardium B)

grain volume biggest smallest grain probe
“windows” ratio(%o) size(cm) size(cm) number | Perm, md

H 14 0.3 0.025 17 0.11
Z - 70 0.92 0.033 5 0.0079
E 22 0.42 0.017 11 0.027

L
ﬁ 32 0.28 0.06 32 1.68
E 28 0.21 0.057 24 0.48
E 17 0.14 0.057 27 1.90
15 0.28 0.057 30 4.51
34 0.214 0.085 30 0.36
37 0.357 0.07 40 0.23
23 0.428 0.057 13 4.81
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CHAPTER 3: PERMEABILITY CHARACTERIZATION AND
PREDICTION USING CONVENTIONAL LOGS

3.1 Permeability Distribution and Variability

The properties of permeability, as one of the most important reservoir parameters, are
continuously attracting attention. The basic statistical character of permeability, its
distribution, is still being discussed. Law (1944) studied three samples from different
depths and found that the log (k) followed the normal distribution in all three cases.
Collins and Jordan (1961) described permeability statistical characteristics. They thought
that one unique distribution of permeability existed in the ideal reservoir and that the
permeability is randomly distributed in the actual reservoir. The porosity was recognized
as a factor that controls the permeability distribution. They showed that samples have one
permeability distribution with the same porosity.

In the Cardium Formation, the permeability shows very complex PDFs. According to
probability plots for both the Cardium A and Cardium B, the permeability distribution
cannot be described as either normal or log-normal (Figs. 3.1 and 3.2, respectively).
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Figure 3.1. A) Probability plot of k in the Cardium A; B) Probability plot of log(k) in the Cardium A.
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Figure 3.2. A) Probability plot of k in the Cardium B; B) Probability plot of Log(k) in the Cardium
B.

Complicated facies may be the cause of the complex permeability distributions in the
Cardium Formation. For example, the Cardium A can be divided into five intervals
based on the lithofacies differences (Fig. 3.3). Intervals 1 and 5 mainly contain pure shale
and shaly siltstone. Interval 2 is the conglomerate and interval 3 has a combination of
conglomerate and pure shale. Relatively clean siltstone deposits are in interval 4. The
probability plots of the log (k) from different intervals indicate a log-normal distribution
(LND) in shale and shaly siltstone zones from intervals 1 and 5 (Fig. 3.4 A). Similar
results are observed in other intervals, where the LND fits the unique facies permeability
(Fig. 3.4). The same process can be applied in the Cardium B. Compared with the
Cardium A, the facies in the Cardium B are relatively simple, containing pure shale and
conglomerate. In the unique facies, like conglomerate, the probability plot of log (k) also
shows an LND (Fig. 3.5). The collection of permeabilities in the Cardium Formation does

not appear to have a unique distribution, but each facies permeability appears to be LND.
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Figure 3.3. Permeability of the Cardium A and its five intervals.
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Figure 3.4. A) Log (k) probability plot of interval 1 and 5; B) Log (k) probability plot of interval 3;

C) Log (k) probability plot of interval 3; D) Log (k) probability plot of interval 4.
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Figure 3.5. Log (k) probability plot of the conglomerate in the Cardium B.

The permeabilities used in the preceding distribution analysis are from probe
measurments. Because of the small scale of the probe, a sufficient number of
measurments are required to characterize the formation comprehensively. Corbett and
Jensen (1993) recommended a simple rule to calculate the required sample number (Eq.
3.1). This equation is based on a 20 % error margin. In the Cardium A, the actual sample
number (Nactual) IS larger than the smallest requirement (Nrecc) (Table 3.1), indicating our
samples are sufficient to cover all the formation information. In fact, using the rule from
Eq. 3.1, many measurements are unnecessary. The opposite case happens in the Cardium
B, where Nactwal is less that Nrece, meaning that the measurements in the Cardium B are
insufficient to estimate the mean permeability at the 20 % tolerance level. There are,
however, sufficient measurements to estimate the mean with a 45 % tolerance. The
implications of this are that the probe permeabilities will provide reliable measurements
for the Cardium A, but do not cover all the information for the Cardium B.

Corbett and Jensen (1993) divided the permeability heterogeneity into three categories
according to the coefficient of variation (Cy). When Cy > 1, the formation belongs to the
very heterogeneous category. A heterogeneous formation has a Cy between 0.5 and 1.
When the Cy < 0.5, the formation is considered homogenous. When we use the probe
permeabilities, both the permeability of the Cardium A and Cardium B present high
heterogeneities, with Cy > 1 (Table 3.1). The heterogeneity of the permeability in the
Cardium B is larger than in the Cardium A. The Cy based on the probe permeability is

between the entire core horizontal permeability (keo) and the entire core vertical
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permeability (kvert) in the Cardium A (Table 3.1). Due to the limited number and unique
sample facies in the Cardium B, the whole core permeability calculated Cy is not

representative.

N, =(10C,)? (3.1)

recc

Standard deviation
where C, =

Arithmetic average

Table 3.1. Permeability variability parameters.

Cardium A Cardium B
Parameters Cv Nrecc Nactual Cv Nrecc Nactual
Probe k 1.4 300 330 4 1600 305
Whole core keo | 0.93 86 11 1.34 178 6
Whole core Kvert | 1.66 276 11 1.40 197 5

3.2 Experimental Design

Permeability directly measured from the core provides the most accurate estimate, but it
is the most costly. Indirect permeability predictors are always being considered, among
which well logs are the most attractive. The costs from core analyses were nearly 10
times greater than from the well logs (Yao and Holditch, 1993). In the Cardium A, we put
conventional well logs and core permeability measurements together (Fig. 3.6). Two
typical zones show particularity special properties. In Zone 1, the permeability is
relatively high and the well logs show particular values. For example, GR and SGR
(tracks 2 and 5) are the lowest and resistivity logs are the largest (track 4). However, in
Zone 2, the horizontal permeability is high, but not all well logs show consistent
responses. In the Cardium B (Fig. 3.7), the high permeability zone shows a similar trend
to Zone 1 in the Cardium A. Except for these high permeability zones, it is very difficult
to identify relationships visually between permeability and the well logs, especially in the

shale part.
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Figure 3.6. Typical well logs and core porosity and permeability in the Cardium A. Track 1: depth.

Track 2: GR and caliper logs. Track 3: Density, neutron, and core porosity. Track 4: Array

induction resistivity logs. Track 5: SGR logs. Track 6: Probe, horizontal and vertical whole core

permeabilities.
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Figure 3.7. Typical well logs and core porosity and permeability in the Cardium B. Track 1: depth.
Track 2: GR and caliper logs. Track 3: Density, neutron, and core porosity. Track 4: Array
induction resistivity logs. Track 5: SGR logs. Track 6: Probe, horizontal and vertical whole core
permeabilities.

