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Abstract

Natural fractures, or cleats, form the only permeable pathway for desorbed methane to
travel from the coal matrix to a well bore for production. Hence, detection and delineation of
naturalfracturesystems is of prime importance to coalbed methane exploration. This thesis
evaluates an industry developed software package for detecting subsurfacefracturesin coals.
This software package, known in industry as "LogFAC", re-interprets conventional geophysical
well log data to estimate permeability in target coal seams.

LogFAC hypothesizes thatfracturesform the main permeable pathways and as such
measurements of fracture porosity are strongly tied to permeability, and that this relationship is
reflected in gas production.

During drilling operations, drilling fluids invade into the

surrounding rock. Because invasion in coal occurs through fractures traversing the impermeable
coal matrix, measured of depth of invasion is related in some manner to fracture porosity. Zones
of greatest fracture porosity are also be the most permeable and produce the most methane. By
using well log and drilling mud data, LogFAC estimates the volume of fluid invaded coal and the
amount of fluid available to create this invasion. The larger the fluid to coal ratio, the larger and
more well developed the fracture system. Although the software provides measurements in the
volume domain and it is tempting to define results as porosity, this thesis demonstrates that
permeability, or some aspect more affinitive to permeability than porosity, is being defined.

This thesis comprises four chapters. Chapter one examines aspects of the theoretical
basis for the software and illustrates experimental results consistent with LogFAC theory.
Chapter two examines the ability of the software to correlate existing geophysical well log data
to historical coalbed methane production from the San Juan Basin of Colorado and New Mexico.
Chapter three illustrates an application of LogFAC as a predictive exploration tool, and outlines
a play concept and results from a test drill program that indicates that LogFAC successfully
located reservoir quality coals in the Western Canada Sedimentary Basin. The fourth and final
chapter summarizes the study and provides recommendations for further research.
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C H A P T E R I - E V A L U A T I O N O F LogFAC S O F T W A R E O P E R A T I N G PREMISE

1.1

Introduction

Detection and delineation of naturally occurring fracture systems is of prime importance to the
development of a coalbed methane reservoir. Coal is comprised of an essentially impermeable
matrix intersected by a permeable natural fracture or cleat system.

Cleats, are the primary

pathways for migration of methane from coal matrices to well bores where the methane is then
recovered for use. Any moveable fluids within coal are confined to this cleat system. The volume
of these moveable fluids is directly related to the size and degree of openness of the cleat system
and therefore to the coal seam's permeability. As coal seam permeability is generally accepted
to be the factor of greatest impact on methane producibility, a relationship between moveable
fluid volume and methane producibility should be evident. LogFAC detects this relationship.

When a well bore is drilled through coal measures, either to test the coals or to test deeper
conventional hydrocarbon targets, the wells are evaluated using various geophysical tools and
instruments that are lowered into the well to collect information on aspects of interest to the
explorationist. These tools commonly test the zones of interest for their electrical, acoustic or
radioactive properties and interpretation of these properties allows for the detection and
evaluation of zones of economic interest.

In developed basins such as the Western Canada Sedimentary Basin a large database of
subsurface information exists in the form of geophysical well logs. In the Western Canada
Sedimentary Basin many prospective coalbed methane targets have been traversed and logged in
the search for deeper conventional hydrocarbon reserves.

A. Thomas Rozak and Barich

Petroleum Inc. developed LogFAC software in 1998 as a means of re-interpreting conventional
well log data for indications of coalbed methane producibility.

LogFAC software uses these existing conventional well log data to calculate a volume of
movable fluid present in the coal's natural fracture, or cleat, system whereby a larger moveable
fluid volume infers greater permeability. The end product of the software is a metric termed the
LogFAC Permeability Factor (LPF) (Rozak and Bustin, 2001). Examination of coal seams using
1

this metric defines lateral variations in permeability, indicating hotspots and trends for targeting
exploration. In addition, multiple seams within a single well can be examined, indicating which
seams should be targeted for completion. The technique is applicable to developed basins where
significant well control exists.

This thesis presents three aspects of LogFAC in three chapters.

The first chapter

investigates aspects of the theory and basis for LogFAC and presents data from an experiment
that supports a fundamental tenet of LogFAC. As LogFAC is an industry-developed technique,
this investigation was limited to discussion of geophysical topics that are within the public
domain. Software algorithms and data treatment are proprietary to the developer and were not
made available. Despite this limitation, LogFAC developers provided the author with sufficient
access to data and concepts that indicate that LogFAC theories and operating procedures appear
reasonable and operate within the bounds of established geophysical theory.

The second chapter of this thesis tests the ability of LogFAC to correlate historical well log
data to historical methane production from an established coalbed methane producing basin.
LogFAC calculated permeability factors were correlated with methane production from 42 wells
in the Fruitland Coals in the San Juan Basin of Colorado and New Mexico. In this data set, a
statistically significant relationship between LogFAC response and methane producibility is
noted. This indicates that well log data from other conventionally explored basins such as the
Western Canada Sedimentary Basin can be examined for coalbed methane production potential.
This chapter was published and presented as paper 0111 at the 2001 International Coalbed
Methane Symposium, held in Tuscaloosa, Alabama (Rozak and Bustin, 2001).

The third chapter illustrates the predictive ability of LogFAC. In this chapter, a case
history of an exploration play is presented where LogFAC served as the primary exploration
tool.

The results from the drilling program show that a potential reservoir quality coalbed

methane deposit in the Western Canada Sedimentary Basin has been located. The requirements
of gas quantity, quality, gas saturation and permeability are present in this reservoir. Chapter
three was published as paper SPE 75676 and presented at the Society of Petroleum Engineers
2002 Gas Technology Symposium, held in Calgary, Alberta (Rozak, et. al, 2002).

2

This thesis investigates a coalbed methane exploration technique. The operating
principles are found to be consistent with geophysical theory. Historical data can be explained
using the theories and concepts.

Lastly and most importantly, the technique predicts certain

results that were obtained through field-testing.

LogFAC appears able to detect certain coal

qualities that are predictors of permeability and has application as a coalbed methane exploration
tool.

1.2

Background
Geophysical well logs exist in virtually every basin explored for conventional oil and gas

reserves.

Conventional oil and gas explorers rely on many different logging tools specially

designed and constructed for accurate evaluation of clastic and carbonate reservoirs. No logging
tools exist for the coalbed methane industry that can evaluate either gas in place or permeability.
The use of geophysical well logs in coalbed methane exploration has mainly been limited to
identification of physical parameters of the coal seams, such as depth, thickness and density.
Some researchers, however, have adapted conventional well log responses to investigate
properties unique to coal.

A well log based computer model has been developed to estimate sorption isotherm, gas
storage, cleating, producibility and for proximate analysis (Scholes and Johnson, 1991). The
advantage of this model is that estimates are made on the in situ properties of the coal and
sampling errors due to lost gas or drilling induced fracturing are minimized. The disadvantage is
that several untestable assumptions concerning the interplay between maceral content, rank and
ash content are required to estimate cleating and producibility.

Cleats are natural fractures in coal that tend to form orthogonal systems normal to
bedding. Cleats form during coalification and can be enhanced by structural deformation (Close,
1993). They are the only permeable pathway in a coalbed methane reservoir and are considered
the reservoir characteristic that has the greatest impact on the economic success of a coalbed
methane play (Close, 1993). This thesis hypothesizes that measurements of the volume of these
fractures should strongly tie to permeability, and this relationship should be reflected through
variations in gas production.
3

Drilling mud is used during drilling operations for well control, cooling the bit and
cleaning the hole of rock cuttings. Drilling mud is composed of a solid clay faction suspended
within a liquid faction. On penetration of a porous and permeable zone, the mud solids separate
from the liquids at the well bore and form a mud cake while the liquid faction, or mud filtrate,
invades into the permeable formation (figure 1-1).

Path of Drilling Mud

Impermeable Strata
No invasion
.Mud Cake Build Up
On Bore Hole Wall

Permeable Strata
Invasion of Filtrate

Impermeable Strata
No invasion

Figure 1-1 - Schematic of path of drilling fluid in well bore hole
Illustrating separation of mud solids as mudcake on bore hole wall
and invasion of mud filtrate into permeable strata

The volume of the fracture system can be defined through estimating the volume of drill
fluids that invade the target formation during drilling operations. It is known that drilling fluids
invade into the surrounding rock during drilling (Asquith, 1982). If all invasion in coal occurs
through fractures (a reasonable assumption as the coal matrix is considered impermeable
Laubach, et al, 1998), then measurements of the volume of invading fluids should be related in
4

some manner to fracture porosity. Zones of greatest fracture porosity should also be the most
permeable and produce the most methane.

As cleats are fractures, the abundance and openness of the cleats should be detectable and
quantifiable using conventional well log techniques that identify fracture porosity. Conventional
tools, such as the micro log and the dual laterolog (Hoyer, 1991, and Hoyer, 1991a) have
demonstrated applications in coalbed methane exploration, but limitations unique to coal and/or
the relative scarcity of their use over coal bearing strata have limited their utility.

LogFAC is a software package that calculates invading mud filtrate volumes and
generates a metric termed the LogFAC Permeability Factor (LPF), which is a dimensionless
factor that is not convertible to a hydraulic conductivity value at this stage of research. A detailed
analysis of LogFAC software is presented in the Appendix.

This thesis evaluates the software for its application to coalbed methane exploration.
LPF values were calculated for 42 wells in the San Juan Basin of Colorado and New Mexico and
the results compared to methane production from these wells. A statistically significant
correlation between methane production and the LPF values indicates a relationship between the
two variables, and therefore a potential new tool for coalbed methane exploration.

1.3

Previous Studies

Literature establishes the use of well log data for qualitatively identifying permeability in
coals and mentions both the microlog and the resistivity log as being useful for this purpose
(Mavor et al., 1990). Both microlog and resistivity logs rely on detecting variations in resistivity
due to invasion during drilling operations (Dresser Atlas, 1982).

Other studies outline a technique for using well log data for fracture detection and for
extending this technique to coalbed methane exploration. The volume of fractures (VFRAC)
intersecting a well bore are defined using the Schlumberger dual laterolog tool (Sibbitt and
Faivre, 1985). As with the microlog and resistivity log method, VFRAC also relies on detecting
invasion of drilling fluids. Computer modeling and laboratory testing support this technique and
it is applicable to coalbed methane exploration due to its ability to detect vertical fractures.
5

Demonstration of a relationship between productive capacity and VFRAC in the Fruitland Coals
of the San Juan Basin shows an application to coalbed methane (Hoyer, 1991a).

The use of photoelectric effect (Pe) logs and spontaneous potential (SP) logs to detect
permeable zones within coals has also been documented.

The Pe method uses a heavy weight

(11 lbs./gallon or 1120 kg/m ) barite drilling mud to fill fractures in the coals. The Pe tool
3

detects density contrasts between the coal and the barite-filled fractures. The small number of
wells drilled with such heavy weight muds limits the utility of the Pe log as an exploration tool.
SP response also shows a link to methane productivity, but the magnitude of the SP deflection
alone does not correlate well with productivity (Mullen, 1988).

Other log-based methods involve examination of variations in radial resistivity due to
invasion.

One such method uses a time-lapse technique in which a series of time spaced

induction logging runs identify changes in invaded radii, thereby quantifying permeability
(Tobola and Holditch, 1991). Other permeability research also used time lapse logging data
(Yao and Holditch, 1991). As well, an invasion-based method for estimating permeability from
well logs (PermLog) has been developed for moderate permeability formations. PermLog has
been tested against measurements of permeability from core and agreement is good between core
data and PermLog estimates (Semmelbeck et al., 1995). With the exception of PermLog, none
of these techniques are able to examine pre-existing data, and therefore, their use as exploration
tools in basins where substantial well log data already exists is limited.

1.4

LogFAC Theory

LogFAC reinterprets existing well log data by combining information about drilling mud
properties with an unconventional application of a conventional logging principle. LogFAC uses
the properties and chemistry of the drilling mud to define the volume of mud filtrate, or
moveable fluid, available for invasion into a formation during drilling operations.

Dewan,

(1993) demonstrated experimentally that the rate of invasion is a mudcake controlled property in
formations with greater than a few millidarcies of permeability and that the formation is
essentially passive. Dewan's research shows that modeling mud behavior produces a volume of
mud filtrate available for invasion into the formation.

6

The LogFAC Permeability Factor or LPF is calculated as the ratio of moveable fluid
(mud filtrate) within a coal/fluid system divided by the volume of the coal within the coal/fluid
system.

