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Abstract
In Canada, tight and shale plays such as the Montney, Bakken, and Duvernay (to mention but a
few) have over the past decade become the focus of exploration and development activities.
However, despite the successes recorded in drilling and completing multi-fractured horizontal
wells (MFHws) in Canada and the United States of America (USA), the geological characteristics
of shale and tight reservoirs remain poorly understood; evidenced by frequent production and
development challenges faced by operators. These challenges include (but are not limited to) rapid
well decline rates, parent-child well production interference, and difficulty in reconciling multiscale geological heterogeneities. The challenge of unconventional reservoir (this terminology is
used in this thesis to solely refer to shale and tight reservoirs) development is further compounded
when there is a lack of data such as three dimensional (3D) seismic, microseismic, borehole
imagery, or well logs suites in MFHw laterals (to mention but a few) to support integrated reservoir
studies and dynamic simulation. Given the above, the aim of this dissertation was two-pronged:
(1) to develop novel approaches for geologically characterizing tight reservoirs such that the
importance of understanding nano to macro-scale heterogeneity is demonstrated through
reconciliation with production data or validation using independent complementary datasets (2) to
develop geological characterization and modeling techniques that can be used in the absence of
traditional geological and geophysical datasets (as earlier mentioned). The Montney Formation in
west-central Alberta and the Bakken Formation in southeastern Saskatchewan Canada were used
as case studies to demonstrate how commonly acquired datasets such as well logs can be leveraged
to improve the geological characterization of tight reservoirs. Seismic data available in the Bakken
Formation was used to validate the applicability of a new well log to seismic inversion workflow
that was developed and applied in the Montney Formation. New insights on the role of the
ii

dominant pore throat size control on fluid distribution and influence on production variation in
tight reservoirs are presented. Furthermore, in the Bakken Formation, a natural fracture zone
identification technique was developed, along with a new subdivision of the Middle Bakken
producing interval into five geomechanical zones based on dynamic elastic properties. The Bakken
natural fracture zone identification technique was facilitated by neural network modeling and a
newly developed multi-log attribute relation. The natural fracture zones identified were shown to
be consistent with independent results from seismic attribute analysis. Finally, this work expands
the paradigm of unconventional resource exploitation (which is primarily driven by the intent to
increase production) to include the consideration of exploration and development drilling
pathways that can potentially reduce the pre-production greenhouse gas emission of MFHws.
Where available, core and field data were used for quality-controlling and validating results.
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Preface
I embarked on the research journey that resulted in this dissertation on the premise that the
importance of understanding the role of geological heterogeneities in unconventional reservoirs is
currently overshadowed by engineering completions-driven exploration and exploitation practices.
My intent therefore in this research was to focus on highlighting new methods of capturing
complementary information on the nature and distribution of reservoir petrophysical and
geomechanical heterogeneities in tight/low permeability plays. I chose to evaluate two tight but
different plays, the Montney Formation (focused in a west-central Alberta area where the
predominant produced hydrocarbon is wet gas) and the Bakken Formation in Williston Basin
(focused on a southeastern Saskatchewan area where oil is produced). The rationale for embarking
on the arduous task of studying two tight plays was to demonstrate the opportunities for innovative
geoscience evaluation in multiple unconventional plays. Studying the Montney and Bakken
formations also provided an opportunity for me to address the challenges of data paucity by using
the available data in one play (in this case the Bakken Formation) to test workflow(s) developed
in the other play (the Montney Formation; this is further elaborated in the dissertation). Lastly,
because my research approach was targeted at addressing hypotheses related to geological
heterogeneity through geological characterization and modeling, it was important to peer-review
my research results through engagement (at conferences presentations, workshops, and discussion
with experts) and academic journal review. This process resulted in 4 research papers and 8
conference papers. In addition, there are also 4 complementary co-authored publications that
resulted from multi-disciplinary collaboration and the application of the knowledge gained in the
course of my research. Below is a list of the contributions:
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Journal Papers
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Shevalier, M. and Mayer, B. 2016. Estimation of fracture height growth in layered
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Article #90350. Presented at the 2019 AAPG Annual Convention and Exhibition, AAPG,
San Antonio, USA, Abstract.
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https://doi.org/10.5281/zenodo.1343968, Abstract and poster
Iwuoha, S.C. and Pedersen, P.K. 2017a. 3-D Petrogeological Modeling of the Bakken Tight Oil
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Abstract and poster.
Iwuoha, S. and Pedersen, P.K. 2017b. Petrological Controls on Reservoir Performance in
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Calgary, Alberta, Extended Abstract (2 pages) and poster.
Iwuoha, S.C., Pedersen, P.K. and Clarkson, C.R. 2018. Pore-scale variability and fluid
distributions in Montney Formation: New insights from three-dimensional reservoir
characterization and modeling. Presented at the Gussow Geoscience Conference, CSPG,
Banff, Alberta. October 8 - 11, Extended Abstract (8 pages) and poster.
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Iwuoha, S.C., Pedersen, P.K. and Clarkson, C.R. 2019. Quasi Seismic-Scale Modeling of the
Montney Formation from Well Log Data: A Quick Look Technique for Assessing
Reservoir Heterogeneity and Geomechanical Characteristics. Presented at the
Geoconvention, CSPG, Calgary, Alberta, Extended Abstract (4 pages).
Iwuoha, S., Rashidi, B., Pedersen, P., R. and Clarkson, C. 2018. Inverse reservoir property
estimation and artificial neural network-assisted 3D modeling of the Montney Formation,
Alberta. Presented at the GeoConvention, Canadian Society of Petroleum Geologists,
Calgary, Alberta. https://doi.org/10.5281/zenodo.1343911, Abstract and poster.
Complementary Publications
The four articles are listed in Appendix 1.
Finally, this dissertation, in addition to the insights it provides on the geological
characterization and modeling of tight reservoirs, was designed to inspire informed conversations
on the importance of thinking out of the box and collaborating with other disciplines when
evaluating unconventional plays. In the end, geoscience-grounded multi-disciplinary collaborative
research such as the work presented in this dissertation may likely hold the key to addressing the
challenges presented by shale and tight reservoirs, particularly with respect to variable production
from MFHws. With these thoughts in mind, I recollect that Tom Moslow (quoted with consent)
once said to me while discussing his observations on reservoir heterogeneity and the production
from shale and tight reservoirs that “a homogenous rock does not yield heterogeneous results”.
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Chapter 1: Introduction
1.1. Overview
Historically, in many reservoir numerical models and dynamic simulations, unconventional
reservoirs have been assumed to be relatively vertically and (mostly) laterally homogenous units (SGS,
2015; Bahrami et al. 2016). This assumption has often resulted in unconventional reservoirs being
modeled using average reservoir property values that are derived from core, well logs, production and
flowback data (Ghaderi et al. 2017). However, in shale and tight plays, various levels of heterogeneity
occur from pore (nano) to macro scale. Therefore, unless specifically set up with a clear objective
(such as operations or quick look analysis), implementing average reservoir properties in
unconventional reservoir models could limit the ability of such models to spatially predict reservoir
heterogeneity and adequately evaluate fluid flow behavior in a shale/tight reservoir. Furthermore, in
unconventional reservoir models constructed using average values, the range of uncertainties in
reservoir properties that are captured may not be representative of the actual range of uncertainty
throughout the reservoir. Consequently, how the actual level of reservoir uncertainties can be reduced
through field development planning is less well-understood for shale and tight plays modeled using
average property models.
In this research, my aim was to:
•

Utilize different types of data (drilling, log, core, drill cuttings and seismic) to capture vertical
and lateral heterogeneity in shale and tight plays within a 3D framework that extends beyond
the wellbore region

•

Show the benefits and limitations of using traditional reservoir modeling workflows to
construct 3D models of unconventional reservoir facies and petrophysical properties

•

Improve the current industry practice of unconventional reservoir petrophysical modeling by
capturing the distribution of pore characteristics in 3D unconventional reservoir models

•

Examine two tight reservoirs that are undergoing production as case studies to show how
multi-scale heterogeneous 3D models can serve as a more representative reservoir
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characterization approach that better captures the spatial controls on reservoir quality, fluid
distribution and potential fluid flow behavior in shale and tight reservoirs
•

Evaluate the potential methods through which 3D geological characterization and modeling
can inform a reduction in the environmental footprint (particularly emissions reduction)
related to unconventional reservoir exploration and exploitation activities

The results of this research should assist shale and tight play-producing companies to:
1. Recognize the sets of drilling data that can be integrated (with corrections where applicable)
with available logs (transformed where necessary), geological, and geophysical data to
construct representative 3D models.
2. Gain an extended knowledge of how to better capture geological and fluid phase complexity
in fine-grained unconventional plays using pore characteristics-driven facies and petrophysical
models.
3. Leverage on the developed 3D modeling methodologies to conduct studies that would address
reservoir-related issues such as fluid distribution, hydrocarbon exploitation strategy, and
recovery mechanisms.
4. Explore the use of novel techniques, machine learning, and data analytics techniques for
characterizing and modeling fine-grained reservoirs.
5. Optimize the drilling trajectory for MFHws to reduce pre-production methane emissions.
6. Obtain more reservoir petrophysical, geological, and geomechanical information from existing
datasets at a low cost.
The research results should also lead to reductions in individual well cost due to the adoption of an
informed well data acquisition strategy in horizontal wells. This should lead to a reduction in the
overall capital expenditure (CAPEX) required to drill and produce wells in shale/tight plays as well as
improve the return on investment (ROI). The ability to better characterize the intrinsic geological
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properties of shale and tight plays, coupled with any resulting optimized drilling and completion
programs should improve netbacks.