We need a more systematic and data-based method to select potentially significant well
logs and identify their relationships with the permeability. If we assume that well logs are
various factors (explanatory variables) and the permeability is the corresponding
response, experimental design can help to select potential impact factors (well logs) from
complicated relationships with the least effort. Nine well logs have been taken as impact
factors: array induction resistivities (A010 and A090), density porosity (DPH), gamma
ray (GR), spectral gamma ray (potassium-HFK, thorium-HTHO, and uranium-HURA),
photoelectric factor (PEF), and density (RHO). Relationships between the permeability
and logs are complex in both the Cardium A and Cardium B. In the Cardium A, the deep
resistivity (A090) seems to relate to the permeability as a single factor (Fig. 3.8). For the

two-factor combination effect, deep resistivity (A090) and GR are the most significant. In
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the Cardium B, the relationships are more complicated than in the Cardium A. No single
factor shows a more prominent effect than others do (Fig. 3.9). The combined potassium
and thorium, GR and PEF logs show more important influence on permeability than other
logs do. We then will further analyze these significant single and double factors.
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Figure 3.8. Plot of different well log effects in the Cardium A (significant factors are shown in

circles).
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3.2.1 Single Factor

From the experimental design analysis, the deep resistivity (A090) seems to affect the
permeability significantly as a single factor. It is difficult to see an evident linear or other
relationship between the deep resistivity and permeability (Fig. 3.10). There are two
separate clusters of low and high permeability. In the low permeability cluster (<0.1 md),
the permeability appears to be distributed randomly with the deep resistivity. In the high
permeability cluster (>0.1 md), the permeability increases with an increase in the deep
resistivity. In the shale and highly shaly siltstone intervals (low permeability zone), the
shale has a more important effect on resistivity than the formation fluid does. The
permeability and resistivity are usually low in the shale, causing the low permeability to
correspond to low resistivity. However, the resistivity is more sensitive to the shale
compared with the permeability. For example, in two shale intervals (A and B in the
Fig.3.11), the permeability shows a similar character (Fig. 3.11 left Box and Whisker
plot); but the resistivity presents a significant difference between each interval (Fig. 3.11
right Box and Whisker plot). This suggests why, in the shale zone, the resistivity is more
variable than the permeability.

Although there is no a clear trend between the permeability and resistivity, there are still
some clues about their relationship. All the high permeabilities come from high
resistivities. So regarding the resistivity as the condition, the log (k) cumulative
distribution function (CDF) is calculated. When the resistivity is lower than 30 ohm-m,
all the permeabilities are smaller than 0.1 md. There are about 60 % high permeability
(>0.1 md) when the resistivity is higher than 30 onm-m (Fig. 3.12). In other words, if we
want to look for the high permeability intervals, then high resistivity (>30 ohm-m) is a
prerequisite. We need to find the best cutoff value to make our estimate with minimum
error. For example, if we set 33 ohm-m as the cutoff value, this is 31% and 0% errors
from the high permeability and low permeability part, respectively, giving a total error of
31%. According to the calculation, when 40 ohm-m is chosen as the cutoff, the total error

is at a minimum (Fig. 3.13).
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Figure 3.10. Deep resistivity (A090) versus permeability in the Cardium A.
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Figure 3.11. Box and Whisker plots of the permeability (left) and resistivity (right) in similar facies.
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Figure 3.12. CDF of different log-permeability values in Cardium A.
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Figure 3.13. Total errors with different resistivity cutoff value.

From the experimental design, no single factor seems to have a significant effect on the
permeability in the Cardium B. Evaluating the conditional probabilities, however,
indicates a dependence between log (k) and log measurements. The GR log is chosen as
the condition. When GR values are higher than 90 API, only small permeability values
are observed. All high permeabilities come from the lower GR; in other words, there is a

70 % probability of high permeability when the GR is smaller than 90 API in the
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Cardium B (Fig. 3.14). The same process is used to find the best GR cutoff value. The
smallest error occurs when the GR is 88 API (Fig. 3.15).
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Figure 3.14. CDF of different log-permeability values in Cardium B.
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Figure 3.15. Total errors with different GR cutoff values.
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3.2.2 Two-Factor Analysis

From the result of the factorial design analysis, the joint deep resistivity (A090) and
gamma ray (GR) show a significant effect on the permeability in the Cardium A. But it is
still difficult to correlate these two factors with permeability using a mathematical
equation. Here we use the contour plot to show their relationships with permeability. The
contour plot is formed by the two independent factors (such as X-GR and Y-A090) and
the response (Z-permeability). Low permeability values occupy most of the zone plot (<
0.05 md), which corresponds to the lower A090 and no limitation for the GR. In the small
GR (<90 API) and large A090 (>35 ohm-m) region, permeability is 0.05 to 0.1 md. With
the medium permeability contour line further shrinking, GR (<75 API) and A090 (>37
ohm-m), the permeability increases to more than 0.1 md (Fig. 3.16). In the Cardium B,
the combined potassium and thorium present a significant effect on the permeability.
Because of the conglomerate effect, permeability in the Cardium B is larger than in the
Cardium A. The high permeability values are concentrated in the small potassium and
thorium region. As the values of potassium and thorium increase, the permeability
decreases (Fig. 3.17), showing a similar relationship with the siltstone in the Cardium A.
In the Cardium A siltstone, the permeability shows a negative relationship with the GR
and SGR from the XRD in Chapter 3.

k{md)
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B 005 - 010
[ ] = 010
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Figure 3.16. Contour plots of permeability versus A090 and GR in the Cardium A.
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Figure 3.17. Contour plots of permeability versus potassium and thorium in the Cardium B.

3.3 Literature Permeability Calculation Model

Due to the complex nature of permeability, single or two well log factors cannot predict

the whole range of permeability. Although the factor design helps to find significant

factors, it is still difficult to predict the permeability using one or two factors. More

potential well log factors need to be investigated. The literature is filled with reports of

investigators used multiple well logs to predict permeability. Among those reports, Yao

and Holditch (1993) presented a model, including porosity, deep and shallow resistivities,

and GR (Eq. 3.2). Compared with other models reviewed in Section 1.2.2, their model is

better suited for the lower permeability sandstone, which is similar to the tight Cardium

Formation. From Chapter 2 (Figs. 2.18 and 2.19), the density porosity (¢q) correlates well

with the core porosity, so ¢q is used in the model. The A010 and A090 replace the deep

and shallow resistivities, respectively from the array induction log.