The technique has advantages in that the coal is tested under in situ conditions, with

stable reservoir pressures and temperatures. Issues such as secondary cement infilling of the
cleat system are irrelevant, as secondary cement infills behave in the same manner as an initially
tighter matrix with both possessing the lessened ability to accept moveable fluids. The use of the
volume domain in executing the calculations draws apparent parallels with porosity and fracture
porosity, but as is demonstrated in this paper, the data support characterization of permeability
directly.

Conventional logging practice has established that the depth of invasion of drilling fluids
inversely correlates to formation porosity and permeability, although the relationship does not
hold true in all circumstances (Dresser Atlas, 1982). This statement appears counter-intuitive, as
deeper invasion might be expected in zones of greater permeability. However, the opposite
occurs as only a certain amount of mud filtrate can be removed from the drilling mud before mud
cake formation creates a very low permeability barrier to additional invasion. This amount of
mud filtrate must be accommodated within the porous and permeable portions of the formation.
In a high porosity formation, invading fluids must move a shorter distance into the formation to
be fully accommodated. This creates the inverse relationship between depth of invasion and
porosity.

The cause and boundaries of the relationship between depth of invasion and porosity
(formula 1-1) are undefined by conventional well log analysts, probably due to a lack of need.
Several tools and techniques capable of direct and reliable measurements of formation porosity
in clastic and carbonate reservoirs already existed, so there was no need to define boundaries for
the depth of invasion/porosity/permeability relationship.

Depth of Invasion cc I

where <j) = porosity

(formula 1-1)

The physical properties of elastics and carbonates are so dissimilar to those of coal that
existing conventional porosity tools are unable to resolve the small variations in fracture porosity
in coal that impact permeability and methane producibility (Scholes and Johnson, 1993). An
7

alternate technique to define formation porosity and/or permeability is required.

LogFAC

software utilizes formula 1-1 as a starting point and establishes a limited range of conditions and
boundaries over which formula 1-1 is valid .

A complication in the use of the relationship outlined in formula 1-1 is data selection, as
variation exists between the quality and reliability of logging tool responses and their
interpretation. Many factors impact the reliability of the well log data, including caved well
bores, variability between logging companies and variations in mud chemistry (Anderson and
Barber, 1988).

By implementing screening parameters that establish boundary conditions to

data reliability, LogFAC software isolates a combination of log responses and drilling mud
chemistries that correlate with methane production.

1.5

The Role of Invasion In L o g F A C
1.5.1

Introduction

The challenge of this first chapter is to test a major LogFAC tenet: invasion of drilling
mud filtrate behaves predictably in fractured reservoirs. This chapter presents an experiment that
seeks to support this tenet and concludes that the predictability of this behavior can define a
calculable volume of mud filtrate available to create invasion. The experiment does not comprise
an exhaustive or definitive analysis, nor does it define the volumes directly. However, the
presented data establishes that the previously mentioned LogFAC tenet is reasonable and
presents suggestions for additional research that could define these volumes.
LogFAC calculations are performed in the volume domain. Formula 1-2 illustrates the
required LogFAC input variables. They are the volume of coal invaded by drilling mud filtrate
{VIC) and the volume of invading mud filtrate (IMF) available to create this invasion. The
LogFAC permeability factor (LPF) is the ratio of the invading fluid volume divided by the
invaded coal volume. A higher ratio of fluid to coal indicates greater fracture volume and,
therefore, greater permeability.

IMF

=

LogFAC Permeability Factor (LPF)

VIC

8

(formula 1-2)

LogFAC is based on the fact that fluid volume is more directly tied to permeability of the
formation in coals compared to elastics or carbonates. In coals, fractures are the only effective
porosity and only effective permeability in an otherwise impermeable formation (Laubach, et al.
1998).

1.5.2

Determination of Invaded Rock Volume

Present log interpretation theory and practice acknowledge that drilling mud and/or mud
filtrate invades porous and permeable formations. The depth of invasion relates in some manner
to the porosity of the formation and that the bounds of this relationship are undefined (Asquith,
1982).

Generally, calculation of an invaded volume of rock using well logs is straightforward.
Using resistivity tools such as Schlumberger's Dual Induction"" a depth of invasion of the mud
1

filtrate is determined. Depth of invasion is a commonplace calculation using well-documented
techniques (Schlumberger, 1972, Asquith, 1982, Dresser Atlas, 1982). Figure 1-2 is a cartoon
illustrating a typical response of an induction log to a coal seam. Three resistivity tracks are
present on the right side of the well log; a shallow reading track, which typically measures 20 cm
into the formation, a medium reading track that typically investigates resistivity 60 cm into the
formation and a deep reading track which reads approximately 160 cm. The resistivity values are
given in ohm-metres and plotted on logarithmic scale.

9
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Figure 1 -2 - Cartoon showing a typical induction log response in a coal
seam showing shallow, medium and deep resistivity curves.

Both the absolute values of the readings as well as their relative positions provide important
information regarding hydrocarbon type and saturation, connate water composition and fluid
mobility (Asquith, 1982). Comprehensive discussions of the operation and various applications
of the induction log are beyond the scope of this thesis, but the application of the induction log
for determining depth of invasion of drilling fluids is relevant to this thesis and is detailed below.

Resistivity data are collected from figure 1-2 and listed in table 1-1. All major well logging
companies use an industry standard chart, termed a "tornado chart", to interpret various aspects
of induction log responses (Asquith, 1982).

Figure 1-3 illustrates a sample tornado chart

(Computalog, 1989). Ratios are calculated from the resistivity data as shown in table 1-1.
Plotting the

RI

L M

/RID

ratio on the horizontal axis of figure 1-3 and the

RID/RLU

ratio on the

vertical axis yields a depth of invasion of the drilling fluids at the corresponding intersection on
the chart.
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Curve

Resistivity (from figure 1-2)

Ratios

)

550 ohm-metres

Medium (RILM)

120 ohm metres

RILM/RID = 120/90= 1.33

Deep

90 ohm-metres

RLL3/ RID = 550/90 =

Shallow

(R

L L 3

(RID)

6.11

Table 1-1 - Data collected from well log shown in figure 1-2 and calculation of ratios for
entry onto tornado chart shown in figure 1 -3
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Rt - 13

Figure 1-3 - Industry standard tornado chart showing
resistivity ratios and corresponding depth of invasion
(modified from Computalog, 1989)

With the depth of invasion calculated, it becomes a simple geometric calculation to define
the volume of a cylinder surrounding the well bore axis traversing the bed under investigation.
This volume is the invaded coal volume (Figure 1-4).
12

Path of invading mud filtrate
during drilling operations

Invaded
formation

Well
bore

Depth of
invasion

^

Figure 1-4 - Path of invading fluids from a well bore into a
porous and permeable formation. The volume of this cylinder is
the invaded coal volume

A limiting factor is that not all well logs are able to produce reliable data under all
conditions. The well logging industry expends significant effort on error removal and
minimization, and isolation and elimination of known error prone factors is standard practice in
geophysical well log interpretation (Anderson and Barber, 1988).

As well, all major well

logging companies publish interpretation charts and recommendations of conditions over which
their various logging tools best operate (Schlumberger, 1972, Dresser Atlas, 1982, BPB, 1996).
To utilize LogFAC, well data must be screened for well bore conditions and mud
chemistries that allow for reliable interpretation. It appears reasonable that these screening
techniques could define certain bounding conditions for the depth of invasion/porosity
relationship, and provide one of the two required LogFAC inputs, the invaded rock volume.

1.5.3

Determination of Invading Filtrate Volume

Of greater complexity is the determination of filtrate volume available to create invasion.
Mud characteristics have long been a topic of interest to drilling engineers, and previous research
13

has outlined the behavior of drilling mud, investigated key elements that establish the role of
drilling mud and more specifically the roles of mud cake and mud filtrate in formation invasion
(Ferguson and Klotz, 1954, Arthur, et al., 1988, Dewan, 1993).
Two specific findings from work by Dewan (1993) illustrate issues that provide insight
into determination of filtrate volume available for invasion. The first finding is that in formations
with greater than a few millidarcies of permeability, drilling mud and mud cake properties
control invasion. This means that under certain conditions, the formation is an inactive vessel for
the containment of the invading filtrate and plays no effective role, thereby establishing a basis
for eliminating the formation characteristics and simplifying modeling and analysis.

The second finding of interest is that drilling muds and mud cakes behave consistently
and predictably, that these behaviors can be mathematically modeled, and that experimental
results are in agreement with modeled predictions (Dewan, 1993).

Research by Ancell, et al. (1980) and Close and Mavor (1991) established that
commercial coalbed methane reservoirs tend to require more than a few millidarcies of
permeability. Their findings, coupled to the work of Dewan (1993) which demonstrates that
mudcake behavior controls invasion in formations of similar and greater permeability, indicates
that it is reasonable to assume that mudcake properties control invasion in coalbed methane
reservoirs. Dewan (1993) further demonstrated that mudcake models are applicable to defining
mudcake behavior, with one of these behaviors being the volume of mud filtrate expelled over a
period of time. It therefore follows that by defining the period of time available for invasion, the
volume of mud filtrate expelled must be defined.

The volume of mud filtrate is the second and last required LogFAC input variable and
allows for solution of formula 1-2, thereby establishing linkage between existing theory and
LogFAC theory.

1.5.4

Theoretical Fluid Loss in Drilling Muds

Several models exist for explaining and predicting drilling mud behavior. Different
researchers (Ferguson and Klotz, 1954, Arthur, et al., 1988, Dewan, 1993) have investigated mud
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cake related topics such as build up rate, compressibility, elasticity, and permeability and fluid
loss. The focus of this thesis research is invasion of mud filtrate, and therefore, the parameter
isolated for experimental investigation is drilling mud fluid loss. Fluid loss is well known and
well understood in the industry and is a parameter that is commonly controlled and engineered in
drilling mud system design (Reef Mud, 1999).
An industry standard formula defines fluid loss through a standardized American
Petroleum Institute (API) test method (Reef Mud, 1999). In this method, a sample of drilling
mud is poured into a funnel shaped apparatus containing an aperture at the point of the funnel.
Filter paper lines the funnel, the area of which is a standardized 45.8 cm . The top of the funnel
2

is sealed and a 700 Kpa (100 psi) air pressure is applied to the system. The volume of fluid
expelled through the aperture over a 30-minute period collects and is measured. This volume is
expressed in cm and is termed the fluid loss for the mud. Fluid loss values typically range from
3

3

4.0 cm to 13.0 cm . Low fluid loss muds are typically highly engineered and contain special
additives. Conversely, highfluidloss muds usually contain only bentonite as an additive.
Formula 1-3
Qt=FL»

is the industry standard formula for working withfluidloss.
(t/30)"

(formula 1-3)

2

Where:

Qt =

volume of expelled filtrate
at time / in cm

FL =
t=

3

Fluid Loss of mud sample in cm

3

time (minutes)

From formula 1-3, it is apparent that the volume of fluid expelled over time drops. This
is due to the effects of mud cake build up and decreasing permeability of the mud cake.
Theoretically, the flow never reaches zero, butfroma practical perspective, it eventually declines
drops to a value where fluid loss becomes inconsequential, and the formation effectively seals.

1.5.5

Need for Additional Experimental Data

Although the research and experiments performed by Dewan (1993) illustrate many
useful concepts, a gap exists in applying their conclusions and findings directly to actual
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reservoirs. His experiments tested various drilling muds by pouring them into a sealed chamber,
the base of which was comprised of a sandstone substrate of known permeability protected by a
filter paper whereby the filter paper prevented plugging and damage of the substrate (figure 1-5).

A i r Inlet

Power and
Signal Cables

Motor Shaft

Mud
Mud

Mud Cake
Filter Paper

Cone

Core
Base Plate

Fitrate T u b e

Dynamic Filtration Apparatus
Modified from Dewan (1993)

Figure 1-5 - Dewan (1993) dynamic filtration apparatus
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Positive air pressure applied to the air inlet caused an expulsion of filtrate through the
filter paper and substrate.

The volume and rate of filtrate expulsion was measured.

This

technique was acceptable to his research as the element under investigation was the drilling mud,
and damage to the substrate would have created another unnecessary variable. Unfortunately, in
real reservoirs, drilling mud comes into direct contact with porous and permeable formations and
reservoir plugging and damage is unavoidable.