1.2. Statement of Problem
Present-day field development practices for shale and tight reservoirs involve horizontal drilling
and multi-stage hydraulic fracturing methods. However, the development of these unconventional
resources is fraught with several unanswered questions, some of which include:
•

What is the role of geologic controls on the static distribution of hydrocarbons and the dynamic
behavior of unconventional fields?

•

Is there a relationship between fracture occurrence and facies or lithological variations and
how can such a relationship (if any) be quantified and captured at a full-field scale?

•

What is the role and impact of mineralogical variations on rock quality and the relationship (if
any) between mineralogical heterogeneity, natural fracture occurrence, and sedimentary
facies?

•

What is the degree of post-depositional alteration that has occurred in these shale and tight
reservoirs? Notably,
o

What is the extent to which diagenetic modifications impact reservoir quality and how
may diagenetically-altered rocks likely respond when hydraulic fracturing is
implemented?

o How can diagenetically-induced reservoir heterogeneity be captured in subsurface
models?
Some of the main problems limiting the ability to respond to the questions above include:
1. The traditional method of geological characterization which relies on conventional logging
while drilling (LWD), wireline and core data. The non-acquisition of a full suite of LWD,
wireline and core data in horizontal wells limits the amount of reservoir knowledge that can
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be explored through subsurface reservoir characterization studies, even when seismic or
microseismic data is available (which is not always the case).
2. Vertical and lateral geological heterogeneities beyond the wellbore that are insufficiently
captured in geoscience studies of shale and tight reservoirs.
3. 3D models of fine-grained plays that assume reservoir homogeneity for simplicity with the
consequence that reservoir simulation parameters may require “arbitrary” tuning to match
the actual reservoir response in the simple average model.
4. Limitations arising from modeling methods where workflows to define and constrain the
complex pore-scale network in shale and tight plays are yet to be integrated into 3D
modeling methodologies.
5. The inadequate assessment and quantification of uncertainties related to input parameters
that are used in 3D geomodels (such as facies definitions and proportions, spatial variability
of facies, porosity (Ø), permeability (K), natural fracture attributes, and complex pore
characteristics) of shale and tight plays
6. For many fine-grained plays, single-scenario static models are exported for reservoir
simulation which limits the effective exploration of the range of possibilities that may occur
in the subsurface beyond the wellbore region. Dynamic simulations performed using these
models whilst being robust near the wellbore may be less predictive at a full-field scale.
7. Poor characterization of the dual/triple-porosity system:
a.

Natural fracture networks are poorly defined and incorporated in 3D models of shale
and tight plays. As a result, the impact of fractures in modifying the in-situ Ø and K
is less well understood, especially at the full-field scale.

b. How natural fractures may affect induced fracture development is less well known.
Two geologic formations were used as case studies for this research. These are the Bakken
Formation in Southeast (SE) Saskatchewan and the Montney Formation in West-central Alberta (Fig.
1).
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Fig. 1. The extent of Bakken and Montney Formations in Canada (Modified from Ghanizadeh et al.
2015)
The Bakken Formation is ~20 - 25m thick in SE Saskatchewan. In this formation, my research
focused on the 10 - 15m thick Middle Bakken Member (which is the producing reservoir interval).
The Middle Bakken along with the Upper and Lower Bakken Shale Members are laterally correlatable
over a vast part of the Williston Basin (Almanza, 2011; Angulo and Buatois, 2012).
The following reservoir problems were recognized in the Middle Bakken Member:
•

Unclear controls on the differences observed in the expected ultimate recovery (EUR) and
12 months cumulative production for wells landed in the same Middle Bakken facies with
similar completion characteristics

•

An unclear understanding of the distribution of natural fractures within the Middle Bakken

•

Poorly understood geologic controls on natural fracture occurrence

•

Uncertainty on whether natural fractures are pathways or barriers to flow

•

Whether there is any relationship between the natural fracture occurrence and the variations
observed in production rates
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•

Whether there are smaller-scale facies variations that are not readily recognized on
local/regional correlations

•

Whether hydraulic fracture height growth can be expected to be the same throughout the
formation (given the widely popular notion that equates the lateral correlatability of Bakken
facies with lateral facies homogeneity)

•

Whether there is evidence to support the existence of subtle rock quality variations that can
affect the cumulative production from the Middle Bakken interval

The Montney Formation is a ~200m thick interval. Due to its lateral extension over hundreds of
kilometers from NW Alberta into Northeastern (NE) British Columbia (Fig. 1), the Montney
Formation hosts a wide range of geologic environments, from proximal shoreface to distal offshore
mudstones (Fig. 2). As a result, petroleum developments in the Montney Formation are comprised of
exploitation from both conventional and unconventional fine-grained low permeability reservoirs. The
conventional plays occur in the proximal shoreface settings while the unconventional plays are in the
medial to distal shoreface and offshore depositional environments (Fig. 2). Previous Montney scholars
and producing companies have identified several resource exploitation challenges in the Montney
(Kuppe et al. 2012, Crombez et al. 2017), including (but not limited to):
•

Hydrocarbon sourcing and fingerprinting

•

The understanding of depositional processes, sedimentological and stratigraphic variation,
and

•

Sweet spot identification: the area best to drill and target reservoir horizon for optimal
recovery

Although the occurrence of various fluid types (oil, gas and liquids-rich portions) is well known
in the Montney Formation, the reason for the occurrence of oil and/or liquids-rich zones above dry gas
zones in some fields is less well-understood. Several hypotheses such as the thermal cracking of oil
from variable heat flow, secondary gas migration, the presence of high permeability streaks and locally
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occurring natural fractures have been proposed for this observation (Kuppe et al. 2012, Seifert et al.
2015, Wood and Sanei, 2016 and 2017). However, consensus on the controls on fluid phase
distributions is yet to be reached.
This research recognizes and addresses the problem of:
•

Understanding the controls on the produced fluid distribution in the Montney Formation,
and

•

Sweet spot identification in such a way as to achieve production targets while minimizing
pre-production greenhouse gas (GHG) emissions

Fig. 2. Montney Formation depositional environment and distribution (Modified from NEB, 2019).
The depositional environment color code in the 3D depositional block diagram (the bottom-left inset
figure) is the same as the color code in the depositional environment base map on the right-hand side.

1.3. Relevance of Research
One of the major geoscience challenges in exploiting shale and tight plays is understanding the
inter-relationships between pore spaces, sedimentary facies, natural and induced fractures. In
traditional geological modeling (as is typically applied to conventional oil and gas field studies),
geobodies are identified (using seismic facies analysis), sedimentary facies are recognized (using core
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and/or well logs) and petrophysical properties (such as Ø and K) are mapped (from log, core and
seismic data -if available). These pieces of information are subsequently integrated into a static
reservoir model framework and exported for reservoir simulation. However, due to problems of scale,
this traditional method is limited in resolution and hence pays less attention to pore-scale variations.
This lack of resolution in traditional modeling workflows has historically not been considered a major
source of concern in conventional reservoirs due to higher orders of Ø and K (especially) encountered
in such plays.
In the often naturally fractured, lower Ø and very low K shale and tight rock systems where pore
spaces and pore to fracture fluid interactions are more complex, traditional modeling methods fall short
of capturing the level of heterogeneity that dominates fluid flow (Sorensen, 2015).
My research was designed to address this problem by developing 3D Ø and K frameworks that
incorporate a characterization of the nanopore space from the well log to pad and field scale. By
combining natural fracture identification and modeling methods with pore characteristics-driven 3D
petrophysical models, the results from this work develop a more robust approach for representing and
modeling the dual/triple-porosity pore space in shale and tight reservoirs.
The workflows that resulted from this research improve on the current approaches for conducting
reservoir characterization studies by transitioning 1D (along the wellbore) and 2D (map-based)
geoscience datasets and laboratory results into reservoir knowledge within a 3D reservoir framework,
beyond the wellbore region (complemented with production data and flowback analyses).
In the case of the Montney Formation, where 2D mapping is widely being used to explain static
fluid distributions (Kuppe et al. 2012, Seifert et al. 2015, Wood and Sanei, 2016 and 2017), the
workflows that resulted from my study extend the current practice of mapping fluid distributions by
developing a 3D understanding that considers vertical and lateral heterogeneities (whose impact may
not be immediately recognizable without incorporating pore characteristics).
The research methods developed are applicable to shale and tight reservoirs globally (with local
modifications implemented where necessary). The applicability of the methods developed was tested
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through the Bakken and Montney case studies where the problems of reservoir quality, production
performance, and controls on static fluid distribution were addressed.
On a grand scale, one of the most significant ramifications of this research is the opportunities that
the research results provide to reduce the costs associated with acquiring additional data to perform
reservoir evaluation and geological modeling. Operators can through this dissertation access new
methodologies to decipher the most relevant data to acquire through drilling and logging programs that
would best facilitate reservoir understanding for their respective unconventional plays. They would
also be able to utilize the workflows developed and research findings to:
•