U 1) R,
(Rild /Rsﬂ)e4

(3.2)

where U is a constant; ¢ density porosity; lcr GR log index; Rig deep resistivity (A090);

and Rsn shallow resistivity (A010);
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Two typical intervals, shale and shaly siltstone, are applied separately with this model in
the Cardium A. The model works well in the relatively clean siltstone part, where the
modeled permeabilities agree with the measured values. In most of the shaly siltstone
part, the model results approximate the measured permeability (Fig. 3.18 A).
Permeability profiles in the Cardium A shaly siltstone correlate well with the model
estimates, with a strong regression (R? > 0.93) based on the 1:1 line (Fig. 3.18 B). In the
pure shale part, the correlation between the modeled and measured results is weaker than
with the shaly siltstone. The actual permeability varies more rapidly than the modeled
result (Fig. 3.19 A). The regression-based on the 1:1 line is weak with R? = 0.40 (Fig.
3.19 B). Comparing parameters in these two facies, the porosity shows a more significant
effect on the shaly siltstone than the shale. Because of the homogeneous and tiny pores
in the shale part, the porosity has not shown an effect on the permeability based on the el

= 0 result shown in Table 3.2.

Table 3.2. Parameter values from the Cardium A and B.

Cardium A Cardium B
Parameters _

shaly siltstone Shale conglomerate shale
U 0.0014 0.019 0.00046 0.039
el 0.90 0 0.01 0.33
e2 0.01 0.098 0.05 0.6
e3 1.85 0.076 2.51 0.01
ed 0.69 0.10 0.3 6.39
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Figure 3.18. A) Measured and modeled shaly siltstone k versus depth in the Cardium A; shaly
siltstone measured versus modeled k in the Cardium A.
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Figure 3.19. A) Measured and modeled shale k versus depth in the Cardium A; shale measured
versus modeled k in the Cardium A.
The same process is repeated in the Cardium B, which has two separate facies: shale and
conglomerate. In the shale interval, the result is similar to the Cardium A. The measured
permeability changes more rapidly than the modeled result (Fig. 3.20). The result in the
conglomerate part is not as good as in the shaly siltstone (Fig. 3.21). The conglomerate
data is limited. From Yao and Holditch (1993), the model was more applicable for the
shaly sands, which is supported in the Cardium Formation results. The shaly siltstone

permeability can be estimated using this model more accurately (R?= 0.94) than the shale
and conglomerate (R?< 0.5).
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Figure 3.20. Measured and modeled shale k versus depth in the Cardium B.
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Figure 3.21. A) measured and modeled conglomerate k versus depth in the Cardium B; B)

conglomerate measured versus modeled k in the Cardium B.

3.4 Semivariogram Analysis

Due to the thin laminations and small scales of reservoir layers, the probe permeability
(kp) shows a strong cyclicity (~5-10 cm) in the Cardium Formation (Fig. 3.22). These
cyclicities should also be characterized by wireline logs if the logs have sufficient

resolution. To investigate the cyclicity and consistency between the permeability and well
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logs, a semivariogram (SV) is very useful (Jensen et al., 1996). Equation 3.3 is used to
calculate the SV, where variables must be measured in the same distance. Since probe
permeability measurements are not sampled with equal spacing, we chose every 10cm as
one unit, then calculated the arithmetic average permeability in every unit to represent the
interval. For example, at 1971.1 to 1971.2 m, the arithmetic average represents the
1971.15m. This average will reduce or eliminate some small cyclicities (less than 10 cm

wavelength).
7(K) :%E[(Zi_znk)z:l (3.3)

where 7 is semivariogram; and Z; the variable at location i

Both the kp and log (kp) SV’s are calculated, and these show similar trends (Fig. 3.23).
The GR well log and k;, show different characteristics for the rock. The GR well log and
kp SVs present similar features overall in the Cardium A (Fig. 3.24). They both present a
~1.3 m hole effect, ie cyclicity. There are still some differences between these two SVs.
The GR SV shows a steadier and smoother curve. The kp SV curve is more varied and
presents some small cycles (0.2~0.3 m). These differences are caused by different
resolutions of these two measurements. The kp has a higher resolution (~1 cm), which can
reach the thin lamination scale, but the GR log can only detect bed and larger geological
units. When comparing these two curves in the Cardium B, they are similar to each other
(Fig. 3.25). In the Cardium B, the lithofacies does not have thin laminations, so small
cycles do not appear in the kp curve, as in the Cardium A. The SV interrogates the

consistency and inconsistency between these two datasets.
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Figure 3.22. Slip-corrected probe permeability in the Cardium A.
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Figure 3.23. Kp and Log kp SV in the Cardium A.
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Figure 3.24. GR and kp SVs in Cardium A.
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Figure 3.25. GR and kp SVs in Cardium B.

As discussed, the SV detects the trends and cyclicities and their relationships between the
well log (GR) and the probe permeability datasets in the Cardium Formation. If we
decrease our focus scale from the formation to a specific small core sample, then the SV
can also help to investigate the relationship between the permeability with the core image
texture and fabric on a small scale. The core image SV can be calculated using Eq. 3.4,
based on Eq. 3.3.



CHAPTER 3 PERMEABILITY CHARACTERIZATION AND PREDICTION USING
CONVENTIONAL LOGS 63

1 N —k
y(K) = 2(N—K) ; (Zi—Z) (3.4)

where Z, is the i" point pixel in the core image from Photoshop (PS); N is the number of

data; and k is the lag distance.

In PS, the grey level varies from 0 to 255, where 0 and 255 represent black and white
colors respectively. The 10 probe permeability measurements are processed from the
middle line (labelled “medium”) of the core (Fig. 3. 26). There are about 100 pixels in the
PS image in the same location where kp is measured (Fig. 3.26 below). kp and core image
SVs show similar cycles (Figs. 3.27 and 3.28). The circle in kp SV is around 2.5cm,
which is bigger than the core pixel SV. The core image pixel SV circle is around 0.5 cm,
which reflects the original and smallest depositional unit. Another sample presents a
steadily increase in the GR log, rock image pixel, and kp SVs, reflecting the trend of
increasing k and GR with depth (Fig. 3.29).

As a common statistic, the SV helps to “bridge” different depositional scales, from micro
lamination (<1 cm) to bed (>20 cm). Between probe permeability and well log (GR as
sample), the SV captures the consistency (cyclicity) and also inconsistency (resolution).
The core image textural feature is quantified and connected to the permeability by the
SV.

/ kp measurement point

medium

Figure 3.26. Actual (above) and processed (below) core imaged from Cardium A.
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Figure 3.27. Probe permeability SV plot.
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Figure 3.28. Core image pixel SV plot.
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CHAPTER 4: COMBINING NMR LOG AND PROBE
PERMEABILITY TO PREDICT WHOLE CORE PERMEABILITY

4.1 Introduction

Following the discussion in Chapter 3, it is difficult to estimate the tight Cardium
permeability using conventional well logs. Extremely low and highly variable values and
the changing scales of these variations are major challenges to tight rock permeability
prediction. Further challenges arise when well logs are used to predict permeability. The
strong heterogeneity creates problems for permeability estimation using conventional

logs in tight formations.