1.6

Experimental Investigation

As part of this thesis research, experiments were conducted into the physical behavior of
drilling mud as it invades into fractured media.
1.6.1

Purpose of the Experiment

This study is instructive and undertakes to measure invasion of drilling mud filtrate into a
fractured medium and relate the results to established principles. The experiment further seeks to
show that mud invasion into a fracture relates to mud properties. With demonstration of a
relationship between invasion and mud properties, it is reasonable to assume that such a relation
could be detailed and expanded to produce estimates of volumes of invading mud filtrate. With
definition of filtrate volumes, solution for formula 1-2 and the generation of LPF values become
possible. This experiment links established principles to LogFAC theory and establishes
reasonableness for the use of LogFAC as a permeability predictor in coals.
1.6.2

Methodology

Definition of comprehensive controls on the relationship between mud properties and
invasion into fractured media is beyond the scope of this experiment; such an investigation
easily forms a thesis unto itself. Instead, the performed experiment focuses on the research of
Dewan (1993) which established that the rate of invasion is mudcake controlled and investigates
his findings within the context of the reservoir properties unique to coalbed methane reservoirs.

The experiment used an apparatus in which fracture apertures of controlled dimensions
were constructed. Two fracture apertures were used, 12.7-micrometres and 25.4-micrometres.
Two different water based drilling muds were invaded into the apertures. The distance from
point of introduction of the filtrate invasionfrontwas measured at different times.
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These data

were plotted on graphs of distance vs. time and the results compared to theoretical values from
formula 1-3.

1.6.3

Experimental Apparatus

An apparatus allowing investigation of the interaction between a fracture and drilling
mud should provide insights into mud filtrate invasion into a fractured reservoir. Several factors
defined the apparatus design, and an apparatus wherein glass plates separated by a known
aperture met the requirements. First, the essentially impermeable nature of the coal matrix
(Laubach et. al, 1998), allows disregard of interactions arising from the matrix and drilling mud,
so glass can acceptably substitute for the coal matrix from this regard. Similarly, differences
between the wettability of coal vs. glass are not relevant to this experiment. The important issue
is the relative invasion distances produced by differing mud samples under constant conditions.

Secondly, observation of the invasion actions required optical transparency, again
requiring glass. As well, the apparatus was designed for disassembly and cleaning, ensuring that
drilling mud could come into direct contact with thefracturesystem, thereby simulating actual
drilling conditions.
The experimental apparatus (figure 1-6) consists of two pieces of glass with holes drilled
through the ends. Fittings fixed into the holes with epoxy cement allow for introduction of
drilling mud into one port and the application of a vacuum at the other.
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Figure 1-6 - Exploded view of experimental apparatus
The exact dimensions of the apparatus are not critical, but the glass must be of sufficient
thickness to minimize flexing under the pressure loads of the experiment. A stainless steel shim
of known thickness is cut to create a channel of known dimension connecting the two holes. The
thickness of this shim defines the fracture. Various thicknesses of shim may be used, and in the
conducted experiment, stainless steel shim stock of 12.7-micrometre and 25.4-micrometre
simulated various fracture aperture widths. These dimensions correspond well with fracture
apertures noted in coals (Close, 1993). The shim is sandwiched between the glass plates and
secured around its perimeter with clamps (figure 1-7). Drilling mud introduced into mud port at
one end of the apparatus creates a mudcake across the aperture while a vacuum pump provides a
pressure differential thereby simulating the common drilling practice where the mud column
weight exceeds the formation hydrostatic pressure.
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Vacuum Port —
(fittings not shown)

/

^ ( D l a m p s placed around perimeter
to secure assembly
(only one shown)

Figure 1-7- Assembled view of experimental apparatus
In a typical experiment (figure 1-8), the invasion front begins at the mud port and quickly
sweeps as a piston-like through the defined aperture. The shim material provides an aperture of
known height and width and the distance and time the invasionfronttravels is recorded.

1.6.4

M u d Properties

Two types of drilling mud were used in these experiments. Both muds are industry
standard "Gel-Chem" type muds (Reef Mud, 1999). The muds were composed of a mixture of
clean fresh water and different amounts of bentonite clay. The muds were prepared in the
laboratories of M-I Drilling Fluids of Calgary and the water loss characteristics were measured
by M-I prior to use in these experiments.

Two mud mixtures were used. The first mixture

exhibited a tested filtrate loss of 7.0 cm , which is typical of drilling muds in common use.
3

The second mixture contained less bentonite and exhibited a tested filtrate loss of 12.6
cm . This mixture was chosen to aid in establishing bounds to the sensitivity of filtrate loss on
3

the experiment.
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1.6.5

Pressure Regime

A vacuum was used to create the pressure differential required to create invasion of
filtrate into the fracture system. The vaccum pump was applied to act through the aperture and
pull in the invading mud filtrate. Several attempts were made at applying a positive pressure to
the mud column, rather than a negative pressure through the aperture. It is acknowledged that a
positive pressure more closely simulates actual drilling conditions, but experimental limitation
precluded the use of positive pressure.
Positive pressure was abandoned as the filtrate front invaded and halted almost
instantaneously, thereby making measurement of the process impossible. The use of vacuum
slowed the process significantly, allowing measurement of the phenomenon. The negative
pressure differential of 50 kpa was the maximum allowed by the vacuum pump.
1.6.6

Measurement

The vacuum pump was connected to the vacuum port and turned on. When drilling mud
was introduced into the mud port, an invasion front began sweeping through the model fracture
towards the vacuum port (figure 1-8). At predetermined times, the location of the invasion front
was measured in cm from the mud port and recorded. Frequent measurements were taken early
in the invasion process as movement was more rapid, and as invasion slowed fewer
measurements were recorded. Experimental runs lasted between 15 and 20 minutes, with 6 to
10 measurements collected over this time.

1.6.7

Results

In all experimental runs the initial condition is a laterally cohesive piston-like invasion
front that sweeps out from the point of introduction of mud filtrate. At varying distances from the
point of introduction, the invasionfronthalts for varying periods of time after which rivulets of
filtrate begin to break through the invasion front. This behavior is explained by examining the
five types of forces that act on a fluid particle (Marie, 1981);

1. Inertia forces;
2. Gravity forces;
3. Pressure forces (exerted by the surrounding fluid)
4. Viscous forces (exerted by the surrounding fluid and by the solid)
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5. Surface forces (capillary forces).

Generally, inertia forces are negligible. In the experiment, gravity forces are ignored as
the experimental was held level. Pressure forces and viscous friction forces are proportional to
the rate of flow, which in the experiment, slows and eventually halts. Conversely, capillary
forces are independent of rate and are of greater relative importance when rate of flow is slower
(Marie, 1981). The two-stage flow behavior exhibited by this experiment is an example of flow
due to pressure/viscous forces followed by capillary flow. In the experiment, the onset of
capillary flow is considered a design limitation of the experimental apparatus and only data from
the pressure/viscous flow regime were collected and analyzed.

Limiting analysis to pressure/viscous data is reasonable as other research has established
that under reservoir conditions capillarity can be ignored (Marie, 1981). As well, contributions
to invasion due to capillary flow are of lesser importance in the majority of coalbed methane
reservoirs as they are water saturated (Schraufnagel, 1993) and invasion of a water based filtrate
would cause little if any capillary flow. However, in situations where free gas exists within a
reservoir, capillary forces could influence invasion. It is possible that free gas within a reservoir
may pose a bounding condition on the development of a LogFAC interpretable response and lead
to false negative LogFAC responses in particularly prolific wells as noted in the San Juan Basin
data presented in chapter two of this thesis.
M u d Port

Vacuum
Pc3rt

M u d Filtrate

— Invasion Front

0>)

c;
>
Direction of m o v e m e n t
of invasion front

Figure 1-8 - Typical piston like invasion response as visible
through the experimental apparatus.

Figure 1-9 is a graph for the apparatus with a 12.7-micrometre width aperture
using muds of water loss 7.0 cm and 12.7 cm and a pressure differential of 50 kPa. These data
3

3

show that the 12.6 cm water loss mud invades farther than the 7.0 cm water loss mud. At t =
3

3
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15 seconds the 12.7 cm water loss mud has invaded almost twice as far as the 7.0 cm water loss
3

3

mud. This appears reasonable as formula 1-3 predicts that more fluid is available from a higher
fluid loss mud.
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Time vs Invasion Distance
Varying water loss -12.7 micrometre aperture
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Figure 1-9 - Experimental results of invasion of drilling muds of water loss of
12.7 and 7.0 into apparatus with 12.7- micrometre aperture under pressure differential of 50 kPa.

Figure 1-10 shows a graph for the apparatus using a 25.4-micrometre width aperture. As
in figure 1-9, figure 1-10 shows that the 12.6 cm water loss mud invades further into the fracture
3

than the 7.0 cm water loss mud. Also figure 1-10 also shows that the 12.6 cm water loss mud
has invaded almost twice as far as the 7.0 cm water loss mud at t = 15 seconds, a similar
3

difference to that shown in figure 1-9 . In all cases, invasion distance vs. time decays in some
consistent fashion. These data show that the invasion of mud filtrate relates in some fashion to
the fluid loss property of the drilling mud.
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Time vs Invasion Distance
Varying water loss - 25.4 micrometre aperture
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Figure 1-10 - Experimental results of invasion of drilling muds of water loss of
12.7 and 7.0 into apparatus with 25.4-micrometre aperture under 50 kPa pressure differential

Further comparison of figures 1-9 and 1-10 shows that the 25.4-micrometre aperture
accepts filtrate more readily than the 12.7-micrometre aperture, as the distance of invasion is
almost twice as far for the 25.4-micrometre case compared to the 12.7-micrometre aperture. Log
analysts acknowledge the inverse relationship between porosity and depth of invasion (Asquith,
1982), so these results appear to contradict this relationship, as the 25.4-micrometre aperture
fracture would have twice the porosity of the 12.7-micrometre aperture. However, examination
of the data against theoretical distance of invasion values indicates the presence of other factors
as outlined below.

1.6.8

Theoretical vs. Experimental Invasion Behavior

Figures 1-11 and 1-12 are graphs comparing the theoretical distances of invasion of muds
3

3

of water loss 12.6 cm and 7.0 cm with experimental invasion distances for the same muds.
Theoretical distances were calculated by using the Qt volume for the API tests for each fluid loss
(see formula 1-3), then correcting for the difference in size of the API filter area (45.8 cm )
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compared to the area of the aperture (2.0 cm x 0.00254 cm = 0.00508 cm ). Experimental
2

distances were calculated from the formulae of the trend lines describing the experimental mud
behavior as shown in figure 1-10.

Experimental vs Theoretical
Invasion Distance Water Loss = 7.0

0

5
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Time (seconds)

•Theoretical 7.0

15

20

Experimental 7.0

Figure 1-11 - Experimental vs. theoretical invasion distance for
a mud with water loss = 7.0. Note rapid initial invasion for experimental data
followed by slope which flattens relative to theoretical.

Both figures 1-11 and 1-12 show experimental invasion greater than that expected
theoretically. As well, the shapes of the experimental curves in both figures 1-11 and 1-12 show
a rapid initial invasion. This rapid initial invasion is interpreted as spurt loss, which is a quick
initial loss of fluid into a formation before mudcake forms and begins to control fluid loss
(Arthur, et al, 1988). The experimental curve in figure 1-11 flattens much faster than the
experimental curve in figure 1-12.

This is interpreted as an example of the greater mudcake

forming ability of the 7.0 cm fluid loss mud.
3
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Experimental vs Theoretical
Invasion Distance Water Loss = 12.6

Time (seconds)
- O - Theoretical 12.6
Experimental 12.6
Figure 1-12 - Experimental vs. theoretical invasion distance for
a mud with water loss = 12.6. Note rapid initial invasion for experimental data
followed by slope which flattens slightly relative to theoretical slope.

In comparing the later stage slopes of the experimental lines in both figures 1-11 and 112 to their respective theoretical counterparts, it is apparent that the slopes of both experimental
data sets are flatter than that predicted theoretically. This indicates that some factor is inhibiting
invasion under experimental conditions, and that factor is consistent with formation damage
caused by particulate plugging (Puri, et al., 1991).

1.6.9

Experiment Conclusions
The experiment shows drilling mud invades into an artificial fracture system in a

fashion that is correlatable with the fluid loss properties of the mud. Other factors such as spurt
loss and formation damage due to particulate plugging either enhance or slow invasion
respectively. All experimental cases displayed invasion behavior consistent with a decay rate
similar to that shown in formula 1-3. Measured fluid loss of mud affects the invasion distance,
with higher fluid loss muds exhibit greater invasive effects.