Better map sweet spots which could consequently lead to potentially drilling fewer wells,
optimizing lateral length (for example, they can avoid drilling horizontal wells into
reservoir areas which may be less productive or less mechanically responsive to fraccing
thereby resulting in screen-out or stage failure), and reducing the pre-production methane
emissions associated with drilling multi-fractured horizontal wells (MFHws)

•

Gain perspectives on when the optimization of frac fluid selection is required (potentially
due to variations in geological attributes), and consequently design drilling programs that
reduce environmental footprint (reduced drawdown on water resources and less need to
process and manage frac fluid chemicals that may not be required based on the
characteristics of the geological formation)

Finally, 3D geostatistical/geocellular modeling is not new in oil and gas exploitation, however, the
science is being fine-tuned for unconventional reservoirs. The integration of every day drilling
cuttings-based data (such as fluid compositional data from isojars) as was applied in this research
marks a step-change in how we can improve the spatial constraint of how we estimate reservoir
properties as an industry. The ability to overcome the limitations created due to sparse data by
exploring empirical relationships with available field and well information, and integrating these into
a 3D framework has resulted in the development of sets of 3D modeling and geological
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characterization workflows (documented in this dissertation) that can be applied in global shale and
tight oil and gas fields.

1.4. Background
The research background presented in the following subsections provides an overview of the
literature related to the key concepts used or addressed in this research such as the estimation of pore
characteristics in fine-grained low permeability reservoirs, the importance of understanding rock
geomechanical characteristics in shale and tight plays, natural fracture characterization, 3D geological
modeling, and uncertainty analysis. The geological settings of the studied Montney and Bakken
Formations are also discussed.
1.4.1. Review of Related Literature
The implementation of multi-stage hydraulic fracturing and horizontal well-drilling in shale
and tight plays has been ground-breaking for the oil and gas industry. With these developments, rapid
evolution in the geoscientific and engineering support for hydrocarbon exploitation has become
necessary, to keep up with the fast-paced development of shale and tight plays. The practice of
characterizing shale and tight reservoirs is based on several theories and geoscience working methods.
Those relevant to this research are:
1.4.1.1.
Laboratory measurement of pore characteristics in shale and tight rock
properties
The ability to perform core laboratory measurements on very low permeability shale and tight
rocks provides a unique opportunity to access information on rock properties. Several laboratory
measurement techniques such as low-pressure gas adsorption, mercury intrusion, small and ultra-small
neutron scattering (SANS/USANS) are being used to obtain data on pore size distribution, dominant
pore throat size and Ø (Pedersen et al. 2011, Clarkson et al. 2012, Clarkson et al. 2013, and Zhe et al.
2016).
Pore structure information has been shown to be useful in quantitatively predicting
permeability which is challenging to measure in the lab (Hansgeorg et al. 1999). Hansgeorg et al.
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(1999) developed a fractal model that was used to compute permeability by connecting effective pore
radius, tortuosity, and Ø through a fractal dimension for pore geometry. This evaluation was however
performed using metamorphic and basement complex rock samples hence the applicability of the
empirical relationships developed will need to be tested in shale and tight plays.
Zhe et al. (2016) demonstrated that variability in pore characteristics could be recognized for
different lithologies that were identified with the support of data from thin section analysis and
scanning electron microscopy (SEM). Ghanizadeh et al. (2015) performed laboratory measurements
on Bakken and Montney core samples. Their results showed that permeability had a linear relationship
with average grain size in poorly-cemented samples (Ghanizadeh et al. 2015) while no such
relationship was observed in several well-cemented samples (Ghanizadeh et al. 2015). However, some
well-cemented samples showed linear permeability-grain size relationships. Ghanizadeh et al. (2015)
alluded that beyond the influence of cementation, dominant poor throat radii may govern the
permeability in these rocks; a phenomenon that they indicated should be further investigated in
subsequent studies as has been performed in this dissertation.
1.4.1.2.
Rock geomechanical properties
For shale and tight plays, understanding the mechanical properties of the rock at in-situ stress
conditions improves the likelihood of more accurately modeling and predicting the potential rock
response during hydraulic fracturing operations as well as under reservoir depletion conditions (Gui et
al. 2013). Inelastic and elastic rock behavior have been studied using different methods (Scholz, 1968)
and evaluated in shale and tight reservoirs (Papanastasiou and Thiercelin, 1993; Gui et al. 2013; Sone
and Zoback, 2013; and Li et al. 2016). Elastic properties (Table 1) are comprised of:
•

Young’s modulus (E) - the ratio of uniaxial compressive (tensile) stress to the resultant
strain

•

Bulk Modulus (K) - the ratio of stress to strain. K is the reciprocal of compressibility
and corresponds to the change in volume under hydrostatic pressure

•

Shear modulus (µ) - the ratio of shearing (torsional) stress to shearing strain
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•

Poisson’s ratio (σ) - the measure of the geometric change of shape under uniaxial stress

Table 1. Equations defining elastic moduli and Poisson’s ratio (Modified from Smith, 2015).