Nuclear magnetic resonance (NMR) logs have been used to predict permeability in
conventional sandstone rocks with good success (Lowden, 2003; Minh, 2006; Daigle and
Dugan, 2009) but their application in tight rocks has been more problematic. Two
empirical models, the Schlumberger-Doll Research model (SDR, Eg. 4.1) (Kenyon et al.
1989) and the Timur-Coates model (TIM, Eq. 4.2) (Coates et al. 1991) have been widely

used in conventional reservaoirs.
_ 4 2
kSDR =ag'T, (4.1)

where a is an empirical constant, T, is the logarithmic mean of the transverse relaxation

time T, and ¢ is the NMR porosity.

FFI
k.., =bg'(—)? 4.2
e =Dg (o) (4.2)
wherebh is an empirical constant, FFI is the free fluid volume, and BVI1 is the bound fluid

volume.

These two methods give large errors when applied in tight formations. The SDR equation
includes the mean of T,, which doesn’t cover all pore information and ignores
contributions from small pores. The effect is amplified in tight formations, which have

many small shale laminations between siltstones. These shale laminations play an



CHAPTER 4 COMBINING NMR LOG AND PROBE PERMEABILITY TO PREDICT
WHOLE CORE PERMEABILITY 67

important role for the vertical permeability, which the SDR derived permeability will
overestimate. The TIM model is not directly related to T, but depends on the T, cut off
determination. Generally, 33 ms is selected for the T» cutoff in sandstone, which has
been acknowledged to be an overestimate in tight formations (Xiao et al., 2011;
Kerimov, 2013).

This chapter presents a new NMR-based permeability estimate which shows greater
accuracy than the SDR and TIM models in a tight formation. It is independent of T»and
cutoff values and includes more pore information. The model also helps to relate

permeability measurements which have different scales and resolutions.

4.2 Data Set Description

Two typical intervals (1968.27-1972.45 m and 1989.89-1993.64 m) were chosen for
routine core analysis on full diameter samples. The air permeability was measured at
steady-state with a 3.45 MPa net confining pressure from three directions. In addition to
the routine core analysis, probe permeameter (kp) data were measured. A difficulty for
tight formation permeability estimation comes is the inconsistency between these
measurements. We analyzed probe and whole core permeability measurements for the
Cardium core. Because these are common permeability measurements, many studies have
described the methods and their comparison (e.g., Collins, 1952; Corbett and Jensen,
1992; Jones, 1994; Clarkson et al., 2012). In homogenous formations, some studies have
reported agreement between probe and core permeability (e.g., Goggin et al., 1988;
Garrison et al., 1996). However, in heterogeneous facies, the probe permeability values
have been found to be larger than the core values; in some cases, there was more than one
order of magnitude difference (Georgi and Jones, 1992; Gibbons et al., 1993; Meyer and
Krause, 2001). In the Cardium A, the probe permeabilities show mixed relationships with
horizontal (kmax) and vertical permeability (Kvert) (Fig. 4.2). Most kmax values are larger
than kp, some by more than one order of magnitude. Some samples however, such as
Samples 1 and 5, show a good correspondence. The relations between kyert and kp are also
mixed (Fig. 4.1), with good agreement for Samples 7 and 9, and 10, but weaker

agreement for Samples 2 and 4. In general, the more variable is kp, the more likely there
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is disagreement between ko and either Kmax Or Kvet. Similar trends between these
measurements appear for the Cardium B data (Fig. 4.2).
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Figure 4.1. kp ,Kmax, and Kvert measurements from the Cardium A.
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Figure 4.2. Kp ,Kmax, and kvert measurements from the Cardium B.

Except for the inconsistent value between these two measurements, direction cannot
unify. For example, whole core permeabilities are divided into horizontal and vertical,
but it is difficult to give a direction for probe permeability. One approach described by

Corbett and Jensen (1992) to reconcile whole core and probe measurements is in the case
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of laminated sediments. We assume that the core is well laminated with shale and
siltstone (Fig. 4.3). The probe permeability is measured with a millimeter-scale probe tip
and, when the tip is located between boundaries, it represents a unique facies value (Fig.
4.3 circle). If the probe permeability of the specific facies and their proportion are
determined, the whole core permeability can be estimated by applying the arithmetic and

harmonic averages to the probe values.

In order to estimate the proportions of the lithofacies, we use the NMR log. Different
facies typically can be characterized by pore size. For example, shale contributes most of
the micropores. The NMR T2 spectrum provides the pore size distribution, giving a pore
size-related lithofacies model with parameters derived from T spectrum.

: : :UHOI’iZOﬂtal Kmax

| 20 )
Vertical Kyert

Figure 4.3. Core sample with shale and siltstone laminations showing core permeability

measurements and a possible location for a probe permeability measurement (red circle).

4.3 NMR T2 Processing for Lithofacies Proportions

4.3.1 NMR Response Physics

The NMR log is a useful and advanced tool for permeability prediction, compared to
conventional logs. Its response is independent of complex geological parameters, such as
lithofaces, and minerals et al, but it is mainly affected by pore fluids. From the NMR log,
we can interpret porosity, and bound and free fluids (Fig. 4.4). The porosity from the
NMR usually underestimates the core porosity in the Cardium Formation. The NMR
based porosity is still greater than the density porosity because of complicate matrix (Fig.
4.5). However, the NMR biggest advantage comes from the T, spectrum, which is a rich

source of pore information.
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Figure 4.4. NMR interpretation plot in the Cardium formation (Schlumberger, 2010).
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Figure 4.5. Core, density, and NMR porosities in the Cardium A.

The NMR T relaxation time depends on fluid in the rock pores. There are main three
relaxation components: bulk fluid process (Tanuik), surface relaxation (Tosurface), and
magnetic field gradient diffusion (Tauditfusion). T2 IS characterized by Eq. 4.3 (Kenyon,
1992). Because the Cardium Formation contains mostly water and light oil, T2 is
dominated by Tosurface. Therefore, we neglect the Topuik and Togiffusion COMponents in the
remaining discussion. Tosuface 1S given by Eq. 4.4 (Kenyon, 1992). The NMR T2 is

proportional to the pore size.

1 1 1 1
—= + + (4.3)
T, T T, T,

2bulk 2surface 2diffusion

where T, relaxation time of the pore fluid; T,q, . pore fluid surface relaxation;

T, itusion Magnetic field gradient diffusion.

1

S
T =P (\7) pore (44)

2surface
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S

where P, surface relaxivity parameter; (\7] pore surface to pore volume.