From a LogFAC perspective, measurement of the total invading filtrate volume is the
critical issue and the relative effects of mudcake, formation damage and spurt loss are less
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important than the cumulative effects of all three. The experiment could not separate out the
various effects.

The purpose of this experiment was to establish whether it was reasonable to use some
aspects of mud properties to predict invasion volumes for use in LogFAC calculations. Based on
the experimental data it appears that it is reasonable, but further investigation is required to
define the volumes.

1.7

Suggestions for Further Research

The experiments presented in this chapter do not provide an exhaustive investigation into
all of the bounding effects of invasion of drilling mud filtrate into fractured reservoirs. However,
the experiments suggest that additional research could produce useful insights into those areas.
Topics of further interest are:

•

construction and testing of an apparatus which can track the invasion front in a water wet
environment to minimize interfacial tension effects

•

investigate multiple runs of different muds and different apertures to obtain a measure of the
amount of fluid available for invasion

•

parameter analysis to develop equations that quantify volumes.
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C H A P T E R II

C O R R E L A T I O N OF LogFAC RESULTS WITH

M E T H A N E P R O D U C T I O N IN T H E S A N J U A N BASIN
OF C O L O R A D O AND NEW M E X I C O

2.1

Introduction

The frequency and openness of fractures (cleat) in coal is widely regarded as the primary
control on permeability and hence coalbed methane producibility. Measuring and predicting the
in-situ permeability of coal however remains the most difficult aspect of evaluating coalbed
methane plays even in areas where substantial well log data exists. Utilizing LogFAC, a volume
based method for detecting and measuring permeability in subsurface coal deposits, conventional
historical geophysical well log data can be used to measure the ability of the coal to accept
fluids, with more permeable coals accepting greater fluid volumes. These accepted fluid volumes
are then processed using LogFAC software to yield permeability coefficients.

Calculation of permeability coefficients

enables evaluation of the comparative

permeability of coal seams. A data set of forty-two wells that met LogFAC screening parameters
(see Appendix) were selected from wells producing coalbed methane from the Fruitland coals of
the San Juan Basin of Colorado and New Mexico. Thirty-five of these forty-two wells exhibit a
linear correlation of r = 0.87 between LogFAC response and methane production. As will be
2

demonstrated later in this chapter, this linear relationship between LogFAC response and
methane producibility is consistent with Darcy's Law.

LogFAC analyses of six of the remaining seven wells predict non-production while
production data records prolific production. These responses are termed "false negative" as
LogFAC falsely indicated that the zones would be non-productive. The remaining well exhibits
a what is termed a "false positive" LogFAC response, with permeability factors indicating high
potential production, but records showing modest production.

This chapter shows that LogFAC analysis produces data from conventional well log
records that is correlatable to coalbed methane production. Hence, well log data from
conventionally explored basins such as the Western Canada Sedimentary Basin is examinable for
coalbed methane production potential.
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2.2

Geological Setting of the San Juan Basin

The San Juan Basin is located in northwestern New Mexico and southwestern Colorado
(figure 2-1). The basin asymmetrically circular and is of Late Cretaceous to Tertiary age. The
depocenter and synclinal axis for the basin trend roughly WNW-ESE through what has become
known as the Fairway Zone. The basin reaches 4300 m in depth on this trend (Ayers, et al.
1990). The Fruitland Coals, the focus of this chapter, were deposited at this time (Ayers, et.al,
1990). The basin comprised part of the Colorado plateau and was formed by the Laramide
orogeny (Hamilton, 1978 in Ayers, et. al, 1990)). At this time, compression formed the axis of
the basin and upturned the basin edges probably along reactivated basement features (Chapin and
Cather, 1981, Dickinson et. al, 1988 Cordell and Grauch, 1985, in Ayers, et .al, 1990).

The Colorado Plateau began to decouple from the Basin and Range province about 32
mya and has not experienced major crustal deformation since that time (Aldrich et. al 1986, in
Ayers et al. 1990), although Cenozoic extension is indicated by extensive eruptions of Oligicene
volcanics that blanketed the basin and the emplacement of igneous intrusives (Steven, 1975,
Lipman et. al, 1978, in Ayers, et. al. 1990)

Regional uplift began in the Miocene and has continued to the present (Epis and Chapin,
1975, in Ayers, et. al, 1990).

Erosion of these Oligicene volcanics exposed the upturned

Fruitland coals at the northern and northwestern margins of the basin near Durango and west of
Farmington, respectively (figure 2-1) forming outcropping highlands. These outcropping
highlands allow the influx of meteoric recharge and give rise to the overpressuring and artesian
conditions present in the Fruitland Coals (Ayers, et. al, 1990).

2.3

Methodology

LogFAC software was used in this study to examine coal seam characteristics in study
areas in the San Juan Basin of Colorado and New Mexico. Well log and methane production data
were taken from 42 wells in various parts of the San Juan Basin. Gas production rates varied
from 0.576 decametres /day (0.576 Dm /d or 20,000 cubic feet per day or 20 mcf/d) in outlying
3

3

areas of the basin up to 139 Dm Id (1500 mcf/d) in the Fairway Zone. The well log data were
3
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screened and matched to produce a database of near homogeneous borehole characteristics and
mud chemistry parameters.

Screening and matching minimized well-to-well variation and

allowed for the isolation of the LogFAC response.

Coal seams are traversed and opened by the drilling process, with well completion
techniques varying. The well may be left as an "open hole completion" with the seams in
communication with the well bore, or it could be cased with steel pipe, cemented and
subsequently perforated using shaped explosive charges to create communication between the
seam and the wellbore. Data collection for this thesis did not discriminate on well completion
type.

Well log data and production data were processed using LogFAC software (see Appendix
for technique) to test whether LPF variations could account for differences in gas production.
Basic parameters such as the number of seams in a well, depth and thickness of each seam were
recorded, as well as the required LogFAC data. LPF values for each seam were then calculated.
In wells with more than one completed seam, a weighted average method evaluated the relative
contributions of several seams producing in parallel. To accomplish this, LogFAC responses
were cubed and multiplied by the thickness of their respective seams and the values summed.
The contribution of each seam was then compared to the sum total for the well, and any seams
contributing less than 10% of the total LogFAC response were deemed not significant and
disregarded in further calculations. The 10% cut-off was somewhat arbitrary, but was chosen to
further isolate the LPF response by minimizing the effects of seam thickness. The relative
contribution of each significant seam to the weighted average was then examined and a
percentage of each significant seam's LPF retained based on this contribution. The retained LPF
contributions were then summed to yield a LPF value for the entire well. This technique was
used in all 42 of the tested wells. The technique appears reasonable, as data from all wells were
treated identically. Cubing the LPF served to amplify the log response while the 10% cutoff
removed zones that could have been contributing solely on seam thickness.

The best six months of methane production were selected from each well's records. The
best six months were selected to attempt to gauge gas production after dewatering and before
depletion.

Total production of gas was divided by the number of producing days to yield an

average producing volume in Dm Id for each well. It was then assumed that the methane
3
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produced was sourced from only the seams previously identified as significant. Average methane
production in Dm /d was divided by the number of metres of significant coal to remove the
effect of coal seam thickness variation. In this manner, a value of Dm /d per metre (Dm /d /m)
3

3

of coal seam thickness was produced to plot against the LogFAC response.

The data were then cross-plotted with methane production in Dm /d lm of coal seam
3

thickness vs. the LPF. Two populations are apparent in the data. A linear relationship between
methane production and LPF is apparent in the bulk of the data (figure 2-2), while data
generating false negative responses plot well above the obvious linear trend.

A correlation was

made on the data populating the linear trend. The data population that exhibited this linear
relationship between LPF and gas production was termed "correlatable" and was examined
statistically. A confidence level greater than 95% was used to define significance between the
LPF and gas production. The false negative population showed no apparent trend and was not
examined statistically. The single false positive response was considered not statistically
significant.

The data locations were mapped and tested for a relationship between location and the
correlatable, false negative and false positive responses. The relationship between daily average
gas production and correlatable, false negative and false positive responses is charted. This
graph illustrates potential causes for the false negative errors produced by the LogFAC
technique, and is discussed later in this chapter.

2.4

Results

Figure 2-1 illustrates a map of the San Juan Basin with the locations of the 42 wells used
in the study area. The 35 correlatable, 6 false negative and 1 false positive responses are shown
on this map. The data points are sourced from most areas of the basin, including the prolifically
producing Fairway Zone. Over pressured zones in the San Juan Basin are identified by elevated
pressure gradients. Over pressuring is caused by meteoric recharge entering the outcropping
Fruitland coals on the northern edge of the basin (Ayers, et al., 1990). In a locality of the
Fairway zone termed the Meridian 400 area (M-400) in TWP 3ON R6-7W, pressure gradients
reach 17.85 kPa/m (0.79 psi/ft). South of the Fairway zone, underpressured portions of the basin
typically have pressure gradients of 9.95 kPa/m (0.44 psi/ft). Islands of overpressure also exist
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outside the Fairway, most notably in the TWP 27-28, R 11-12W. In this area, which is termed
the Aztec-Kutz-Pinon area (AKP), pressure gradients reach 18.10 kPa/m (0.80 psi/ft). Bottom
hole pressures in the M-400 area are also significantly higher at 11,000 kPa (1600 psi) than in the
AKP area at 4137 - 5516 kPa (600 - 800 psi) (Ayers, et al. 1990)
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Figure 2-1 - San Juan Basin well data locations showing wells with
production data correctable to LogFAC Permeability Factor (LPF); wells
with false negative responses indicating LPF values that underestimate gas
production; a well with a false positive value, indicating a LPF value that
overestimates gas production; an approximate outline of the Fairway zone
and typical bottom hole pressures (BHP) near the AKP and M-400
locations (Modified from Ayers, et al. 1990)

The spatial distribution of the wells shown in figure 2-1 indicates that correlatable LPF
responses are found in several areas of the basin, and are not limited to nor excluded from the
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Fairway Zone. Likewise, false negative responses are present in different areas of the basin,
although they cluster in the overpressured M-400 and AKP areas. In both areas, correlatable and
false negative responses appear in close proximity to one another, while in underpressured areas,
only clusters of correlatable responses are found.

This distribution pattern indicates that

overpressuring, or some effect related to overpressuring, appears related to the development of
the false negative responses. A discussion of the relationship between false negative responses
and overpressuring is presented later in this chapter.

Figure 2-2 is a plot of LPF versus methane production for the 42 wells shown in figure 21. Thirty-five of the wells plot along a linear trend and are termed "correlatable" as they form a
distinct population that varies with LPF.

The trend line and correlation are given for the

correlatable data set. The six wells that are termed false negative form a separate population that
shows no trend. The single false positive response is not statistically significant.

A positive linear relationship between gas production and LPF is exhibited by the data
shown in figure 2-2. Wells with the elevated LPF values are associated with larger volumes of
produced methane. The correlation of r^ = 0.87 indicates a strong relationship between the LPF
and gas production. Statistical analysis of the results using the r = 0.87 value and the sample
2

size of 35 results in a level of confidence between LPF and methane production in excess of
99.9%. This result indicates that the relationship between gas production on a per foot basis and
the LPF value is significant.

Data from the six wells that yield false negative data and the one well that yields false
positive data are also shown in figure 2-2. In false negative data, LogFAC analysis produces
LPF values that significantly underestimate the production of the well. Five of the six wells are
prolific producers, contain thick coals and are located in the Fairway Zone. The sixth well is
also a prolific producer and contains significant coal, but is located outside of the Fairway. LPF
calculations fail to detect the elevated production potential of the thick coals. The single false
positive well is interpreted as an outlier and is not statistically significant
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Gas Production vs. LogFAC* Permeability Factor
San Juan Basin, Colorado and New Mexico
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Figure 2-2 - Methane production in 42 San Juan Basin wells vs. LogFAC
Permeability Factor. Results indicate a statistically significant relationship in 35
of the 42 wells.