where: p = Bulk density, Vp = Compressional velocity, Vs = Shear velocity
By evaluating static and dynamic elastic properties in Barnett, Haynesville, Eagle Ford, and
Fort. St. John shales, Sone and Zoback (2013) showed that elastic properties for these reservoirs were
controlled by both material composition and fabric anisotropy; noting that fabric anisotropy may also
be affected by organic maturity. In a study on the Montney Formation, Ghanizadeh et al. (2017)
integrated X-ray Fluorescence (XRF), mechanical hardness and profile permeability measurements
into a core-analysis workflow. This evaluation highlighted relationships between rock fabric,
mechanical and petrophysical properties. The authors, however, alluded that the effectiveness of the
workflow developed was dependent on the availability of high-quality core; a constraint that can
equally be considered one of the limiting factors in the work of Sone and Zoback (2013).
Altogether, the findings from these prior researchers highlighted that value could be added
when pore characteristics are integrated with facies, mechanical, rock fabric, and petrophysical
relationships to gain a better understanding of storage and fluid transport in shale and tight reservoirs.
1.4.1.3.
Natural fracture characterization and fracture networks (FNs)
In addition to matrix characteristics, natural and induced fracture systems also affect fluid flow
conditions and well productivity in shale and tight plays (Pitman et al. 2001). The existing body of
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published work suggests that researchers have historically tended to prioritize the study of hydraulic
induced fracture networks over efforts at characterizing and incorporating natural fracture systems in
shale and tight reservoirs (Dershowitz et al. 2010; Cipolla et al. 2011; Clarkson et al. 2011; and Mhiri
et al. 2015).
Dershowitz et al. (2010) proposed using discrete fracture network (DFN) 3D modeling to
evaluate hydraulic fracture stimulation of naturally fractured reservoirs. Their study whilst
highlighting how natural fractures can affect induced fracture formation during hydraulic fracturing
(an often overlooked, and yet important interaction), however, falls short of incorporating detailed rock
fabric and the influence of rock mechanical heterogeneity as was performed in this dissertation.
1.4.1.4.
3D geostatistical/geocellular modeling
The development of full-field 3D geological frameworks in unconventional reservoirs is
necessary for representing subsurface reservoir characteristics, optimizing drilling lithological
prognoses, identifying horizontal well targets and landing zones, estimating the resources initially inplace, and field development planning. However, 3D geological modeling in unconventional reservoirs
has its challenges; some of which include, determining a representative grid resolution to capture the
reservoir heterogeneities, selecting the cell geometry, and deciphering an optimal 3D grid orientation
that would respect structural controls (fractures and faults) while simultaneously facilitating dynamic
simulation (Almanza, 2011, Cipolla et al. 2011). Geostatistical theories have been developed to
manage the lateral distribution of facies and petrophysical parameters in traditional models
(Dershowitz et al. 2010). However, traditional modeling workflows (having been originally designed
to model conventional reservoirs) do not always yield the most representative results for shale and
tight plays due to the increased number of variables that can affect fluid storage and transport in these
unconventional plays. Some of the variables that affect the reservoir characteristics of shale and tight
plays include (but are not limited to) thin reservoir layering, a more complex pore space, pore surface
area, organic matter content, adsorption/desorption, lithological and facies heterogeneity, as well as
variable rock strength and in-situ stress states.
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By constructing a model of the Montney Formation, Vishkai et al. (2017) demonstrated the
importance of developing 3D frameworks as a tool for evaluating the potential implications of
reservoir heterogeneity on hydraulic fracturing and stimulation operations. However, their model was
only limited to capturing geomechanical anisotropy. With no 3D natural fracture network
characterization (a numerical simulator was used to incorporate fractures) and the non-integration of
pore-scale heterogeneity, their work highlights an opportunity for improvement in 3D geoscience
integration that can also be pointed out from other cases where 3D models have been constructed for
shale and tight plays (Almanza, 2011).
1.4.1.5.
Uncertainty Analysis
It is a widespread practice among unconventional reservoir researchers to seek ways of
calibrating or cross-validating their models of matrix and/or fracture properties using different
numerical or analytical modeling methods (Dershowitz et al. 2010, Moridis et al. 2010; Darishchev,
2013, Leung et al. 2013). Yet, a research area that is less well developed is uncertainty analysis which
includes (but is not limited to):
a) An evaluation of the potential error around model input parameters, and
b) An effort at understanding the range of uncertainties around interpretations that are
generated from the integration of multi-source datasets
c) Highlighting the likelihood of occurrence of equiprobable interpretations that are the
consequence of bias in integrated subsurface static and dynamic data acquisition and
evaluation
Although some authors have utilized uncertainty analysis methods in unconventional play
resource assessment (Lee and Sidle, 2010; Williams-Kovacs and Clarkson, 2011; Chaudhri, 2012),
literature is limited on the application of uncertainty analysis in the 3D geological characterization and
modeling of shale and tight plays. Nevertheless, approaches that have been proposed for conventional
reservoirs, and in some cases tested in 1D/2D unconventional reservoir analysis may be adaptable to
3D modeling workflows for shale and tight plays. Some of these are probabilistic analysis/Monte Carlo
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Simulation (Cosentino, 2001, Cronquist, 2001, Williams-Kovacs and Clarkson, 2011), multiple
geological realizations/multi-scenario analysis (Cosentino, 2001; Hameed, 2011) and geostatistical
inversion techniques (Yu et al. 2006; Hameed, 2011; Raguwanti et al. 2011; Sams and Saussus, 2011).
In summary, due to the geoscience knowledge gaps that exist today in field/regional-scale
unconventional reservoirs characterization, the exploitation of gas, oil and liquids-rich resources from
shale and tight reservoirs is predominantly driven by engineering and completion solutions such as
drilling longer laterals, increasing the number of hydraulic fracturing stages, decreasing frac spacing,
engineering fraccing fluids, increasing proppant tonnage and reducing well spacing. While increases
in production have been recorded in many cases, sub-optimal performance, rapid decline rates, and
early water breakthrough in EOR programs have equally been known to occur (King, 2010, Rogers,
2011). In some cases, clear explanations for the mediocre performance are yet to be fully provided by
academic researchers or industry practitioners.
This research was conceived to develop empirical pore to field scale facies and petroelastic
relationships that would contribute to the geology theory of shale and tight plays and extend the
practice of characterizing and modeling these resource-rich systems in 3D. More specifically,
developing novel fault/natural fracture network identification and modeling workflows and optimizing
the petrophysical modeling approach through 3D pore characteristics-driven modeling is expected to
provide much-needed geoscience support for engineering practices that should reduce well cost and
ultimately increase netbacks. Due to the scope of the dissertation (which will be subsequently
discussed in Section 1.6), uncertainties were addressed through multi-scenario analyses and the
integration and validation of results with complementary datasets (Section 2.8).
1.4.2. Context and Geologic Setting
1.4.2.1.
Bakken Formation - Williston Basin
Williston Basin is an intracratonic, structural, and sedimentary basin which spans from Montana, North
Dakota and Saskatchewan through to Manitoba (Lefever et al. 1991, Kuhn et al. 2012, Islam, 2014).
The Late Devonian to Early Mississippian Bakken Formation is one of the intervals in the Three-Forks
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Group in Williston Basin (Fig. 1, 3 and 4). Bakken deposition is interpreted to have occurred within
transgressive-regressive cycles that were recorded during a period of sea-level rise, with the Upper and
Lower Shales deposited in the photic zone of a marine environment under anoxic conditions, while
Middle Bakken was laid down in a shallow marine environment following a decrease in base-level
(Pitman et al. 2001; Angulo and Buatois, 2012; Kuhn et al. 2012). Earlier research relates the regional
context of Bakken Formation in SE Saskatchewan to tectonic deformation linked to Antler and
Acadian orogeny, erosion of the Torquay/Three-Forks Formation and partial dissolution of the
underlying Prairie evaporites (Pitman et al. 2001).

Fig. 3. Approximate extent of Williston Basin (Modified from Kuhn et al. 2012).
Three informal members have been recognized in the Bakken Formation (Pitman et al. 2001,
Almanza, 2011, Angulo and Buatois, 2012, Kuhn et al. 2012):
•

Upper and Lower organic-rich shales: the source of Bakken oil, mature in the United
States (US)
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•

Middle Bakken: the producing member in SE Saskatchewan and in the US, which is
comprised of variable calcareous-dolomitic to siliciclastic facies

Oil production started in the Bakken Formation in the 1950s (Kuhn et al. 2012) with over 3000
wells drilled to date in SE Saskatchewan. Upwards of 200 - 400 billion barrels of oil-in-place is
estimated to have been expelled into the Middle Bakken Member from mature Upper and Lower
Bakken shales (Pitman et al. 2001). Reservoir Ø and K in Middle Bakken range from 1 to 16% (average
of ~5%) and 0 to 20 millidarcies (average of ~0.04 mD) respectively (Pitman et al. 2001, Cronkwright
et al. 2015). Some researchers have postulated that fluid flow in the formation relies on natural
fractures which provide most of the Ø in the productive zone (Pitman et al. 2001 and Sorensen, 2015).
However, how the matrix pore space interacts with natural fractures in defining the overall Ø-K field
is poorly understood (Alharthy et al. 2013).

Fig. 4. Paleozoic stratigraphy in Williston Basin, SE Saskatchewan showing the Bakken Formation in
the red rectangle (Modified from Moto, 2017).
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1.4.2.2.
Montney Formation
The formation is a west-dipping clastic wedge comprised of Triassic-aged deposits that range from
shallow-water sands in the east to siltstones and deep-water muds in the west (Fig. 1, 2 and 5). Montney
depositional processes have been interpreted to be predominated by aeolian transport with periods of
fluvial influence (Davies et al. 1997). Sediment thickness reaches a maximum of 350m adjacent to the
Rocky Mountain deformation front (Vaisblat et al. 2017) and thins towards the subcrop edge in the
east (Fig. 2 and 5). Organic-rich muds in the Montney Formation and in the overlying Doig Formation
that achieved thermal maturity have been attributed as the source of hydrocarbon (Ibrahimbas and
Riediger, 2004). Original in-place estimates in the Montney range from 2.3 to 20 x 1012 m3 (80 - 700
Tcf) of gas (NEB, 2013).

Charlie Lake

Halfway
Doig

Montney

Fig. 5. East-West well correlation showing the eastwards thinning of the Triassic succession from NE
British Columbia into Alberta (Modified from Edwards et al. 1994).
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1.5. Hypotheses
The research conducted and documented in this dissertation tested the following hypotheses:
•

In Middle Bakken, picking wells with similar engineering and operational parameters (such
that completion design, number of frac stages, fraccing fluid, proppant tonnage and pump rates,
lateral length, and well orientation remain constant or similar), differences in cumulative
production are likely mainly related to reservoir quality (affected by vertical/lateral reservoir
heterogeneity and diagenesis) and control by natural fractures and rock mechanical zones, and

•

In Montney Formation, gravity-driven fluid phase separation exhibits a weaker control on
static fluid distribution, compared to the predominant control of Ø and K (which are driven by
pore characteristics, reservoir architecture, and heterogeneity)

1.6. Objectives
The principal objectives of this research were:
1. To construct 3D pore-characteristics driven geological models of the Bakken and Montney
Formations.
2. To evaluate the field-wide predictability of porosities and permeability generated from the
constructed models, calibrated against meso/macroscopic porosities and permeability
estimated from cores and log data.
3. Develop empirical relationships between pore characteristics (for example pore throat size)
and meso/macroscopic reservoir properties and use these relationships to develop a more
representative 3D petrophysical model of the Montney and Bakken Formations.
4. Develop and apply new 3D geological characterization and modeling methods for both
formations, applied towards addressing reservoir related issues such as:
o Well/field production performance (in the case of the Bakken Formation),
o Fluid distribution (for Montney Formation), and
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o The optimization of MFHw drilling locations to reduce the environmental impact
of drilling wells in shale and tight plays

1.7. Thesis Format
The dissertation is structured as a mixed paper-based thesis. Chapters 1 and 2 are regular chapters.
Chapter 1 discusses the overall context and background of the research while Chapter 2 presents an
overview of the methodologies used in the dissertation. Chapters 3 is a mixed chapter that includes a
published extended abstract. Chapters 4 and 5 contain three submitted journal manuscripts one of
which is published while the other two are under review. Chapter 6 is prepared as a manuscript for
journal submission and Chapter 7 is the concluding Chapter. Each chapter ends with a reference list
and a bibliography is included after Chapter 7.
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Chapter 2: Methodology
The objective of this chapter is to provide an overview of the key methodologies used in this
research and a guide to where the methodologies can be found in the dissertation.
Among the principal methods used (as will be narrated below), the discussion of rock
geomechanical property mapping techniques was excluded because highlights of the mathematical
relationships/equations for estimating dynamic rock geomechanical properties were provided in the
earlier Section 1.4.1.2. Geomechanical properties estimation is also a significant component of the
dissertation Sections 4.3.6.2, 5.6.2, and 6.4.2.
The other key methodologies used are:

2.1. Depositional Setting and Facies Modeling
In traditional modeling approaches, Sequential Indicator Simulation (SIS), Truncated Gaussian
Simulation (TGS) and Object Modeling (OM) are typically used to capture spatial variations in
facies (Eschard and Doligez, 1993; Hatloy, 1994; Seifert and Jensen, 1999; Deutsch and Tran,
2002; Bohling, 2005; Falivene et al. 2006; Vargas-Guzman and Al-Qassab, 2006; Levanti and
Aldana, 2010; Fachri et al. 2012; Beucher and Renard, 2016; Zagayevskiy and Deutsch, 2016).
Without incorporating information on the depositional setting, these facies modeling methods
poorly predict vertical and lateral facies heterogeneities. By incorporating depositional
environment information from regional core, well log analysis, and peer-reviewed literature in the
public domain, facies relationships and proportions were generated in this dissertation (guided by
well log data) to provide a more robust representation of spatial variability in facies (discussed in
Section 3.2).
The process of incorporating the gross depositional environment and facies into the 3D
geological models constructed was performed using commercial 3D modeling software. Insights
on the extent of lateral and vertical reservoir heterogeneity for the Montney Formation were drawn
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from outcrop visits to the Montney-equivalent Sulphur Mountain Formation in Kananaskis Alberta
as well as the physical examination of cores at the Alberta Energy Regulator (AER) Core Research
Centre (CRC) in Calgary. An observation of the facies variation in the Bakken Formation was
performed through physical examination of cores at the Tight Oil Consortium laboratory at the
University of Calgary. The workflow and criteria for incorporating facies into the Bakken
geological model are discussed in Section 6.4.8.

2.2. Seismic Data Analysis
The seismic analysis included the development of a novel well log to seismic inversion method
that facilitated the generation of pseudo-seismic seismic attributes for the regional (kilometric)
scale assessment of reservoir heterogeneity and rock mechanical characteristics in the Montney
Formation. The transformation of the well logs into pseudo-seismic data was necessitated by the
lack of commercially available 3D seismic data in the Montney study area (further discussed in
Section 4.3). The new methodology implemented was validated by testing the developed log
transformation/pseudo-seismic workflow in a different unconventional reservoir (the Bakken
Formation) where 3D seismic was available (discussed in Section 4.3.9.2.S2).
As mentioned in the paragraph above, commercially acquired 3D seismic data was available in
the Bakken Formation. The 3D seismic data was evaluated using seismic attribute analyses and
integrated with well log and cores to assess the controls and implications of reservoir heterogeneity
and structure (fault and fracture systems) on the production from MFHws landed and completed
in the Middle Bakken interval of the Bakken Formation (discussed in Sections 6.4.4, 6.6.3.2, and
6.7).

2.3. Fault/Fracture Network: Identification and Characterization
The Fault/fracture characterization methods focused on identifying and mapping faults/fractures
and discontinuities using traditional seismic-based as well as newly developed well log-based
workflows and techniques (discussed in Sections 4.3.5.4, 4.3.6.3, 6.4.1, 6.4.4, and 6.6.3).
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A new and rapid method for using well logs to map faults was developed in the Montney
Formation (discussed in Section 4.3.5.4 and 4.3.6.3). Also, a 3D seismic attribute-guided
fault/fracture network was generated for the Bakken Formation using 3D seismic data (discussed
in Section 6.6.3.2 and 6.7).
The fault/fracture networks generated in this dissertation for the Montney and Bakken
Formations can serve as inputs for future detailed Discrete Fracture Network (DFN) modeling in
both formations.

2.4. 3D Modeling
Several techniques were applied to construct 3D frameworks of Montney and Bakken reservoir
properties. The key approaches to constructing the 3D geological model frameworks for the
Montney and Bakken Formations included:
•

Property Modeling: The petrophysical, geomechanical and property distribution
workflows used (both traditional approaches and newly developed methods) are discussed
in Sections 3.2, 3.4.3, 3.4.3.3, 4.3.5.2.2, and 6.5.2.

•

Neural Network Techniques and Principal Component Analysis: Using neural network
modeling (Hammad et al. 2010; Raguwanti et al. 2011), the relationships and dependencies
obtained for petrophysical parameters (Ø and K) and geomechanical property models, core,
well logs and fractures were incorporated with field data (Bakken Formation case) and fluid
distribution information (Montney Formation) to quality control well log estimation
(Section 4.2.4.3), assess the relationship between reservoir geomechanical controls on
MFHw completion results/characteristics (Section 4.3.7), and to predict natural fracture
zones (Section 6.6.3.1).

•

Pore throat size mapping: Information on pore throat sizes were obtained through the use
of laboratory core Ø-K measurements performed by the Tight Oil Consortium laboratory at
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the University of Calgary (Sections 3.3.4), petrophysical well log data analysis performed
in this research (Sections 3.3.4 and 3.3.5), as well as through Ø-K modeling and the
incorporation of modified Winland correlations into a 3D model framework (Section 6.7).
Where available, for benchmarking and quality control of results, information on pore throat
sizes (particularly for the Montney Formation) from commercial reports and peer-reviewed
scientific publications were reviewed and incorporated where relevant (Section 6.5.4).

2.5. Statistical Analyses and Machine Learning
Regression, univariate and multivariate analyses (Sharma et al. 1978; Fox, 1997; Wackernagel,
1996; Draper and Smith, 1998; Seber and Lee, 2003; Sabeti et al. 2016; and Hosseini et al. 2019)
were used to establish statistical correlations or identify the relationships between various data
such as the drilling Rate of Penetration (ROP), fluid compositions, rock geomechanical properties
(e.g. rock strength), well logs, reservoir parameters (e.g. facies, porosity, permeability, pore throat
size), cumulative production, EUR, MFHw energy requirements, and pre-production methane
emissions (Sections 3.2, 3.3.4, 3.4.3.3, 4.2.4.1, 4.2.4.2, 4.2.4.3, 4.2.5, 4.3.6.4, 5.5.1, 5.5.4, 5.6.1,
5.6.2, 6.5.2, 6.5.3, 6.5.4, 6.6.3.1, and 6.7).
Principal component analysis (PCA) was used to identify the number of components required
to explain the relationship between variables (Bolgkoranou and Ortiz, 2019); see Sections 4.2.4.3
and 4.3.7.
Artificial neural network modeling (Wasserman, 1993; Livingstone, 2009; Nielsen, 2015;
Zhang and Zong, 2015) was key to performing a quality control of shear velocity log estimation in
the Montney Formation (Section 4.2.4.3) and also facilitated the transitioning of an integrated
natural fracture zone prediction method developed in this research for the Bakken Formation into
a time-saving machine-assisted workflow ready to use in other shale and tight reservoirs (Section
6.6.3.1).

57

The analyses highlighted above were completed using commercial petrophysical modeling and
database tools, including Microsoft Office tools.

2.6. Inversion Techniques
In the Montney Formation, well log inversion (Sabeti et al. 2016; Iwuoha et al. 2019a and
2019b) was used to transform wireline sonic transit time (compressional and shear) and bulk
density (RHOB) log data into pseudo-seismic compressional velocity (Vp), shear velocity (Vs) and
RHOB volumes that subsequently informed reservoir petrophysical, geomechanical and fault
mapping (Section 4.3). As part of the log data transformation, genetic inversion was used to
generate a pseudo-seismic Ø 3D cube from the pseudo-seismic RHOB 3D volume (Section
4.3.5.2.2c)

2.7. Mineralogical Assessment
Although no laboratory measurements of X-ray Fluorescence (XRF) or X-ray Diffraction (XRD)
data analysis were directly performed in this research, XRF, XRD, and complementary laboratory
analysis data were sourced from reports and peer-reviewed publications in both the Montney and
Bakken Formations to corroborate the petrophysical and geomechanical facies and/or zones
interpreted in this research (Sections 6.4.6 and 6.5.4). Laboratory data access was graciously
provided by the Tight Oil Consortium Laboratory at the University of Calgary.

2.8. Uncertainty Analyses
Multiple scenarios of properties were generated using different criteria to generate a range of
property models or well log results (Sections 3.4.3.3 and 4.2.4). The models generated were provided
for reservoir simulation to facilitate production history-matching within the range of uncertainties
observed from the data analyzed (Section 3.4.4). The use of neural network modeling techniques
(earlier highlighted in Section 2.4 above) complemented the multi-scenario analyses performed in
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providing a perspective on the range of uncertainties on well log estimates (particularly the estimation
of Vs logs in the Montney Formation in Section 4.2.4).

2.9. Resources Used
The resources utilized included industry databases and software, in addition to having access to the
Tight Oil Consortium Laboratory at the University of Calgary and the Alberta Energy Regulator Core
Research Centre (AER CRC) Calgary. The University of Calgary’s access to International scientific
journals was incredibly helpful.
The key software used were:
•

AccuMap, GeoScout and Petra - These were available on university workstations and
were used to access well databases.