4.3.2 Pore Size Distributions and T2

Several studies have indicated that pore size is log-normally distributed (LND). The
mercury intrusion porosimetry method has found LND pore sizes in cemented sediments
(Diamond and Dolch, 1971, 1972; Shi, et al., 1991). Lindquist and Venkatarangan
(2001) also found a LND sandstone pore sizes using X-ray tomographic image analysis.
Another technique, the mercy injection capillary pressure test, (CMICPT) was used by

Chuanyan et al. (2013), which also showed LND pore sizes in very tight core samples.

Since T is directly proportional to pore size (Coates et al., 1999), the T spectrum is also
expected to be LND. Because the volume of investigation of the NMR response will
likely include several lithofacies, the log (T2) distribution may be expected to be a
mixture of several normal distributions. Thus, the log (T2) distribution needs to be
decomposed in order to identify the lithofacies components and their proportions. This
idea is similar to Genty et al.’s (2007) work, which used the NMR log to quantify
porosity types in carbonate reservoir rocks. They used three Gaussian distributions (Eqg.
4.5) to decompose the log (T2) spectrum and got at most three components with nine
parameters. The coefficient R? was used to assess the match (Eq. 4.6).

3
fmodel (Tz ) = AZ(ai)gi (/u| ' Gi ! TZ ) (4-5)
i=L
_ _ (Ti_/ui)z f . .
where §; = EXPy ==, lhogel IS the approximated spectrum,
2710, 20

Tz‘ =log(T,) and 4 and 0; are the mean and standard deviation of the ith component,

respectively. A is a constant and:

R2 =1— Z(fmea(Tzlyli)— fmodel (T2|))2 (46)
Z ( fmea (Tz,i ) - fmea (Tz,i ))2
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where f_.. (Tzl,i) is the measured NMR response and f_, (T,;) is the average of the

measured NMR responses.

A similar method can be applied in tight clastic cases. We use Eqg. 4.5 to fit and
decompose the NMR T, spectrum. fmogel fits well with the measured data (R? = 0.97, Fig.
4.7A). After the decomposition, there are nine parameters (ui, oi, and o for i = 1, 2, and
3) which show a relationship with pore characteristics (Fig. 4.6B). The components
represent pore types with different sizes. According to the IUPAC classification (Everett,
1972), pore size is divided into three groups, which are micropores (<2 nm), mesopores
(2-50 nm), and macropores (>50 nm).The first peak (smallest T> and i = 1) usually
indicates micro-pores and is characterized by the first three parameters au, p1, and o1. ou
is the proportion of the first pore type. These micro-pores mainly come from shale.
Actually, au is the representation of all rock types with micropore. Other facies such as
siltstone can also contribute micro-pores but in this study, we assume that all micro-pores
are in the shale. In this sample, a1 = 0.37, which is interpreted as 37% of the sample
porosity consists of micro-pores. For the micro-pores, ui represents the log-mean pore
size. Samples in strongly cemented and compacted conditions will have smaller . o1
reflects the log-standard deviation of the pore sizes that is determined by sorting. The
parameters oy, p2, and o2 for the second peak can be interpreted with a similar logic. The
medium pores usually come from fine siltstone. The third component (if it exists)
represents the largest pores, coming from coarse siltstone or sandstone. According to the
geological interpretation for the nine parameters, a simple pore size related facies model
(fine size — shale, medium size — fine silt, and coarse size — coarse silt or sand) can be
constructed (Fig. 4.7).
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Figure 4.7. Pore size related lithofacies model and associated responses on the NMR log (T2)

spectrum.

4.4 Model Testing

The decomposition interpretation is based on several assumptions. We need therefore to

test if these parameters are consistent with our actual core characteristics. We chose

seven core samples from the Cardium A and B to compare with NMR decomposition

results. For the pore size related facies model, there are three lithofacies with weights of

o, a2, and aa. If o is consistent with the proportion of the appropriate facies from core

analysis, it suggests that our interpretation of the parameters a; iS correct. The medium

and coarse pore-size related facies are not easily identified in the tight Cardium

formation, so in this study we use shale (o1) as the best test.
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We used image analysis for the determination of the shale proportion. In the
conglomerate, the core comprises grains and matrix (Fig. 4.8A). They have different
colors; the grain is white and the matrix is gray. We assume all the shale comes from the
matrix. Using an image processor (Photoshop, PS), we can identify these two
components using color range selection. Even very small grains can be detected, which
makes the shale proportion estimate accurate (Fig. 4.8B). For the thin laminated shaly
siltstone, it is difficult to distinguish the shale and siltstone visually (Fig. 4.9A). But,
compared to the siltstone, the shale has more black, which can be detected by PS. After
processing, the tiny shale layers can be distinguished and the proportion calculated (Fig.
4.9B). Figures 8 and 9 show binary-colored samples; because of sediment complexity
however, sometimes 2 colors do not cover all components. The grains in the Cardium B,
for example, show 2 color categories, black and white. The matrix is light yellow (Fig.
4.10A). In order to calculate the grain proportion, black and white are first selected (Fig.

4.10B and C). Then, after repeating the color selections, grain and matrix are

distinguished.

Figure 4.8. A) actual conglomerate core image; B) processed conglomerate core image in the
Cardium A.

Figure 4.9. A) actual tiny laminated shaly siltstone; B) processed tiny laminated shaly siltstone in the
Cardium A.
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Figure 4.10. A) actual conglomerate core image; B, C) processed conglomerate core image in the
Cardium B.

The NMR measurements of these intervals are analyzed to get as. If our interpretation
regarding o1 IS correct, the shale proportions from core analysis should agree with the a1
in the same sample. There is a strong relation between them in the Cardium A (Fig.
4.11A), meaning that as from NMR is a good estimator for the shale proportion. Similar
results are obtained in the Cardium B (Fig. 4.11B). The core image analysis results can be
affected by the color threshold setting. For example, the color tolerance of 32 is used to
identify shale and grain in the conglomerate shown in the Figure 4.8. If we change the
threshold from 27 to 37 (+ 16%), the proportions change by + 2%. The core image
derived shale proportion is affected by the color threshold value, but the effects are

insignificant.

Besides the core image analysis, X-ray diffraction (XRD) can also be a measure of shale
proportion. We processed five XRD analyses made on the formation. The relation
between XRD clay content and o1 appears to be a moderately strong linear relation (Fig.
4.12) but the XRD clay content is less than az. Two possible reasons account for the line
not passing through the origin. One reason is that the shale (detected by ax1) is constituted
not only by the clay minerals (as detected by XRD), but also tiny fragments and other
minerals, especially quartz minerals. The other reason is because of the resolution
difference of these two measurements; the XRD is more localized than NMR logs. In

summary, these examples indicate a1 correlates well with shale volume proportions.
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Figure 4.11. Shale proportion from core image versus a1, A) is the Cardium A; B) is the Cardium B.