Figure 2-3 is a chart of methane production per well vs. the type of response. The
response types are plotted against the average daily methane production per well in Dm /d. The
3

data are not standardized for coal seam thickness. From figure 2-3, it can be seen that the
correlatable data fall into two data sets, Fairway and non-Fairway. In both data sets, LPF
responses are correlatable with gas production at lower production levels, but as production
increases, a threshold is crossed and the LPF correlation is lost and instead, false negative
responses appear. The false negative responses are from wells located in the overpressured M400 (Fairway) and AKP areas (non Fairway). These data show that false negative responses are
related to overpressured zones in general and more specifically to high producing wells within
these overpressured zones.
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Methane Production vs. Response Type
San Juan Basin
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Figure 2-3 - Graph of average daily methane production vs. response type.
Note that LogFAC Permeability Factors are correlatable when production is
low. As production increases past a threshold, false negative LPF's develop.
This pattern is noted in both Fairway and Non-Fairway Zones. The cause of
the false positive is undetermined.

An explanation consistent with these data is as follows: in both underpressured and
overpressured zones, low to moderate permeability fracture systems are the base case. Base case
means coals that exhibit cleat systems which are not enhanced by subsequent structural
overprinting, nor held open by decreased effective stress due to overpressuring. Mudcake
controls invasion and allows only mud filtrate into the fracture system. The volume of mudcake
allowed in is controlled by the mud behavior which LogFAC models. Both the LPF and gas
production respond track permeability under the base case conditions.

Next consider the case where base case fracture apertures increase, augmented either by
structural overprinting or decreased effective stress due to overpressuring. Mudcake continues to
bridge the fractures and control invasion, thereby allowing LPF to continue to track with
permeability and gas production as is shown by the trend line in figure 2-2.

36

As thefractureaperture width exceeds a threshold, the mudcake can no longer bridge the
fractures and the entire mud system invades. Invasion is no longer mudcake controlled and the
mud modeling parameters used in LogFAC are no longer valid.

LogFAC modeling uses formula 1-1 which states that depth of invasion is inversely
related to porosity. This means that under certain conditions, LogFAC interprets shallowly
invaded zones as being more highly fractured and permeable, while deep invasions are
interpreted as less fractured and therefore less permeable. However, when the entire mud system
invades deeply, LogFAC is unable to discern deep invasion of whole mudfromdeep invasion of
mud filtrate, and erroneously reads these highly fractured zones as poorly fractured. This occurs
because LPF values no longer track with the elevated permeability, but gas production rises with
the elevated permeability.

This decoupling of LPF and gas production gives rise to false

negative LPF responses. This is demonstrated in figure 2-3 which shows that once the threshold
is crossed, LPF values exhibit a tendency to remain non-correlatable to increasing gas
production.

The presence of two distinct thresholds as shown in figure 2-3 are also consistent with the
above interpretation. The bottom hole pressure in the M-400 area (figure 2-1) is 1600 pounds per
square inch (psi) while in the AKP area (figure 2-1) it is 600 - 800 psi. Different bottom hole
pressures will result in different production rates for the samefracturepermeability as is evident
from Darcy's Law.

These data are also consistent with research that shows that over pressuring can increase
permeability in coals by decreasing effective stress (Ayers, et al., 1990).

In this case,

overpressuring might play a role in creating false negative LPF responses by increasing
permeability past a threshold value.

2.5

Discussion

LogFAC uses the volume of mud filtrate and the volume of coal containing the mud
filtrate to define a "permeability factor".

The linear relationship between LPF and gas

production (figure 2-2) indicates that LogFAC values are a function of permeability.
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This

conclusion is based on examination of the data with respect to established relationships such as
Darcy's Law {formula 2-2), and the Kozeny - Carmen Relation {formula 2-3).

Darcy's Law {formula 2-2) illustrates that a linear relationship exists between
permeability and flow. The data in figure 1 exhibit also exhibit a linear relationship, so it is
therefore consistent with both theory and research results to conclude that permeability is being
characterized.

Q = A*k_»

P1-P2

(formula 2-2)

1

u

(Cosse, 1991)

Where:

Q = flow rate through system
A = cross sectional area of system
k

= permeability

p

= dynamic fluid viscosity

P_^ = upstream pressure
P2 = downstream pressure
1=

length of system

A tempting alternate explanation for the relationship between LPF and methane
productivity is thatfractureporosity and not permeability is being defined. Although calculation
of the LPF values in the volume domain draws a parallel with porosity, this conclusion can be
demonstrated as inconsistent with the data by examining the results in light of the Kozeny Carmen relation. Formula 2-3 illustrates the Kozeny-Carmen formula outlining the relationship
between various rock formation properties and permeability. As permeability is linearly related
to flow rate, variations in flow rate due to porosity variation reflect the relationship between
porosity and permeability.
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(formula 2-3)

k = B « ^_
S

Where :

(Mavko and Nur, 1997)

2

k = permeability
B = geometric factor of the formation
<j) = porosity
S

= surface area of pore per volume of rock

Formula 2-3 indicates that the relationship between porosity and permeability is a cubic
relationship. A doubling of porosity results in an exponential increase in permeability, and,
therefore, flow through the system.

Such a porosity controlled system would yield an

exponential relationship (see figure 2-4) between the LPF and gas flow rates, but the data as
shown in figure 2-2 most closely resemble figure 2-5, which is consistent with system
permeability.

Theoretical Relationship Between
Porosity and Production Rate

•
Increasing Porosity

Figure 2-4 - Cartoon illustrating the theoretical relationship
between porosity and production rate
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Theoretical Relationship Between
Permeability and Production Rate

•
Increasing Permeability

Figure 2-5 - Cartoon illustrating the theoretical
relationship between permeability and
production rate.

The areal distribution of wells, as illustrated in figure 2-1, indicate that the presence of
correlation between methane production and the LPF is not confined to particular portions of the
basin, and therefore, does not appear to be geographically controlled. The correlation, however
does appear to be production and pressure related, as is illustrated by figure 2-3.

LogFAC requires mudcake controlled invasion to allow calculation of mud filtrate
volumes and permeability factors. When permeability exceeds a particular threshold, both mud
solids and mud filtrate invade the formation. In extreme cases, the entire mud column can be
lost, leading to a loss of circulation in the well and a possible blowout. In the less extreme case
outlined in this paper, the invasion of both mud solids and filtrate result in the loss of ability of
LogFAC to define mud filtrate volume. This is also consistent with conventional views of
formula 2-1, which state that it is not valid at all times or under all conditions (Dresser Atlas,
1982). It is likely that the fracture aperture size present at the thresholds as exhibited in the data
shown in figure 2-3 form the upper boundary of the validity of formula 2-1.
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2.6

Exploration Implications

This research indicates that LogFAC derived data from conventional well log suites
correlate with methane productionfromthe Fruitland Coals of the San Juan Basin. The coalbed
methane drilling practice in these wells uses conventional rigs and conventional logging suites,
and up to the point of completion, the practice is virtually indistinguishable from conventional
wells. The logging suites used in this study are typical of logging suites run in many other basins,
including the Western Canada Sedimentary Basin. It is probable therefore that examinations of
well log data from conventional exploration efforts will yield similar LPF data.

A major

exploration implication of this research is that LogFAC will allow re-examination of the large
database of wells drilled for conventional hydrocarbons for evidence offracturedcoal and
coalbed methane production potential.

LogFAC has a tendency to produce either correlatable or false negative responses. This
is important from an exploration perspective as drill locations targeted using LogFAC should
achieve high success rates, with the risk biased towards missed opportunities rather than dry
holes. It is further likely that false negative responses will be identifiable through mapping
techniques as anomalous low LPF values surrounded by high LPF values.

This research also

recognizes that the most productive wells are associated with false negative responses and
research is continuing into techniques to differentiate false negative from true negative
responses.

2.7

Chapter Conclusions

Depth of invasion of drilling fluids is inversely related to the porosity of a formation.
LogFAC software uses screening algorithms to define limits over which this relationship holds
true. Software algorithms then re-interpret a combination of geophysical well log data and mud
chemistry data to calculate the volume of mud filtrate invading a coal seam during drilling
operations, thus yielding a permeability factor for a coal seam. Within limits, a relationship
between coalbed methane producibility and the permeability factor has been found.
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The LogFAC Permeability Factor (LPF) correlates with methane production in data taken
from 35 of 42 wells producing from the Fruitland Coals of the San Juan Basin. The LogFAC
effect is independent of geographic location as it is detected in several areas of the San Juan
Basin, including the overpressured Fairway Zone. LogFAC operates within an envelope of
boundary conditions, defined by mud chemistry, well bore conditions and permeability of the
coal seam. Enhanced fracturing due to extensional overprinting and/or overpressuring appears to
form a threshold for the application of LogFAC, and past this threshold the LogFAC effect is no
longer valid.

In the 35 wells within LogFAC's operating envelope, the correlation is linear, with r =
2

0.87 and a confidence level in the relationship in excess of 99.9%. In the six wells outside of the
operating envelope, the correlation does not hold and the LogFAC metric underestimates gas
production. In these six wells, the lack of correlation is tied to elevated pressure gradients and
high production levels, indicating that increasing formation permeability has allowed both mud
solids and mudfiltrateto invade the formation, thereby masking the LogFAC effect.

The linear correlation between LPF and gas production is consistent with Darcy's Law
and indicates that permeability is being directly characterized. Although relation of an LPF to an
absolute value for permeability is not possible at this stage of research, LogFAC is able to rank
coal seams based on comparative permeability.

This research indicates that LogFAC is a potential new tool for coalbed methane
exploration and may aid in evaluation of coalbed methane potential in basins where substantial
well log data exists.
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C H A P T E R III

A P P L I C A T I O N O F L o g F A C S O F T W A R E AS A C O A L B E D

M E T H A N E E X P L O R A T I O N T O O L IN T H E W E S T E R N C A N A D A
S E D I M E N T A R Y BASIN N E A R R E D D E E R , A L B E R T A

3.1

Introduction

LogFAC fracture detection software was used as the primary exploration tool to delineate a
potential coalbed methane reservoir in Tertiary age Ardley coals of the Scollard Formation near
Red Deer, Alberta.

The study area is located in the Western Canada Sedimentary Basin. The

Western Canada Sedimentary Basin was a trailing continental margin platform on the North
American craton through much of geological time. Beginning in the Late Jurassic, a series of
allochthonous terranes began accreting to the western edge of the craton, causing a portion of the
platform to become detached and migrate northwestward. Accretion continued throughout the
Cretaceous, with the eastward migration of this supracrustal wedge depressing the craton ahead
of it and forming a foreland basin (Price , 1994 in Mossop and Shetsen, 1994).

The rising Cordillera to the west served as the depositional source, andfromthe Jurassic to
the Early and Mid-Eocene, the geological history of the Foreland Basin is a series of
transgressions and regressions in the foreland basin. The Upper Scollard and the Ardley coals
contained therein were deposited as continental sedimentation on the western edge of the basin
during a period of stability in these cycles (Dawson, et. al, 1994 in Mossop and Shetsen, 1994).

Permeability is considered a major control on coalbed methane producibility and is one of
the reservoir characteristics sought by explorationists. An application of a geophysical log
interpretation technology for detection of fractured and permeable coals is outlined in this paper.
LogFAC is a software program that re-interprets existing conventional well log data and
calculates LogFAC permeability factors (LPF's) for these data (Rozak and Bustin, 2001). The
technique is applicable to developed basins where significant well control exists.

In developed basins such as the Western Canada Sedimentary Basin a large database of
subsurface information exists in the form of geophysical well logs. In the Western Canada
Sedimentary Basin many prospective coalbed methane targets have been traversed and logged in
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the search for deeper conventional hydrocarbon reserves.

LogFAC software uses these

conventional well log data to calculate a volume of movable fluid present in the coal's natural
fracture, or cleat, system, whereby a larger moveable fluid volume infers greater permeability.
The use of existing well log data to locate permeable zones in coal is a cost effective method of
delineating exploration targets.

In a data set comprising 42 producing coalbed methane wells from the San Juan Basin, 35
wells exhibited a r2 = 0.87 correlation between LPF values and gas production per foot of coal
seam thickness (figure 2-2).

In six of the remaining seven wells, LogFAC underestimated the

amount of gas produced, resulting in a false negative error. From an exploration perspective, a
false negative error is acceptable, as it carries no risk of drilling a dry hole and, in reality, is a yet
to be identified drilling opportunity.

Only one of the 42 wells contained a false positive

response, in which LogFAC indicated the presence of a highly productive zone, but where
production records indicated only modest production.

The Fruitland wells that exhibit the high degree of correlation with LogFAC form a data
standard for comparing data from other basins. The Fruitland data standard is empirical, and
although results indicate that a permeability related factor is being defined, conversion of LPF
values to millidarcies permeability values is not possible at this time. Basin to basin variation
may not result in a consistent permeability response for a given LPF, but the value of LogFAC is
in its ability to rank coal seams locally or regionally by permeability factor and to examine
lateral permeability variations within the same seam (Rozak and Bustin 2001).