•

Completions and Frac database - Access to well completions and hydraulic fracturing
information, initially provided by Canadian Discovery Limited and subsequently by
Geologic Systems Limited.

•

Interactive Petrophysics (IPTM) - Available on university workstations for petrophysical
interpretation

•

PetrelTM - Available on university workstations for seismic interpretation and 3D
geocellular modeling

This research was supported by funding from the Tight Oil Consortium, University of
Calgary. Partial funding was provided from the Natural Sciences and Engineering Research
Council Collaborative Research and Development (NSERC-CRD) Grant to Dr. C. R. Clarkson.
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Department of Geoscience.
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Part I: Characterization and Modeling of the Montney Formation,
West-Central Alberta
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Chapter 3: Rock Characteristics Control on Montney Fluid
Distribution
3.1. Overview
In the literature, the approach to assessing the static fluid distribution in the Montney
Formation has primarily been based on well correlations, data analysis along the wellbore (1D), the
creation and use of 2D property maps, and laboratory sample analysis. In this research, I approached
the problem from a 3D perspective that considered both the vertical and lateral reservoir heterogeneity
and their control on fluid distributions. The method used relied on 3D modeling which was first tested
for relevance and applicability in the Montney tight play.
In this chapter, I initially present (in Section 3.2) the summary of an evaluation and testing of
the 3D modeling technique (coupled with reservoir simulation studies) to address one of the
fundamental challenges in unconventional reservoir development being the extent of hydraulic
fracture growth. Section 3.2 was co-published in the Journal of Natural Gas Science and Engineering
(Clarkson et al. 2016) and provided an insight into the potential for using 3D modeling to support
reservoir studies in shale and tight plays.
As a result of the insight obtained from applying the 3D modeling technique, I applied
integrated 3D modeling to evaluate the relationship between petrophysical and geomechanical
properties and Montney fluid distributions. The application was a two-phased process.
The first phase (presented in Section 3.3) involved assessing the correlation between porescale variation in porosity and permeability and the distribution of produced hydrocarbon fluids in
Montney MFHws. This assessment was reviewed and presented as a published conference paper at
the William C. Gussow Conference themed “Advances in Applied Geological Modeling for
Hydrocarbon Reservoirs” (Iwuoha et al. 2018).
In the second phase (presented in Section 3.4) by leveraging the insights from Section 3.2 on
the relationship between dominant pore throat sizes and Montney vertical and lateral fluid
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distributions, I constructed a 3D static cube model to further investigate the geomechanical controls
on both the dominant pore throat sizes and fluid distributions in the Montney interval.

3.2. The Geological Modeling Approach: Summary of an Assessment of
Hydraulic Fracture Height Growth in a Layered Fine-Grained Reservoir
An initial stochastic geologic model was constructed in the Petrel™ software (Schlumberger, 2019)
over 29 square miles (~75 square kilometers) in the Kawaka Field for the Montney Formation (Fig. 6)
to provide geological input into the study of fracture height growth (Clarkson et al. 2016). Fluid
compositional data on a reference/central study well in the study indicated compositional variability
(Fig. 7) in an otherwise siltstone-dominated interval that showed little reservoir heterogeneity.
However, gamma-ray log variations along a reference well’s lateral (later shown in Fig. 12) indicate
that reservoir heterogeneity could be a contributing factor to fluid compositional variation, hence could
cause variable fracture height growth within and probably beyond the interval.
R5W6
R7W6

R5W6

R3W6

T64

T64
T62

Kakwa Field Limit

Fig. 6. The study area for the Montney Formation initial 3D geological model. The wells with green
circle well symbols are vertical wells used for lateral correlation and geostatistics of the Upper and
Lower zone. The wells with red circles are offset horizontal wells. The wells in pink had data received
from the company operating the field. All other well data were sourced from the public domain. Fluid
composition data was available on the central study well.
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Fig. 7. Montney upper zone fluid compositions from cuttings and flow back data (Modified from
Clarkson et al. 2016).
In addition to the reference/central study well, 8 offset wells were incorporated into the geomodel
using a traditional static modeling workflow (Fig. 8). The incorporation of vertical and lateral
heterogeneity through depositional environment and facies modeling resulted in a geological model
(Fig. 9 and 10) that facilitated the numerical simulation process with no tuning of matrix parameters
required for dynamic model initialization (Clarkson et al. 2016).

Fig. 8. Traditional 3D modeling workflow implemented on the Montney initial model (Modified from
Clarkson et al. 2016). Also, see Appendix 3 which highlights the general model setup in commercial
software.
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Fig. 9. Montney Facies model cross-section along the central study well in the Montney initial 3D
model (Modified from Clarkson et al. 2016).

Fig. 10. Montney porosity model cross-section along the central study well in the Montney initial 3D
model (Modified from Clarkson et al. 2016).
A weak correlation between porosity and permeability that was observed during petrophysical
analysis (Fig. 11) suggests that other factors (such as pore throat size) may act as complementary
controls on permeability (and possibly fluid compositional and/or fluid phase variability), beyond the
larger scale effect reservoir heterogeneity (Fig. 9).
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Fig. 11. Montney porosity-permeability relationship used for petrophysical modeling in the Montney
initial 3D model (Modified from Clarkson et al. 2016). The correlation coefficient from the in-situ and
slip corrected profile permeability versus log porosity relation was retained as the base case for cosimulating permeability with porosity in the initial 3D model.
Due to the objective of this study being to evaluate fracture height growth, the initial Montney 3D
model was constructed as a single porosity medium, with natural and hydraulic fracture properties
modeled in a dynamic simulator (Fig. 12).

Matrix Permeability

Propped Fracture Permeability
Unpropped Fracture Permeability

NW

SE

Upper Zone
Frac stage 1
Toe (TD)

Frac stages

9 Successful stages

GR Log
Samples

Heel

Lower Zone
Vertical exaggeration: 3x

Fig. 12. Cross-section along the central study well showing Upper and Lower Montney zones -which
would have been simulated with homogeneous properties in the absence of a detailed 3D model(Modified from Clarkson et al. 2016). Hydraulic fracture stages are shown as crosshairs along the well
(9 successful stages). A comparison is shown of the 3D model permeability (which was retained as a
matrix property in the simulator) and propped/unpropped fracture permeability which was generated
during dynamic simulation).
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Further extension of the model over the full-field for further fluid phase studies is planned in future
studies, and would incorporate a model of the natural fracture system to improve our understanding of
the fracture network and how fluid flow dynamics in in-situ fracture networks could influence the
potentially complex fluid phase development in the surrounding matrix pore space (Fig. 12). By
extension, therefore, the full-field dual-porosity model is expected to provide insights on fluid phase
distribution and its controls in Montney Formation.

3.3. Application of 3D Geological Modeling in Montney Fluid Distribution
Assessment: Phase One – Pore Scale Variability

3.3.1. Summary
In the Triassic Montney Montney Formation in Alberta and British Columbia (Figs. 1 and 2), different
fluids are produced (oil, gas condensate, dry gas) (Kuppe et al. 2012; Ferri et al. 2013; Iwuoha et al.
2018; and Vishkai and Gates, 2019). This study focuses on a Montney producing area in west-central
Alberta (Fig. 1) where thermal maturity and depth data are inconsistent with the production of different
fluids. This evaluation reviews the potential control of pore size on fluid distributions in the study area.
Our workflow utilizes well logs, core data and three-dimensional (3D) geological modeling techniques
to map facies, petrophysical properties and pore size distribution in the study area.
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Fig.1 Montney Formation extent in Alberta and northeastern British Columbia. (Modified from
NEB, 2013).
Our results show that gas and condensate producing areas have mean dominant pore throat sizes of 20 30nm with a wider range of pore size distribution (up to 55nm) occurring in the condensate producing
area. The mainly oil-producing area shows a lower mean dominant pore size of 10 - 20nm with a marked
increase in siltstone and shale heterolithics eastwards. Although porosities in the oil trend are relatively
higher (mean ~4.5%) than those within the gas and condensate producing areas (mean ~3% and 4%
respectively), permeabilities are lower in the oil trend (mean 0.27µD) compared to the gas (0.32µD) and
condensate (0.48µD) producing areas. The relatively larger pores in the gas and condensate producing
areas that appear to control permeability may have facilitated secondary migration of lighter
hydrocarbons into the gas and condensate producing areas, leaving the oil in the eastern more
heterogenous size-limited pores in the oil area unswept. Our finding provides an insight for reconciling
the thermal maturity data from rock-eval pyrolysis (interpreted as oil window; Riediger, 1990; Riediger
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et al. 1990; Allan and Creaney, 1991; Ejezie, 2007; Kuppe et al. 2012; and AGS, 2017) and the
hypothesis of potential secondary gas migration in Montney Formation literature in the study area (Wood
and Sanei, 2016 and 2017). The data integration and 3D geological modeling approach that led to our
findings are the focus of this paper.
3.3.2. Introduction
Given the decline in commodity prices over the last few years, research into understanding the reasons
for the occurrence of different types of hydrocarbon fluids in the Triassic Montney Formation is gaining
an audience. Previous workers have proposed different mechanisms beyond the control of thermal
maturity and depth, such as secondary migration and leakage of methane (Wood and Sanei, 2016).
Whereas the existing body of knowledge suggests explanations for the variation in the fluid distribution
in Montney Formation using data such as fluid compositions (Wood and Sanei, 2017), these studies
generally address lateral variations in fluid types with less detail provided on the vertical controls. In this
study, we utilize 3D geological modeling as a medium for multi-source, multi-scale data integration to
evaluate both lateral and vertical controls on fluid distribution in the formation.
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Fig. 2A. Montney Formation and some overlying Cretaceous and Jurassic stratigraphy in the study
area. The arrow indicates the studied interval.
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We focus on evaluating pore size variation and its influence on fluid distributions (lean gas, wet
gas, and oil) observed in Montney Formation within a 12 townships (1, 105 km2, ~ 427 sq. miles) area
in west-central Alberta (Fig. 3). The study area context, general reservoir and production characteristics
are presented below:

*Upper Montney

Fig. 2B. Study area contextual information and Montney parameters.
3.3.3. Data Analysis and Method
Using the production record data plotting method proposed by Ferri et al. (2013), the produced fluids
from 392 Montney producers were plotted in the study area. The plotted data (Fig. 3) show lean gas
production in the west-northwestern portion of the study area (termed the Lean Gas Trend – LGT). The
central to the northcentral area is dominated by a wet gas trend with elevated levels of condensate
production of up to 250 bbls/MMscf (termed the Wet Gas Trend – WGT). Mainly oil production occurs
in eastern – northeastern portions of the study area (termed the Oil Trend – OT).
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Fig. 3. Bubble map of first 36 months production in the study area. Note that the solid lines of the fluid
type boundaries (also shown in Fig. 4) do not connote geologic limits.
The Montney Formation top of structure map (the bottom-right inset map in Fig. 6) was created
using corrected and correlated formation tops from 88 vertical wells (the wells with orange well symbols
in Fig. 4). The resulting map (bottom-right inset map in Fig. 6) was quality-controlled using the Montney
Formation tops from the 392 Montney producing wells. Electrofacies were defined using a gamma ray
(GR) log criteria (Clarkson et al. 2016) to capture the main lithologies in Montney Formation in the study
area; being siltstones, sands, and shales (Figs. 1, 5 and 6; NEB, 2013; Cui and Nassichuk, 2018; Yang,
2018). The GR electrofacies criteria were also checked for lithology consistency using several overlying
well known Cretaceous and Jurassic units that contain siltstones, sands, and shales such as the Cardium,
Kaskapau, Dunvegan, Fahler, and Fernie. The core porosity (Phi) and permeability (K) were obtained
from depth-corrected core data in five wells with cores cut in the LGT, WGT, and OT (Figs. 4 and 5).
Log Phi was computed from the RHOB log. Log K was calculated using log Phi and the relationship
between log Phi and slip and in-situ stress corrected K obtained from core analysis (pulse-decay and
probe profile K measurements) on a well in the study area (well X, shown in Fig. 7). Core K was also
slip and in-situ stress corrected using the same relationship.
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Fig. 4. Bubble map of first 36 months production in the study area. The 5 cored wells (light green circles)
are sequentially numbered from west to east as CW1 to CW5. The naming system for the vertical wells
(blue circles is explained in Fig. 6).

Fig. 5. Upper Montney cored intervals in the study area. The well log shown is GR. Note the increase
in shale content in the OT (CW4 and CW5). CW2 and CW3 and in the WGT while CW1 is in the
LGT.
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A 3D grid was constructed with 75m x 75m x 2m cell size, oriented 45O east (consistent with the
maximum horizontal stress direction), including 50 geological layers in the ~100 m thick Upper Montney
interval). For completeness (although not the focus of our evaluation), 10 layers (~10m thick) were
included in the ~ 100m thick Lower Montney interval. The 3D facies model was constructed by
distributing upscaled facies (scaled-up using the “most-of” upscaling algorithm) in the 3D grid through
the Sequential Indicator Simulation (SIS) 3D property distribution technique in commercial software.
Upscaled log Phi (arithmetic method) and K (geometric method) were distributed in 3D using the
Sequential Gaussian Simulation method (SGS). K was co-krigged with Phi using a correlation coefficient
of 0.56 obtained from a cross plot of log Phi and slip and in-situ-corrected probe K in well X within the
study area [well X is discussed in Clarkson et al. (2016) and shown in Fig. 7]. A northwest-southeast
(NW-SE) oriented 6.4km x 6.4km (“major” x “minor” direction) model dimension-dependent spherical
variogram that is consistent with the shelf to the basinward regional direction of facies change in the
formation was used for both facies and petrophysical modeling, with a vertical range of 3m in the Upper
Montney interval. The resulting properties were quality-controlled with core data in the five cored wells.
A crossplot of core Phi with slip and in-situ stress-corrected K were created and the modified Winland
correlation documented in Di and Jensen (2015) was used to identify the pore throat sizes for each of the
core samples in the Upper Montney interval in the LGT, WGT, and OT. Lastly, we utilized the Phi-K
model, fluid composition data and formation breakdown pressures in well Hz1 (a northwest oriented
2km long lateral whose surface location is shown in the Montney top of structure map in Fig. 6) to
investigate the pore size control on vertical variations in fluid composition in this horizontal well. Fluid
composition data acquisition from cuttings samples and isojars in Hz1 is discussed in Clarkson et al.
(2016)
3.3.4. Results and Remarks
In the study area, Siltstones and shales (which make up 67% and 31% of the electrofacies proportion
determined from well log analysis; Section 3.3.3; Clarkson et al. 2016) dominate the Upper Montney
interval, which is the focus of our evaluation (Fig. 6). Based on structural deformations that are
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apparent in the Montney top structure map (bottom-right map in Fig. 6), we infer the occurrence of
structural lineaments in the study area, likely linked to underlying Leduc reef margins (Weir et al.
2018; Yang, 2018). A crosscheck of the facies model through the geological layers in the model did
not highlight a potential control of the lineaments on facies distribution. Further investigation of the
potential influence of these structures on fluid distribution is beyond the scope of our evaluation
currently.

Fig. 6. Structural cross-section, facies modeling result and Montney top structure map showing the
transect of the cross-section. Note that the 23 wells in the cross-section are comprised of vertical wells
(W1 to W18 named sequentially along the transect from A to B) and the cored wells CW1 to CW5).
The log shown in the wells is GR (doubled track). Additional formation tops in wells close to the
transect that were used for structural control are shown in the WGT (sky blue circles). CW1 (in the
LGT) and CW3 (in the WGT) are cored and sampled across in Upper Montney at similar depths thus
partly precluding a depth control on fluid distributions.
Results of the cross plot of Phi - K data from the cored wells and well X with Winland
correlation lines for dominant pore throat size identification are shown in Fig. 7.
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Fig. 7. Core Phi and slip, stress-corrected K, with Winland correlation for dominant pore throat size
identification.
We investigated the facies control on Phi-K by coloring the Phi-K crossplot with facies (Fig.
8). In Fig. 9, we show the Phi-K variation for each of the fluid type areas. From both Figs. 8 and 9, the
higher porosity (>5%) shale samples occur in the OT. However, higher porosities in these shales do
not always correspond to higher permeabilities.

Fig. 8. Core Phi and slip, stress-corrected K, colored by facies (well X is excluded).

3.3.5. Discussion and Conclusions
Based on the data evaluated in the study area, porosities in the oil trend are relatively higher (mean of
all samples ~4.5%) than those within the gas and condensate producing areas (mean ~3% and 4%
respectively). Permeabilities are lower in the oil trend (mean ~0.27µD) compared to the gas (mean
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~0.32µD) and condensate (mean ~0.48µD) producing areas (Fig. 9). Relatively larger pores occur within
the gas and condensate producing areas (Fig. 10). Given the non-linear Phi-K relationship(s) in the
samples studied (Fig. 7, 8, and 9), it does appear that within the study area the variation in pores sizes
and the closer relationship between pore sizes and permeability proffers a plausible explanation for the
variation in fluid types (Fig. 9 and 10). On one hand, larger pores correlate more with higher permeability
(seen in CW1, CW2, and CW3 which are in the LGT and WGT). On the other hand, smaller pore sizes
in CW3 and CW4 correlate with lower K in the OT. (Fig. 9 and 10). Note that the increased shale content
in the OT will likely accentuate the restrictions in the pore space in this area. The thermal maturity data
from rock-eval pyrolysis in the study area suggests an oil window maturity (Riediger, 1990; Riediger et
al. 1990; Allan and Creaney, 1991; Ejezie, 2007; and AGS, 2017). This could imply that lighter
hydrocarbons may have migrated into the study area with the displacement of oil only possible in the
LGT and WGT where the overall higher K, controlled by pores sizes allowed fluid influx. Although we
would expect gas to be able to permeate the smaller pore spaces found in the OT, it appears that the
increased shale content and potentially more complicated pore system may have mitigated this
occurrence. Comparatively, in the LGT and WGT, the smaller pores and lower K in the LGT appear to
be more favorable to lean gas influx which is more in line with expectations.
Our evaluation of Hz1 (located in the WGT) vertical variation in C1/C2 gas ratios revealed results
that are consistent with our findings in the vertical cored wells evaluated. Higher C1/C2 ratios correlated
with pore sizes of >20nm while C1/C2 ratios decreased when pore sizes were ≤20nm (Fig. 11).
Breakdown pressure data from the hydraulic fracture stages (track 3 from the left in Fig. 11 well log
panel) captures the variation in internal rock (likely linked to pore) fabric and corroborates the pore-scale
variations captured at 3D grid scale by variations in the Phi-K model.
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Fig. 9. Siltstone and shale Phi - K in the LGT (CW1), WGT (CW2 and CW3), and OT (CW4 and
CW5). Note that the OT has a higher proportion of shales (see Figs. 5 and 6). The higher proportion
of shales in the OT will likely play a role in controlling fluid storage and transport behavior in the
eastern portion of the study area (also see Fig. 5 and 6). Shales in CW2 were sampled, however, both
have a K of 1.1µD.