Besides our core samples, there are published studies that have shale proportions and
NMR measurements. We used our model to fit these log (T2) spectra and compared the a1
with shale proportions. Minh and Sundaraman (2006) built a laminated sand-shale model
and measured the NMR response. In this model, there is approx. 40% shale and 60%
sandstone and the NMR measurement showed a bimodal response (Fig. 4.13). We used
Eq. 4.5 to fit this curve. The model curve is matched well with the measured curve (R? =
0.98, Fig. 4.14 A and B). a1 = 0.43, agreeing well with the laminated model value of 0.4.

1
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0.4 ¢
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clay content of total weight from XRD

Figure 4.12. XRD clay content versus o.1.
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Figure 4.13. NMR experimental results of sand-shale laminations (Minh and Sundaraman, 2006).
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Figure 4.14. A) Measured (from Minh and Sundaraman, 2006) and modeled log T2 curves; B)

parameters from the decomposition.

Besides laboratory models, there are data from borehole measurements and core. For

example, there is a 4.0 ft sample, which consists of 1.31 ft sand and 2.69 ft shale as
measured from core (Minh and Sundaraman, 2006). This sample gives a 67% shale
proportion and our analysis of the NMR data shows very good agreement with a1 = 0.7

(Fig.4. 15). Summarize all 8 literature sample results, our model parameter oz correlates

well with the micropore proportions (R?= 0.97, Fig. 4.16).
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Figure 4.15. A) Borehole measured (from Minh and Sundaraman, 2006) and modeled log T2 curves;

B) parameters from the decomposition.
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Figure 4.16. Micropore proportions (collected from Ostroff et al., 1999 Minh and Sundaraman, 2006;
Bansal, 2013) versus a1 from log T2 decomposition.

4.5 Permeability Prediction

For the pore size model, different layers have specific proportions ai and permeability ki
(Fig. 4.17). If ai and ki are known, the whole sample Kaiong and Kacross Can be calculated.
When the flow is along the layers (Fig. 4.17A), Kaong is obtained using Eg. 4.7 and
corresponds to the whole core horizontal measurements (koo and Kmax). When the flow is
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across layers (Fig. 4.17B), Kacross IS calculated using Eq. 4.8 and corresponds to the whole

core vertical measurement (Kyert).

Fowilliiarilienil o] mEL KL
A Mooy [SRegete -1l Bretetetalniegege

Figure 4.17. A) Flow along the layers; B) flow across the layers.
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(4.8)

We have confirmed that ax from the log T2 spectral decomposition can represent shale

proportions. Due to its high resolution relative to lamination thicknesses, the probe

permeability may represent a unique facies value (Fig. 4.3). For each facies permeability

ki, the probe permeability can be used. Some sample measurements are strictly in shale

(Fig. 4.18A) where the probe permeabilities (kp) are samples of ki (Fig. 4.18B), which is

not a single value but represents the distribution of possible shale permeabilities. A

probability plot of k, from very shaly intervals shows an LND (Fig. 4.19) with log ki~ N

(-1.88, 0.242). The permeability of the micro-pore rock can be described by this LND

with log-mean -1.88 and log-variance 0.24.
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Figure 4.18. A) T2 spectrum of very shaly zone (a1 = 1) in Cardium A; B) probe measurement

locations on the core.
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Figure 4.19. Probability plot of probe permeability from facies i = 1 in the Cardium A.

From the LND, we estimated the mean value for ki using Eqgs. 4.9 and 4.10 (Agterberg
,1974):

k, =€y (s2/2) (4.9)

3 42 5 3
—:l.,[+ (n-1)° t + (n-1) t + (4.10)

n
vl =1+ n n(n+1) 2! n*(n+1)(n+3) 3!
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where 10g X is the log-mean, s2is the log-variance, t =s?/2 , and n is the number of

measurements.

ki1 =0.014 md. The i = 2 and i = 3 facies permeabilities cannot be determined directly as
we did with the shale facies because there are no samples with 100% a2 or oz in this
Cardium core. Moreover, distinguishing a2 and a3z from each other is quite difficult. So
here we regard o2 and as as one lithotype. We chose some relatively “clean” samples.
Those probe permeabilities are still affected by any shale present with permeability Ki.
We removed the effect of ki using Eq. 4.11. The corrected probability plot of kz+3 also
shows an approximately LND (Fig. 4.20), with log ko+s ~N (-0.47, 0.18%) giving ka3 =
0.36 md.

kiag + kas3(1- a1) =k (4.112)

Probability Plot of a2+a3
Lognormal - 95% CI

Percent

k2+3

Figure 4.20. Probability plot of probe permeability from second and third facies (corrected for shale
content) in the Cardium A.

After the facies proportions and permeability distributions were determined, we

calculated Kaiong and Kacross for the Cardium A and B whole core samples and compared

these values to the measured whole core values. The kaong match well with core ke and

Kmax at most intervals (R? > 0.8 for 1:1 line) (Fig. 4.21A). The Kacross Values show a

weaker correlation with kyert (Fig. 4.21B).
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Figure 4.21. A) Kalong Versus Kmax and kgo; B) Kacross Versus kvert in the Cardium A.

Compared to the literature NMR permeability interpretation models, TIM and SDR, the

most prominent advantage of our model is to more accurately predict directional

permeability. The TIM and SDR permeabilities (krim and kspr) give poor correlations
with core results in this tight formation (R? < 0.1) (Figs. 4.22 A and B). But our model

gives fair to good estimates for both horizontal and vertical permeability. Another

advantage of this model is to bridge the scale differences between probe and whole core

permeability.
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Figure 4.22. A) krim versus core permeability; B) kspr versus core permeability in the Cardium A.

Using the probe permeability as a reference brings uncertainties. For example, even in the
pure shale intervals, the kp values are still variable. When we calculate the arithmetic and
harmonic permeability, expected values are used to represent these distributions.
However, expectations do not fully represent all the information of the probe

permeability.