In this chapter, the predictive capacity of LogFAC is illustrated. A location in Western
Canada identified by elevated LPF values was targeted for drilling and testing. The results are
presented below.

3.2

Exploration Methodology

With the significant correlation between LPF values and methane production in the San
Juan Basin demonstrated (Rozak and Bustin, 2001) LogFAC software was tested as a predictive
exploration tool in the Western Canada Sedimentary Basin. Several factors combine to make the
Western Canada Sedimentary Basin an acceptable basin for testing LogFAC as an exploration
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tool. First, similar well logging suites have been used in both the San Juan Basin and the Western
Canada Sedimentary Basin, allowing consistent data comparison. A second factor is that the
Western Canada Sedimentary Basin is a developed basin with approximately 300,000 wells
drilled to date and data from these wells are publicly available. As well, significant thick coal
deposits are present throughout much of the Western Canada Sedimentary Basin at shallow
depth. Extensive conventional hydrocarbon exploration for deeper targets resulted in many of
these thick shallow coals being traversed and logged.

These factors combine to create an

extensive database of thick shallow coals examined by conventional logging tools.

Data from well bores in the Western Canada Sedimentary Basin that closely matched those
of the Fruitland data standard were collected and processed using LogFAC software programs.
The resulting LPF values were mapped and a drill location was selected based mainly on the
presence of elevated LPF values. The delineated location lies outside the two main coalbed
methane target blocks as jointly defined by the Geological Survey of Canada and Alberta
Geological Survey (Hughes et al. 1999), and would not have been previously considered a prime
coalbed methane exploration target.

The Red Deer, Alberta area was chosen due a combination of elevated LPF values, a
localized thick coal build up, relatively shallow coal depths and proximity to infrastructure. The
LPF values obtained for the test area are good but not excellent.

The exploration criteria

accepted a less than optimal LPF so that an acceptable technical outcome would still result in an
economic property due to other non-geological issues.

Figure 3-1 places the study area in the Province of Alberta, Canada. It is located
approximately 110 km north of Calgary near the City of Red Deer, Alberta, comprises TWP 36
-37, R28 -W4M, and covers about 11,000 ha (42 mi ). The area has been actively explored for
2

conventional oil and gas, and about 70 wells have been drilled in the study area. The top of the
coal zone varies in depth from less than 240 m in the eastern portion of the study area to 300 m
in the western portion. Data were collected from 105 coal seams located in 35 well bores.
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Figure 3-1 - Location of the Red Deer
study area in the Province of Alberta,
Canada

A test well was drilled at Barich Penhold 13-02-37-28W4M. Figure 3-2 shows a map of the
area with the test well location.
3.3

Type Section

Figure 3-3 - Well log type section from Barich Penhold 13-02-37-28W4M
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Figure 3-3 is a gamma and neutron type section for the Barich Penhold test well. There are
three significant coal seams present in this location. The Silkstone "A" seam is the shallowest
and thinnest of the three seams and was used as a marker zone. The Silkstone "B" and Silkstone
"C" zones were the main targets for testing.

Figure 3-2 - Map of study area showing
Barich Penhold 13-02 well location.

3.4

Net Coal
Figure 3-4 is a net coal map for Silkstone seams in the study area. Coal thickness varies

from less than 5.5 meters in the west up to 7.0 meters in the locality of the Barich Penhold 1302-37-28W4M well. Figure 3-4 also demonstrates a thickened tongue of coal located in the
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lower central eastern portion of the map area and extending eastward. Off the map area to the
east, the coals are masked behind surface casing, and further mapping is not possible.

Red Deer Target Area
Silkstone Seams
Net Coal in meters

0

1

2

3

4

miles

Figure 3-4 - Net coal in the Silkstone in meters
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3.5

Structure
The structure of the Penhold area was examined to delineate large scale faulting or folding

and zones of enhanced permeability factor. Figure 3-5 illustrates the structure contour of the top
of the Silkstone "B" seam.

The top of the Silkstone "B" seam tends to be a relatively flat lying bench in the immediate
vicinity of the Barich Penhold 13-02 well and then follows a shallow westward regional dip
(figure 3-5). Immediately south west of the Barich Penhold 13-02 location, a slight local high
occurs.

Contouring indicates that closure around this point may occur.

pronounced local high is located in section 22-36-28W4M.

A second more

Closure around this local high

appears possible as well. Closure is not required for the development of an economic coalbed
methane play but where closure exists along with fractured and permeable coals, the possibility
also exists for elevated gas saturations or possibly afreegas cap within the reservoir.
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Red Deer Study Area
Structure Contour on Top of Silkstone "B" Seam
in meters Sub Sea

Figure 3-5 - Structure contour on top of Silkstone "B" Seam
in meters Sub sea
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3.6

L o g F A C Permeability M a p s

3.6.1

Silkstone "B" Seam

LogFAC Permeability Factors in the Silkstone "B" seam rangefrom0.20 in the northern
part of the map area to 0.90 LPF units in an anomaly in the vicinity of the Barich Penhold 13-02
well (figure 3-7). The elevated LPF values coupled with the thicker coal development (figure 34) resulted in this location being targeted for drilling. A well-developed anomaly also exists in
the south-east corner of the map area. This anomaly indicates a fractured coal, but when coal
seam thickness is taken into account (see figure 3-4) it is a less attractive exploration target.
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Red Deer Study Area
LogFAC Permeability Factors
Silkstone "B" Seam

R 28W4M

• Control Well Location
• Barich Penhold 13-02-37-28W4M
Contour Interval 0.10 LPF units

Figure 3-6 - Silkstone " B " L o g F A C Permeability Factor M a p
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3.6.2

Silkstone " C " Seam

Figure 3-7 shows the range of permeability factors in the Silkstone "C" seam. Values of
permeability factor range from 0.20 units in isolated pockets up to 0.85 units in the area adjacent
to Barich Penhold 13-02.

Of the investigated seams, the LPF values in the Silkstone "C" seam are the most consistent
and laterally extensive with elevated LPF values appearing as a zone traversing east-west across
the central portion of the map area. The cause of this zonation is indeterminate. However, a
comparison with LPF values from figure 3-6 shows that Silkstone "C" values are lower than
those found in the Silkstone B" seam in the vicinity of the Barich Penhold 13-02 well.

Based on this comparison, it appears that that although both the Silkstone "B" and
Silkstone "C" seams appear permeable, the overlying Silkstone "B" seam should contain higher
permeability values relative to the Silkstone "C". It would be logical to predict, therefore, that
models based on permeability data should reflect this dichotomy.

53

Red Deer Study Area
LogFAC Permeability Factors in
Silkstone "C" Seam
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Figure 3-7 - Silkstone "C" LogFAC Permeability Factor Map
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3.7

Results

Casing was set through the Silkstone "A" seam and placed 0.5 meters above the top of
the Silkstone "B" seam. The well was drilled out with fresh water through the underlying
Silkstone "B" and Silkstone "C" seams and left open hole for testing. Eleven canisters of coal
chips were taken for desorption. Sample quality was excellent. Approximately fourteen meters
of over hole were drilled for logging and to act as a sump for coal fines.

The interval was

logged using the Schlumberger Array Induction Tool . Although AIT responses required
conversion prior to use as a LogFAC input parameter, the resulting AIT based LPF values were
consistent with results obtained from conventional data.

This indicates that LogFAC is

compatible with both older and newer logging technologies.

Macro and microscope analysis of the Silkstone "B" seam showed bright high vitrinite
coals with orthogonal cleating. The Silkstone "C" seam was of lower quality than the overlying
Silkstone "B" and presented in sample as banded, with common high vitrain and dull bands.

3.7.1

Coal Quality

Vitrinite reflectance was not performed on the sample coals, but published data suggests
that the coals in the study area are subbituminous B in rank. As well, published data indicates
that 15 - 30% ash contents were expected at this location (Dawson et al., 2000). Drilling results
from Barich Penhold 11-02 show an ash contents ranging from 7.98% to 18.91%), which is
consistent with the higher proportions of bright vitrain noted visually in sample.

3.7.2

Gas Content

Gas content in coal is determined by measuring gas liberated from the coal samples
recoveredfromthe well bore. Three gas measurements are required to determine the in situ gas
content of the coals. The first is lost gas, which is an estimate of the amount of gas lost during
the time the cuttings spent in transit from the bottom of the hole until sealed in the sample
canisters. The second is measured gas, which was collected and measured by periodic bleeding
of gases desorbing from the coal in the sealed sample canisters. The third is residual gas, which
is the amount of gas remaining in the coal following completion of the desorption process.
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Residual gas was determined by heating the samples to drive off the remaining gas. The lost
gas, measured gas and residual gas are summed to determine the total gas in place for the
sample. Corrections are commonly made for ash content (Ash Free) and moisture content (Dry
Mineral Matter Free, DMMF) to allow for basin-to-basin or location-to-location comparisons.

From the test well, gas contents range from 1.85 cc/g (59.31 scf/ton) to 1.48 cc/g (111.43
scf/ton) with an average of 2.59 cc/g (83.0 scf/ton) over the 6.0 metre test interval. The gas is
comprised of an average of 99.5% methane.

GiiKtedCteCjfls
Gmtents

RmU*a
Seam# Grister# depth(m)
1

Lost Gas
(sd7ton)

Measured Residual
Gas

Cos

(sd/ton)

(sdfton)

gBContof

Ash Free

DMVF

(scCton)

(sd/hn)

(scfftan)

81

260.5

521

78,75

11.81

95.77

101.08

101.79

1

89

260.5

654

93.49

11.49

111.43

117.96

1

94

261.5

644

7.74

81.71

8624

1

98

261.5

297

67.53
64.64

118.81
8684

8.30

75.91

sail

80,67

1

109

2625

3.21

7679

9.71

89.70

105.37

107.51

1

115

2625

203

49.96

7.32

59.31

68.40

69.40

1

122

263.5

3.68

6924

885

81.77

93.51

94.29

1

157

263.5

10.56

44.66

9.70

64.91

74.92

7604

1

137

264.5

5.06

63.40

9.11

77.57

88,67

89.38

1

142

265.5

610

79.48

9844

113.80

115.17

1

149

265.5

666

60.15

1285
9.34

7614

87.08

87.81

Table 3-1 - Total gas contents (scf/ton) of coal samples from well 13-2-37-28W4.

3.7.3

G a s Saturation

An adsorption isotherm was run on a representative sample of coal.

The data are

presented in figure 3 - 8 . This graph shows the isotherm for the tested sample and also shows the
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gas content of an average coal sample. For an average coal sample with 2.6 cc/g (81 scf/ton) at a
reservoir pressure of 2700 KPa, the sample is fully saturated with methane.

Barich Penhold 13-2-37-28W4
As Received Basis

o
•o 3.00

| 1.00
0.00
2
4
6
8
Sample Cell Equilibrium Pressure (MPa)

10

Figure 3-8- Adsorption isotherm for Barich Penhold 13-02 showing plot
of measured gas content and of sample (X), indicating fully saturated coals

3.7.4 Permeability
A water injectivity test was conducted on the Barich Penhold 13-02 well to test for
permeability in the target coals. A pressure transient analysis was conducted on the fall-off data
shown in figure 3-9. The objective of the test was to determine reservoir pressure, permeability
to water and skin effect. The well was completed open-hole with 6 meters of reservoir exposed.
The test was performed with a maximum wellhead pressure of 2000 KPa to avoid fracturing the
formation. A subsurface pressure gauge was placed at 261.0 meters KB, 1.0 meters above midpoint of the coal zone.

The analysis was conducted using the data at gauge depth with no

corrections.
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Water was injected for 0.1675 hours where after which the well was shut-in. Injection
rates varied from 15.6 to 24.4 m /d with an average rate of 21.4 m /d. The falloff in pressure was
3

3

observed and recorded for 0.5185 hours.

A pressure transient analysis was conducted using Fekete

well test software.

The

observed data was matched for both the "Horner-match" type plot and the "simulated pressure
vs. time" type plot.

RXO Penhold
13-02-37-28 W4M
May 2001 Water Injection Test
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Figure 3-9 - Injection test fall off data Barich Penhold 13-02-37-28W4M

History matching of the data by varying Fekete input parameters produced a match on a
layered reservoir consistent with the geological description. A model with two layers each of 3
metres gave the best match of the observed data. The permeability to water for each layer is 8.1
millidarcies and 3.1 millidarcies. The resulting permeability to water for the 6-meter interval is
5.8 millidarcies. A skin factor of 0 was determined which fits the well completion details. The
reservoir pressure at 261.0 meters KB is 2699.0 KPa. No depletion or boundary effects were
observed in the test.
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3.8

Well Test Flare

Figure 3-10 is a photograph of a flare from Barich Penhold 13-02-37-28W4M. This flare
confirms the presence of methane at the test location.

3.9

Discussion

Mapping of the Red Deer study area shows a localized thickening of coal near the test
well, Barich Penhold 13-02-37-28W4M. Structurally, the test location is located near the crest
of a slight north-south trending bench on southwesterly regionally dipping strata. The relief on
this bench feature is very subtle and contouring indicates potential closure of 5 m around the
feature. A second such bench feature is located south of the test location. Given the subtle nature
of the structures present, it is unlikely that flexure or faulting has greatly enhanced permeability.

Drilling confirmed approximately 7.5 meters of net coal at the drill location. Coal quality
was better than expected, with the Silkstone "B" seam being bright and higher in vitrinite than
the duller and more banded Silkstone "C". As brighter coals typically contain better cleat
development, this finding was consistent with LogFAC predictions. Based on samples and test
data, it is likely that LogFAC is sensitive to the higher vitrain content and brighter nature of the
coals. This would be consistent with other research that shows that brighter more vitrain rich
coals tend to be more fractured (Close, 1993).

Gas contents averaged 2.6 cc/g (83 scf/ton) over the sampled 6.0 metre interval, and were
higher than expected. The highest gas contents tended to be associated with the overlying
Silkstone "B" seam. Again, this was consistent with the brighter and more vitrain rich nature of
the Silkstone "B" seam.

The adsorption isotherm shows that the coals are fully saturated with respect to methane.
The gas content and saturation data are a significant finding as they indicate that fully saturated
coals are present in the Western Canada Sedimentary Basin. From a production perspective,
these findings indicate that gas desorption production should occur very early in the production
cycle and that dewatering processes might be shortened significantly.

LogFAC permeability factor maps indicated that the Silkstone "B" and "C" seams were
permeable in this area and that different permeabilities should be present in the well. The
permeability data are consistent with these LogFAC predictions. Pressure transient analysis
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shows a dichotomous nature to the reservoir with a two layered 8.5 millidarcy and 3.5 millidarcy
model history matched to the injection fall-off data.

A subtle interplay between structure and coal lithotype is also indicated by this research,
with this interplay having significant effect upon gas saturation. Previously published data
suggests most coals in the Western Canada Sedimentary Basin are under-saturated (Dawson et
al., 2000), yet these results demonstrate fully saturated coals. An interpretation consistent with
these apparently contradictory data is that a subtle structural closure is present at the Barich
Penhold 13-02 location and that this closure happens to coincide with a permeable coal that
affects gas saturation.

The bright vitrain rich permeable coals present in the study area are a function of the
original depositional environment and source material. Structural events created up dip gas
migration through the coal's permeable fracture system and a subtle structural closure caused an
augmentation in both gas content and gas saturation. This produced the fully saturated coals
found in this research, even within the context of regionally under-saturated coals. The result is
a coalbed methane reservoir that is a hybrid of a classical pressure controlled coalbed methane
reservoir and a more conventional facies related gas reservoir.

3.10

Chapter Conclusions

This research shows that a potential reservoir quality coalbed methane deposit in the
Western Canada Sedimentary Basin has been located. The requirements of gas quantity, quality,
gas saturation and permeability are present in this reservoir. LogFAC served as the primary
exploration tool and it appears that it is able to detect certain coal qualities that are predictors of
fracturing, and hence, permeability.

Of further interest is the hybrid nature of this reservoir. Depositional environment has
favored production of a brighter lithotype, creating what appears to be a facies controlled
reservoir. Subsequent structural events placed this reservoir on a subtle structural high, thereby
allowing conventional trapping mechanisms to enrich and saturate the coals with methane. It is
likely that other such facies controlled saturated reservoirs exist in the Western Canada
Sedimentary Basin and that these would be prime exploration targets.
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C H A P T E R I V - C O N C L U S I O N S

Detection and delineation of natural fracture systems is of prime importance to coalbed
methane exploration as natural fractures, or cleats, form the only permeable pathway for
desorbed methane to travel from the coal matrix to a well bore for recovery.

This thesis

evaluated an industry developed software package for detecting subsurfacefracturesin coals.
This software package, known in industry as "LogFAC", re-interprets conventional geophysical
well log data to estimate permeability in target coal seams.

Chapter one examines aspects of the theoretical basis for the software, and presents
experimental results which show that mud filtrate invasion into fractured media appears
influenced by the combined effects of mudcake build up, spurt loss and particulate plugging.
The results of the experiment show that higher fluid loss muds expel higher volumes of fluid for
invasion intofracturedmedia. The results also show that the volume of fluid made available in
initial stages is greater than a pure mudcake controlled model would predict, but that the volume
falls over time faster than the model would predict. This indicates that other factors are present.
Spurt loss is the likely cause of the initial rapid fluid expulsion, followed by normal mudcake
build-up and then by particulate plugging and slowing of invasion as clay particles migrate into
the fracture per se. The combined effects of these three factors create a decaying rate of invasion
similar to that of the theoretical mud loss alone. It appears reasonable that construction of a
software algorithm to account for these three factors is possible, providing that sufficient
experimental data are collected to effectively establish bounding conditions. Based on the results
from chapter one, there is a theoretical basis for LogFAC.

Chapter two illustrates the ability of LogFAC to correlate LPF values to existing coalbed
methane production levels in the San Juan Basin of Colorado and New Mexico. Data collected
from 42 wells in the basin show the development of a LPF response correlatable with methane
production in 35 of the 42. The 35 correlatable responses show r = 0.87, indicating a confidence
level < 99.9%. In 6 of the remaining 7, the LPF values significantly underestimate the amount of
methane produced, which from an exploration perspective, is an acceptable error tendency. The
last remaining datum is not statistically significant. These data also establish that certain bounds
exist for the development of a correlatable response. This fits well with the accepted principles
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of the depth of invasion/porosity relationship described in chapter one and the acknowledgement
by other researchers that the relationship does not hold true under all conditions.

The correlatable data exhibit a linear relationship between LPF values and methane
production. This is significant as it indicates that the relationship is more akin to Darcy law and
a permeability controlled relationship than to a porosity controlled relationship. The weight of
the evidence establishes that although LogFAC calculations are performed in the volume
domain, permeability, rather than porosity, is defined. The results of chapter two establish that
LogFAC may have application as an exploration tool.

Chapter three presents a case study of an exploration play in which LogFAC served as
the primary exploration tool. The play is located in the Red Deer, Alberta, area and targeted
Tertiary age Ardley coals. LogFAC predicted a permeable coal at the location and a drill
program confirmed the prediction. The coals were of higher quality than expected, and of lower
ash content, as well as fully saturated with methane. Fully saturated coal is an important finding,
as conventional views of the Western Canada Sedimentary Basin posit only the existence of
undersaturated coals, and saturated coals are much more economically significant. The presence
of fully saturated coals at the test location is further borne out by the flaring of gas from the well.

Structurally, the play occupies a subtle high, and it is possible that the high combined
with the permeability creates a conventional trapping mechanism, wherein free gas augments
both gas saturation and gas content.

Based on the data presented in chapter three, LogFAC

successfully predicted the existence of a permeable, reservoir quality coalbed methane deposit.
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Background of the Invention
The subject matter of the present invention relates to a method for determining fracture porosity
in coals using existing wellbore induction logging data produced by an induction tool disposed in
the well bore. The disclosed invention uses conventional well log data in an unconventional
manner to determine new and useful information regarding wellbore formation properties,
specifically the amount of fracture porosity. During the drilling of a wellbore, mud pumps
introduce mud into me well in order to flush rock chips and other unwanted debris out of me
wellbore. The mud is introduced into the wellbore under pressure, the mud pressure being
slightly greater than the pressure of a formation traversed by the wellbore thereby preventing a
phenomenon known as well blowout. The resultant differential pressure between the mud
column pressure and the formation pressure forces mud filtrate into the permeable formation, and
solid particles of the mud are deposited on the well bore wall, forming a mudcake. The mudcake
usually has a very low permeability, and once developed, considerably reduces the rate of furlher
mud filtrate invasion into the well bore wall. In a region very close to me wellbore wall, most of
the original formation may be flushed away by the mud filtrate. This region is known as the
"flushed zone" or the "invaded zone". If the flushing is complete, the flushed zone pore space
contains only mud filtrate.
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Further out from the wellbore wall, the displacement of the formation fluids by the mud
filtrate is less and less complete. This results in a second region, this region undergoing a
transition from mud filtrate saturation to original formation water saturation. The second region
is known as the "transition zone". The extent or depth of the flushed and transition zones
depends on many parameters. Among them is the type and characteristics of the drilling mud, the
formation porosity, the formation permeability, the pressure differential and the time since the
well was first drilled. The undisturbed formation beyond the transition zone is known as the
"uninvaded, virgin or uncontaminated zone".
FIGS. 1 and 2 show prior art representations of an invasion and resistivity profile in a waterbearing zone. FIG. 1, illustrates a cross section of a wellbore showing the locations of the flushed
zone, the transition zone and the uninvaded zone extending radiallyfromthe wellbore wall. FIG.
2 illustrates a radial distribution of formation resistivity extending radially from the wellbore
wall, into the flushed zone, into the transition zone, and into the uninvaded zone. Sometimes, in
oil and gas bearing formations, where the mobility of the hydrocarbons is greater than that of the
water, because of relative permeability differences, the oil or gas moves away faster than the
interstitial water. In this case, there may be formed, between the flushed zone and the uninvaded
zone, an "annular zone or annulus", with a high formation water saturation.

Annuli probably occur in most hydrocarbon bearing formations; and their influence on
measurement depends on the radial location of the annulus and its severity. The existence of
these zones (the flushed, transition, annular and uninvaded zones) influence resistivity log
measurements and therefore the accuracy of the resistivity log itself that is presented to a client.
In it's conventional use the resistivity log is utilized by the client to determine if oil exists in the
formation traversed by the wellbore. The client is mainly interested in the true and correct value
of Rt, the resistivity (reciprocal of the conductivity) of the uninvaded zone, since high values of
Rt indicate the presence of an insulator, possibly oil, in the formation. Conventionally, it is
therefore desirable to correct for the effect of mud filtrate invasion on formation resistivity.

Conventionally, mud filtrate invasion analysis from resistivity logs is attempted by
qualitative inspection of the separation between measurement displays representing different
depths of investigation. The purpose of this analysis is to determine the radial geometric function
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of the logging tool response in order to correct for invasion and generate a more accurate value
of Rt. However, in the disclosed invention, Rt is of no interest, but a new and novel use for the
conventional depth of invasion measurements is disclosed.

Conventional log analysis techniques require correction for hydrocarbon saturation in the
void spaces, and are complicated by depth based variation in the hydrocarbon saturation gradient
through the flushed zone/undisturbed zone interface that may confuse invasion character.
Variations in drilling mud properties between wells that change the-radial resistivity profile, and
differences in the properties of the formation water can cause errors in conventional
interpretation. As well, laboratory measurements of fracture porosity in coal may not be
applicable to the bulk reservoir properties due to sampling error, the inherent friability of coal,
and the sensitivity of coal to changes in stress regime. To correct these deficiencies in the prior
art, the disclosed invention is volume based and requires no correction for hydrocarbon
saturation or depth based variations. As all effectively connected fractures in coal are filled with
water, hydrocarbon saturation variations are immaterial. Variations in mud properties are
screened out or are of no impact to the disclosed invention, as the true value of Rt is irrelevant.
As well, data used in the disclosed invention are collected from the formation in situ, with the
coals under actual temperature and pressure conditions and are more representative of the bulk
reservoir properties.