We used Monte Carlo to assess the effects of uncertainties in the values of ki and ka+3, as
reflected in the distributions of kp, on the values of Kaong and Kacross. With the specified
distributions log ki~ N (-1.88, 0.24%) and log kz+3~N (-0.47, 0.182), an arbitrary number
of observations can be generated using a computer random number generator. In this

study, we chose 100 observations to compare with core results. For example, there is one
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sample in which the horizontal core permeability kmax = 0.14 md and koo = 0.11 md.
Using Monte Carlo, 100 kaiong €Stimates were created and compared with the core results.
About 11% of Kaiong Values are higher than kmax and 7% of them are lower than kgo (Fig.
4.23). Most (82%) of the Kaong estimates locate between the kmax and koo. For another
sample, the permeability is very low (<0.1 md). About 20% the estimates are higher than
kmax and 20% lower than koo, (Fig. 4.24). These results suggest that our model is
predicting values usually higher than kgo, but smaller than Kmax.
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Figure 4.23. 100 Kaiong values created by Monte Carlo in the Cardium A.
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Figure 4.24. 100 kaiong created by Monte Carlo in the Cardium A.
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The same Monte Carlo process was repeated in the Cardium B. The probe permeability
measurements from specific facies also exhibited LNDs, with log ki~ N (-1.4, 0.18%) and
log ka+3~ N (-0.46, 0.30%) respectively. Kaiong and Kacross Were calculated and compared to
core results. The correlations between model and core results are weaker than in the
Cardium A, and it seems that there are two relations for each flow direction (Figs. 4.25 A
and B). Because of the limited number of core measurements, it is difficult to determine
the exact nature of these relationships and their causes. For Kaong and kn, Relation 2 is
where the model results are very close to the core measurements, with observations
distributed uniformly below and above core permeability (Fig. 4.26). Relation 1 is where
the model results underestimate the core values by an order of magnitude. For Kacross and
kvert, there also seem to have two relations, but all model results underestimate the core
measurements. Monte Carlo analyses support this. All 100 kn observations are smaller

than the vertical core measurements (Fig. 4.27).
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Figure 4.25. A) Kaiong versus horizontal core permeability (kmax and kgo) in the Cardium B; B) Kacross

versus vertical core permeability (Kvert) in the Cardium B.
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Figure 4.27. 100 Kacross Values created by Monte Carlo in the Cardium B.

4.6 Discussion
In obtaining the preceding results, we made several assumptions and approximations.

1) Some whole core permeability measurements are recorded as <0.01 md, which is the
lower limit of measurement. We chose 0.01 md for these samples, which improved the

quality of our kvert predictor.

2) The NMR T relaxation time is directly proportional to the pore size, without
considering the fluid effect. Actually, in the Cardium, the fluids affecting the NMR
measurements are light oil or water. Because of the similar viscosities of light oil and

water, we think the effects are not significant.



CHAPTER 4 COMBINING NMR LOG AND PROBE PERMEABILITY TO PREDICT
WHOLE CORE PERMEABILITY 89

3) We assumed that the main cause of permeability anisotropy is from the laminations.
For the Cardium A, the cores are usually shale and siltstone laminations, corresponding
well with this assumption. But in the Cardium B, the facies consists of a conglomerate
and shale mixture, which is not consistent with the laminated layered system. This is one
possible reason that we obtain a weaker relation between the model and core results in
the Cardium B than the Cardium A.

4) We used a three-facies model in accord with the three peaks we often observed in the
T, spectra. In tight formations, it can be very difficult to separate the fine and siltstone
components (i = 2 and 3 facies in our model). So we assumed they are one lithotype but
this decreases the match quality with Kacross.

5) Only the first peak (a1) was verified by the core and literature samples. In this study,
all first components represent micro-porosity facies, because pi < 0.6. If we were
analyzing NMR spectra for a conventional reservoir, the first component might not be
caused by micro-pores. For example, in a clean sandstone sample, the first peak would

correspond to relatively large pores, which should have a higher .
4.7 Conclusions

This research presented a new approach to interpret the NMR well log in tight
formations. The NMR log T> was divided into at most three Gaussian components, which
represent different pore sizes. The parameters (ai, wi, and i for i = 1, 2, and 3) from the
decomposition have specific geological meanings. The literature samples and the
Cardium core data, including core image analysis and XRD results, showed that a1
correlates well with shale volume proportions. Some probe permeability measurements
were chosen for the pore size-related facies model. Arithmetic and harmonic permeability
values were calculated and compared to whole core horizontal and vertical
measurements. Our permeability predictions showed moderate to strong correlations with
core results. Compared to the literature models, the proposed model performed better.
Monte Carlo analysis further confirmed the agreement between core and model results,
especially in the Cardium A. Because of limited samples and complicated facies in the

Cardium B, the agreement was weaker than for the Cardium A.
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CHAPTER 5: SUMMARY, CONCLUSIONS, AND FURTHER WORK

5.1 Summary

This work has discussed different permeability prediction methods based on a tight

Cardium Formation dataset from one well in the Edson Field. The main results are listed

below:
1.

The Cardium Formation in the research well is divided into the Cardium A and
Cardium B. The high permeabilities (> 0.1 md) come from a small part of
conglomerate and relatively clean siltstone in the Cardium A. The remaining parts
of the Cardium A Formation have lower permeability, ~0.01 md. In the Cardium
B, the conglomerate shows high permeabilities (> 0.1 md) while the shale has low
permeability (~0.01 md).

In the Cardium A, the whole core porosity (¢) shows a weak correlation with
whole core permeabilities (Kmax, Koo and kvert) of shaly siltstone, which indicates
that the porosity is not the unique factor controlling permeability. The anisotropy
(kvert /koo) reaches the largest at the medium porosity ~ 6%. Below and above this
porosity, the anisotropy decreases. The correlation between ¢ and k in the
Cardium B is stronger. The anisotropy shows an increasing trend with the
porosity.

Clay minerals are measured using XRD at five samples. 11cmx3cm grids are
chosen to measure probe permeabilities at every XRD location. The permeability
decreases with increasing XRD clay contents in the silt interval.

The GR and spectral GR well logs show strong relationships with XRD clay
measurements, which provide the basis for predicting permeability with the SGR
or GR. Both GR and SGR logs however show negative mild correlations with
permeability. The potassium log is the best permeability predictor.

There are no identifiable trends between conglomerate permeability and GR and
SGR logs. Ten Icmx1cm “windows” centered by the probe location were chosen
from the conglomerate core image. The grain size, number, and location between

the probe and grain surface best related to conglomerate permeability.
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6.

10.

11.

Complicated facies make the probe permeability values appear to be randomly
distributed in the Cardium Formation, with neither a normal nor log-normal
distribution. If we divide the Cardium Formation into different intervals according
to the facies, the probe permeability shows a clear log-normal distribution in each
interval.

Both the Cardium A and the Cardium B permeability are heterogeneous or very
heterogeneous (Cy> 1). According to Corbett and Jensen’s (1993) recommended
rule, the actual probe measurment number (Nacwa) 1S larger than the guideline
requirement (Nrecc) in the Cardium A. The Nactwar iS Smaller than the Nrecc in the
Cardium B. The implications of this are that the probe permeabilities provide
reliable measurements for the Cardium A, but cannot cover all the information in
the Cardium B.

Experimental design helped to identify the deep resistivity (A090) and the deep
resistivity (A090)-gamma ray (GR) combination as being one- and two-factor
variables for permeability prediction in the Cardium A. The relationships are
more complex in the Cardium B, and no single factor shows a significant
relationship with the permeability. The combined potassium and thorium, gamma
and photoelectric logs show more important influences on the permeability than
other well log measurements.