Fracture porosity calculations in coal should be performed in the volume domain in
accordance with the present invention. This volume domain mud filtrate invasion analysis
minimizes the effect of all of these variables and is useful for comparing well to well and
between zones within a well for determining measures of fracture porosity, and hence, methane
production potential in the coal seams. Fracture detection in coal seams is critical for the
recovery of economic quantities of methane. Coal is a dual porosity medium, comprising a
matrix containing abundant micro-scale pores intersected by larger macro-scale fractures. The
micro-scale pores are of the size that gas movement occurs via diffusion, resulting in a very slow
rate of gas exchange per unit volume. The larger macro-scale fractures act as the conduits for
connecting the gas-diffusing matrix to a well bore. For economic quantities of methane to be
recoverable, extensive well-developed macro-scale fractures must be present to connect a large
enough volume of coal matrix such that the total volume of gas diffused becomes significant.
Thus, the detection of subsurface fracture systems is critical for delineating desirable locations
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for methane exploration.

After an exploration well is drilled, specialized tools are lowered down the bore hole to
test and record the responses of the different rock formations to various electrical, acoustic and
radioactive stimuli. This process is termed geophysical logging, and the recorded data are termed
geophysical logs. In one petroleum producing region of the world, the Western Canada
Sedimentary Basin, approximately 280,000 wells have been drilled to date, and geophysical logs
exist for virtually all of them. Geophysical logs have been used extensively in the past in
conventional oil and gas exploration, but little data exist on their use in fracture detection in coal.

Some highly specialized geophysical logs are able to detect fractures in coal under very
specific conditions, but the data are prone to error and the logging techniques have seen limited
use. Advancement in the art delineated by the disclosed invention is that a large portion of
previously unused data can now be processed for a new and useful result.

Various geophysical techniques exist to detect mud filtrate invasion and/or mudcake. One
such device is an electrical pad containing regularly spaced electrodes. As the pad moves across
the target formation, variations between the voltages are recorded, detecting the existence of
mudcake on the borehole wall. This device relies on a solid contact with the bore hole wall and
any variations in the size of the hole can disrupt its operation. This is significant as, over time,
coals tend to cave-in resulting in rugose and irregular bore holes, thus limiting the utility of the
pad contact type device.

Other types of electrical logging devices exist, but all have the goal of determining the
rock properties away from the invasive and damaging effects of the well bore. In general, most
of these devices are able to accurately detect the depth to which the drilling fluid has invaded.
However, because of the complex geometry of the pore spaces in conventional clastic and
carbonate reservoir rocks and variation in hydrocarbon saturation, invasion has not been
previously considered a quantifiable indicator of porosity .

U.S. patent # 5,663,449 discloses a method for estimating permeability using geophysical
well log data. This method interprets data from a multi-array induction device having at least five
resistivity measures for a given formation and uses a variety of complex estimates,
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measurements and calculations. The measurements required include estimates of gas gravity,
cementation factor, saturation exponent, shale volume and many others. The method requires a
specialized logging apparatus to generate the required data and is unable to examine pre-existing
data.

European patent EP0363259 discloses a method for interpreting data from a formation
micro-scanner, a pad contact type of device, to detect and estimate width of fractures intersecting
a borehole. It is limited in use and unable to examine pre-existing data. U.S patent # 5,379,216
discloses a method and a highly specialized apparatus for measuring invading volumes of mud
filtrate to determine relative measurements of permeability. However, this patent is limited to
analysis of data generated by its own disclosed apparatus, and is unable to analyze pre-existing
data for indications offractureporosity.

U.S. patent 4,961,343 discloses a method for determining permeability of a subsurface
earth formation in real time during drilling operations through monitoring volumes of drill fluid
lost into the formation and volumes of gas liberated. Geophysical log responses are not used. As
well, this patent is limited in utility as no means of examining pre-existing data is disclosed.

Summary of the invention
This invention relates methods of detecting fracturing in rock using geophysical logs, and
in particular to the use of electrical type logging devices. The disclosed invention seeks to
remedy these deficiencies in the prior art of fracture detection in coal through a method that
incorporates previously unused data into a new and useful result. Coals are uniquely suited to
this method, as the fractures tend to occur in a regularly spaced orthogonal geometry. This type
and pattern of fracturing simplifies the determination of invading and invaded volumes. As well,
coals comprise a special case where onlyfracturesthat are effectively connected to the borehole
are available to invasion of drilling fluids. Fracture porosity is then directly related to the volume
of coal effectively connected for gas diffusion, and therefore, is a major indicator of economic
methane production. The disclosed invention represents a significant advancement in the art as
previously by-passed reservoirs of methane can now be found.
The disclosed invention screens existing geophysical well logs to ensure reliable data by
discarding wells where the resistivity of the drilling mud (Rm) is less than 1.0. Experience has
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shown that below this value, induction logs are affected by the conductivity of the drilling mud
and unreliable values of depth of invasion are produced. A second screening procedure involves
the examination of the borehole caliper log. This log measures the size of the borehole.
Measurements of the borehole diameter that exceed 200% of the bit size are considered
unreliable and screened out. Measurements of the thickness of the coal seam of interest, the bit
size and the depth of invasion of drilling fluids define an invaded volume of coal.

From records of the characteristics of the drilling fluid, a measure of the amount of fluid
available to create this invasion can be made. The volume of fluid available for invasion is then
divided by the volume of the invaded rock. The resulting volume fraction equals the effective
void space occupied by the invading fluid. In coal, this volume fraction of effective void space is
fracture porosity, as only fractures are able to accept invading fluids; the matrix is impermeable.
The disclosed invention outlines anew, useful and unconventional method for interpreting
previously unused data and delineating methane exploration targets.

Brief Description of the Drawings
FIGS. 1 and 2 show prior art representations of an invasion and resistivity profile in a waterbearing zone. FIG. 1, illustrates a cross section of a wellbore showing the locations of the flushed
zone, the transition zone and the uninvaded zone extending radiallyfromthe wellbore wall.
FIG. 2 illustrates a radial distribution of formation resistivity extending radially from the
wellbore wall, into the flushed zone, into the transition zone, and into the uninvaded zone.
FIG. 3 illustrates a schematic of a typical well log header, showing various data collected from
drilling and logging operations.
FIG. 4 illustrates the bore hole caliper and induction geophysical logs for a coal interval.
FIG. 5 illustrates an industry-standard interpretation chart provided by a well log service
company, in this case Schlumberger Corporation. This chart can be used to determine depth of
mud filtrate invasion.

Description of the Preferred Embodiment
FIG. 3 shows a schematic of typical log header of an induction type geophysical log records data
used in this method. The following data collected from such a log header are tabulated in Table
1:
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Resistivity of the mud ()

3.0 ohmm at 15° Celsius

Fluid Loss (Water Loss W.L)

7.0 cmJ

Bore Hole size (Bit Size)

200 mm

Table 1 - Data collected from a well log header

A first data screening procedure is done. The resistivity of the mud is greater than 1.0
ohmm at 15° Celsius. The bore hole caliper size is less than 200% of the bit size. The data are
thus far deemed acceptable for use.

FIG. 4 illustrates the caliper log and induction geophysical log for a coal interval. The
coal is present from 453.0 m to 457.6 meters. The single solid line in the left track is the borehole
caliper. The resistivity measurements are recorded on therighthand track. In therighttrack, the
solid line represents the shallow-reading resistivity device, the dotted line represents the
medium-reading resistivity device and the long dashed line represents the deep-reading
resistivity device. The resistivity is recorded in ohmmeters on a logarithmic scale. From this log,
the following data are recorded in Table 2:

Bore Hole Caliper Size

220 mm

Coal Seam Thickness

4.6 meters

Deep Resistivity (RID)

100 ohmm

Medium Resistivity (RIM)

113 ohmm

Shallow Resistivity (RSH)

550 ohmm

Table 2- Data collected from the caliper log and induction log

A second data screening procedure is done at this time. The bit size from Table 1 is
compared to the bore hole caliper size from Table 2 and the bore hole caliper size is less than
200% of the bit size. The data are deemed acceptable for use. From the data in Table 2 above, the
following ratios are calculated and recorded in Table 3:

8

RIM/RID (113/100)- 1.13
RSH/RID (550/100)= 5.5

Table 3 -Ratios of resistivity curves

With these ratios, it is possible to determine the depth of mud filtrate invasion using
industry-standard interpretation charts provided by well-log service companies.

FIG. 5

illustrates one such chart, as published by Schlumberger Corporation. By plotting the ratios from
Table 3 onto the chart in FIG. 5, a depth of invasion of mud filtrate (di) of 0.75 meters is
determined. With knowledge of the depth of invasion, the bit size (bts) and the thickness (th) of
the coal seam, the volume of invaded coal can be determined.
The volume of invaded coal is calculated by determining the volume of a cylinder
defined by the diameter of the bit and the depth of invasion and the thickness of the coal seam.
As coal seams tend to cave over time, the bit size is most indicative of borehole size in the
critical few hours after bit penetration. Once this volume is determined, the volume of the
borehole is subtracted to yield a volume of invaded coal (VIC). The calculation is outlined in
Formula 1.

VIC = ((di + bts/2)2 xllx th) - (bts/2)2 x IIx th

(Formula 1)

Substituting the values di= 0.75, bts = 0.2 m and th = 4.6 m. it is calculated that:

VIC= 10.3 m

3

The next step is to determine the amount of fluid available to create this invaded volume
of coal. From Table 1, fluid loss (or water loss, W.L.) is listed at 7.0 cm . This volume is
3

determined from a standard American Petroleum Institute (API) test which uses a filter of 45.8
cm . This volume of fluid is lost through this filter in 30 minutes under a pressure of 689.5 Kpa
(100 psi). A 689.5 Kpa differential serves as a reasonably good proxy to relative pressures
between the invaded coal seam and the invading column of drilling fluid. Dividing the fluid loss
9

value by the area of the filter results in a volume per cm yields a Standardized Fluid Loss (SFL).
2

This is outlined in Formula 2:
SFL = Fluid loss/ APIfdter Area

(Formula 2)

By substituting 7.0cm for Fluid loss and 45.8 cm for filter area, the Standardized Fluid
3

2

Loss can be determined to be 0.15284 cm /cm in a 30 minute period. The next step involves
3

2

determination of the amount of time available for invasion to occur. This value is controlled by
the sensitivity of the coal seam to formation damage. Research (Puri, et at. 1991) has shown that
formation damage to coals can occur in about 24 hours (1440 minutes) after which permeability
is effectively destroyed.
Formula 3 is an American Petroleum Institute standard formula for calculating total
volume of fluid passing through a mudcake in a given time (Qt) and illustrates this calculation.
Qt=WLx (t/30 )

(Formula 3)

m

Substituting t = 1440 minutes (24 hours), it is calculated that the volume of invading fluid
3

3

available is 48.5 cm in 24 hours. To correct for the API filter size, 48.5 cm is substituted into
Formula 2, thus yielding a time corrected Standardized Fluid Loss (SFLtc) of 1.06 cm /cm .
3

2

With SFLtc determined, it is now possible to calculate the total volume of invaded filtrate by
taking into account the bit size and the thickness of the coal seam.
From the bit size and the coal seam thickness, the surface area of the borehole (SAbh) can
be calculated. This calculation is shown in Formula 4.

SAbh = bts/2x nx

th

(Formula4)

By substituting bts =0.2 m (from Table 1) and th= 4.6 m (from Table 2), SAbh can be
calculated as 2.89 m or 28,900 cm . With SAbh and SFLrc determined, the volume of invading
2

2

fluid (VIF) can be calculated. Formula 5 illustrates the calculation:

VIF = SAbh x SFLrc

(Formula 5)
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Substituting SAbh = 28,900 cm and SFLcr = 1.06 cm /cm yields a value of VIF = 30,634 cm
2

3

2

or 0.0306 m (approximately 30 liters) . With VIC and VIF now known, the volume fraction of
3

void space occupied by the invading fluid in the invaded coal can be calculated. As only
fractures are available for invasion in coal, the resulting value is fracture porosity (0 FRAC)
Formula 6 outlines the calculation of 0 FRAC
0 FRA C = VIF/VIC

(Formula 6)

By substituting VIF = 0.0306 m and VIC = 10.3 m , 0 FRAC can be calculated as 0.297%.
3

3

11

3

Figure 1 - Prior Art
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Figure 3

E l i z a b e t h W e l l L o g Services

Bore Hole Caliper and
Induction Log

Company: Barich Petroleum Inc.
Well: Barich Spencer Lake 01-02-03W4M
Location: 01-02-03W4M

Field: Spencer Lake Province: Alberta

Date: January 23,1999

Depth - Driller 1522.0 m

Type of Fluid in Hole: Gel Chem

Fluid Loss: 7.0 cm

3

Bit size: 200 mm

Rm at Measured Temperature: 3.0ohmm(3} 15 degrees Celsius
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Figure 4
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