For more than three well log factors, Yao and Holditch (1993) presented a model,
including porosity, deep and shallow resistivities, and GR to calculate
permeability. The model works best in the Cardium A shaly siltstone interval,
with R? = 0.94. Shale and conglomerate show relatively weak correlations
between the model and core measurements, with R?< 0.5.

Semivariograms (SV) characterize the cyclicity and consistency between
permeability and well logs. Cyclicities of 0.2m and 1.3m wavelengths were
identified in the permeability and GR log data, corresponding to bed and channel
geological factors.

We developed a new approach for permeability prediction using the NMR log.
The NMR log (T2) was divided into at most three Gaussian components, which

represent lithofacies with different pore sizes. The parameters (i, Wi, and i for i
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12.

=1, 2, and 3) from the decomposition have specific geological meanings. The
literature samples and the Cardium core data, including core image analysis and
XRD results, showed that a1 correlates well with shale volume proportions.

Some probe permeability measurements were chosen for the pore size-related
facies model. Arithmetic and harmonic permeability values were calculated and
compared to whole core horizontal and vertical measurements. Our permeability
predictions showed moderate to strong correlations with core results. Compared
to the literature models, the proposed model performed better. Monte Carlo
analysis further confirmed the agreement between core and model results,
especially in the Cardium A. Because of limited samples and complicated facies

in the Cardium B, the agreement was weaker than for the Cardium A.

5.2 Future Work

This work provides a fundamental discussion about the traditional methods for the

permeability characterization and prediction in first three Chapters. In Chapter 4, we try

to use an innovative NMR based model to predict the permeability, which needs lots of

work to improve.

1.

2.

Develop our models and methods further so they have fewer assumptions.
Examples of assumptions are
a. We assume the borehole fluids in our samples are not significant to our
results. If possible, compare the lab NMR measurement on core sample
saturated with brine water with NMR logging result.
b. We do not have pure clean siltstone. If possible, use real clean siltstone to
decrease the uncertainty.
c. If the pressure differences between probe and whole core permeability
measurements affect our model accuracy.
Further test our models — what have we overlooked or ignored? For example, the
difference between probe and whole permeability caused by principle of

measurements. If this difference has significant effect on the model result?
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3. Extend the model so it can perform better or be applicable to other formations.
For example, should we consider combining the resistivity, potassium, and NMR
logs to predict permeability?

4. In the Cardium B, our model showed that there are two possible relationships
between predicted and measured permeability. The lack of sampling (only 5
samples) increases prediction uncertainty. More conglomerate samples collection
may help to solve this problem.

5. Well log (including NMR) based predictions for core permeability highly depend
on the accuracy of core-log depth shifting. In this study, we tried same
measurements (core and log GRs) and corresponding factors (e.g., core porosity
and density) to help depth shifting. Also we chose some homogenous samples to
text our shifting. The sample we used is relative small scale (0.5 m). | recommend
if possible, choosing a larger or more samples to test will be better.

6. Besides the NMR model, Yao and Holditch model works well in our shaly
siltstone intervals. In shale and conglomerate intervals, the model results become
weak. We can see from the parameter that the porosity shows a negligible or no
effect on them. Is it caused by the homogenous density porosity of the shale? If
we use more accurate porosity measurement, not well log derived, will we get a

better result?
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APPENDIX 1

CDF: Cumulative distribution function is F(x), which is defined by F(x) = Prob(X < x) .

F(x) is the probability of a random variable X, which is small or equal to x (Jensen, et.al,
2000).

PDF: For a CDF F(x), which is defined as F (x) = I f (t)dt. The function f (t) is the

probability distribution function.

ND: Normal (or Gaussian) distribution is a very common statistical concept, which has
_ 2

SRS )

\275° 20

LND: Log-normal Distribution is a continuous PDF of a variable whose logarithm is ND.

following PDF: f (X; o, 1) =
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APPENDIX 2

Probability plot (Chambers et al., 1983) is a direct method to test whether or not a
variable follows a specific distribution. In this thesis, we use probability plots (Figs. 3.1,
3.2,3.4,3.5,4.19, and 4.20) to evaluate probe permeability distribution. Variable data
points are plotted against a given distribution (such as normal). If these points show a
straight line, it means the variable follows the given distribution.

We use Minitab to produce these probability plots. Here is one sample plot (Fig. 3.1)
from the content. In this plot, we assumed the variable normal distributed. The middle
blue line which is the fitted distribution line. If these data points follow the straight line, it
means that the variable is a normal distribution. Because it is only an assumed fitting line,
the value of this line can reach to negative values. The two curved blue lines display
approximate 95% confidence intervals.

Probability Plot of K
Normal - 95% CI
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* Mean 0.06871
» StDev  0.09551
N 329
AD 68.175
P-Value  <0.005
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Figure 3.1. Probability plot of k in the Cardium A
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APPENDIX 3

In order to gain the most information with the least effort, experimental design is one
useful method. The idea for the design of experiment was first developed by Fisher in
1935. The experimental design method is used to select potential well log which has
effect on permeability in this thesis. The results are shown in Figures 3.6 and 3.7 from
Minitab. The following Equations (Levine et al., 2001) explain how these figures plotted:
Assuming there are two impact variables (A and B) and one response variable (X), we
define the following terms:

r =the number of levels of factor A

¢ = the number of levels of factor B

n' =the number of values (replications) for each cell

n = the total number of observations in the experiment

X = the value of k th observation for level i of factor A and level j of factor B

r C n

222 Xy

? T
ren

is the overall mean

X, =12 is the mean of the i th level of factor A( where i=1,2....r)

g
M=
>

ijk

X__j =12kl jsthe mean of the jth level of factor B( where j=1,2....r)
rn
— Xy . o :
X;; =D — isthe mean of the cell ij , the combination of the ith level of factor A and

j th level of factor B

The Among-group variation, which also called the sum of squares among groups (SSA).
It represents the observation difference caused by factor A. The SSB and SSAB mean the
difference due to B and AB. They are calculated by the Equations A-1, A-2 and A-3
(Levine et al., 2001).
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2

SSA= Cn,i(x—L ~X) (A-1)
SSB = rnvi(x_J—?) (A-2)
SSAB = nzr“_zc‘,(xij —X, =X, +X) (A-3)

The effect of each factor (such as A) on the observation can be obtained using Equation
A-4 (Levine et al., 2001).

SSA

EffeCt = W (A'4)

According to the value of calculated effect, importance from factors (signal or double)
can be ranked. The CDF for an effect is obtained as follow (Eq. A-5):

R -0.5

P=
o2k

(A-5)

where R; is the ordered rank of effect i; p, is the CDF for order effect i; k is the number

of factors.

The probability plot of different factors can be plotted with calculated p, .