Fig. 10. Siltstone and shale pore sizes in the LGT (CW1), WGT (CW2 and CW3), and OT (CW4 and
CW5). Note that the OT has a higher proportion of shales (see Figs. 5 and 6) hence the tendency to
have a smaller (likely more complex) pore system.
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Fig. 11. Phi-K model in Hz1 showing the correspondence of larger pore sizes with higher C1/C2 ratios (spikes in track 6) in the well log panel on the right.
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Our findings from this research highlight that dominant pore throat sizes exhibit some control on
lateral fluid distribution and vertical variations in composition in each of the fluid type areas studied.
The LGT and WGT likely contain migrated hydrocarbons while the OT appears to be unaffected by
secondary gas migration due to a likely more complex pore system. Our pore size estimations are
consistent with pore size ranges in published literature for the Montney Formation within the study
area (Yang, 2018), as well as estimates from rate of adsorption (ROA) and low-pressure gas (N2)
adsorption (LPA) measurements performed in Montney cores (Ghanizadeh et al. 2015 and Ghanizadeh
et al. 2018).
To the best of my knowledge, this study represents the first attempt at utilizing a 3D geological
model framework coupled with modified Winland correlations to assess lateral and vertical
relationships between pore sizes and fluid distributions in Montney Formation, west-central Alberta.
Further evaluation of pore size controls on fluid distribution in other non-cored vertical as well as
horizontal wells would be the focus of future evaluation.

3.4. Application of 3D Geological Modeling in Montney Fluid Distribution
Assessment: Phase Two - Integrating Geomechanical Characteristics
3.4.1. 3D Static Geological Model Setup and Basis for Modeling
A three-dimensional (3D) static geological model was constructed to provide a 3D geological
framework for the evaluation. The model limit (also the study area) covers the 7G science pad, as well
as the science well 1 and 2 (SW1 and SW2 respectively) areas which were previously evaluated by
Clarkson et al. (2016) and included in the current model limit for ease of comparison (Fig. 1).
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Fig. 1. GeoScoutTM base map showing the 3D geological model limit and reference wells in the study
area. MFHw = Multi-fractured horizontal well, SP MFHw = Science pad MFHw, SP Vertical =
Science pad vertical well. All the Ranges are west of the 6th meridian. The 05-21 well location shown
on the base map refers to the where the 05-21 well intersects the top of Montney Formation. The
vertical well in Section 15 T64 R4W6 was only used for structural control as it had an incomplete well
log suite for petrophysical evaluation.
With the emphasis of the study being on vertical fracture height growth, the model was set up to
capture vertical petrophysical heterogeneity and is hereafter referred to as a cube model, for the
purposes of this study.
3.4.2. Available data
The data available for modeling included:
•

Final directional surveys and wireline logs in 82 offset vertical wells located outside (but in
the vicinity) of the study area. Some of these vertical wells are shown in Fig. 1

•

Final directional surveys and wireline logs for the reference wells (7 vertical and 2 horizontal
wells) in the study area shown in Fig. 1.
The Wireline logs in the offset and reference wells include: Caliper, Gamma Ray (GR),
RHOB, Density correction, Spontaneous potential (SP), Neutron, Resistivity (Shallow,
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Medium, and Deep), and Photoelectric Factor, along with drilling-related logs such as Bit
size, Cable tension, and Rate of penetration
•

Fluid compositional data, including mud gas in 04-22, 05-21, and 14-20 wells

In addition, the final geological reports for the SP vertical (05-21) and SP MFHw (14-20) wells
were also received from the field’s operator.
3.4.3. Workflow
The 3D model was constructed in PetrelTM software and is comprised of three geologic formations
(Doig, Montney, and Belloy) within which fluid data were collected. The model was constructed in
three steps as shown in Fig. 2 and subsequently discussed:

Fig. 2. 3D geological modeling workflow (Modified from Clarkson et al. 2016).
3.4.3.1.
Data loading, 3D grid construction, and quality control
This step involved loading the deviation surveys, wireline logs, and formation tops, followed by
quality control for sub-regional consistency of formation tops. Where necessary, formation tops were
updated. The 3D grid was oriented at 45 degrees for consistency with the regional maximum northeast
(NE) horizontal stress orientation.
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2km
Fig. 3. Plan view of the 3D grid showing wells in the study area and the grid orientation. The 6 vertical
wells (shown with the red circles) were used as reference wells for well logs petrophysical property
estimation (to be subsequently discussed). Note that the bottom right reference well corresponds to the
05-21 science pad well which has a deviated upper hole section but intersects the Montney Formation
vertically.
3.4.3.2.
Structural and stratigraphic modeling
Structural modeling was performed using the formation tops for Doig, Doig Phosphate, top of
Montney, Lower Montney, and the sub-Triassic unconformity (Top of Belloy Formation). Subregional horizons were initially mapped for the top of Montney, Lower Montney, and top of Belloy
Formation, using 87 vertical wells over 12 Townships (including the study area). This map was
subsequently updated when the 05-21 well was drilled in the science pad area (Fig. 1, 3, and 4). The
Doig Formation mas mapped as unconformably overlying the Montney Formation while the Montney
Formation unconformably overlies the Belloy Formation.
During the stratigraphic modeling, zones and layers were defined in the model. Five zones
were defined (Fig. 5), with the uppermost two zones corresponding to the upper Doig and Doig
phosphate intervals. As fluid data were collected in 10-meter intervals, the geological layers in the
model were defined in order to achieve approximately 10-meter thick grid cells, to closely match the
fluid data sampling frequency.
Following the grid set up, structural, and stratigraphic modeling, the 3D model’s grid
characteristics are summarized below:
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Grid dimension (XYZ): 75m x 75m x 11maverage cell height
Zones: 5 – Upper Doig (1), Doig Phosphate (2), Upper Montney (3),
Lower Montney (4), and Belloy Formation (5)
Zones, layers and cell height:
•

Zone 1: Mean cell height (MCH - 11.6 m) – 2 layers

•

Zone 2: (MCH - 16 m) – 1 layer

•

Zone 3: (MCH - 10.7 m) – 10 layers

•

Zone 4: (MCH - 10.5m) – 10 layers

•

Zone 5: (MCH – 13m) - 3 layers

Total number of geological layers: 26
Number of active cells: 1.08 million

Fig. 4 Montney Formation top structural depth map. The mapped top of the Montney structure was
quality controlled for consistency with the Top of Montney sub-regional structural trend.
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Fig. 5 Zones and layer numbers in the 3D grid.
3.4.3.3.
Petrophysical modeling
Porosity and permeability (Phi-K) logs were estimated from the RHOB log and porosity – log
permeability relationship in the study areas as described in Clarkson et al. (2016). The
petrophysical model was populated with the mean and minimum (min) and maximum (max) values
per layer, obtained from the Phi-K well logs. The min and max values correspond to the minimum
and maximum value of Phi-K per layer observed in any of the six reference vertical wells. The
min-mean-max models provide a range within which reservoir properties can be adjusted in the
reservoir simulation model while remaining globally representative of the reservoir characteristics
in the study area (Fig. 6 and 7)
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13-28

05-21

Fig. 6. Min-mean-max Phi-K estimated from the 6 reference petrophysical (vertical) wells in the study
area. Core Phi-K data (net overburden and slip corrected) data in the 13-28 SW1 (grey-highlighted)
well is shown (third and fourth tracks from the left – further discussed in the model verification
section). The 05-21 well is also shown for context. In both wells above, Phi is the third track from the
left while K is the fourth track from the left. In the Phi-K tracks, the blue curve represents the min
value, brown = mean, and pink = max value. Also, in both Phi-K tracks, the black curve represents Phi
derived from the RHOB (for the porosity track) and K derived from Phi-K relationship in the 13-28
well, as described in Clarkson et al. (2016). Note that the Phi-K relationship is based on slip and net
overburden stress-corrected permeability (see Clarkson et al. 2016). Track 5 from the left shows the
Upper and Lower Montney geological layers in the model, where UM = Upper Montney and LM =
Lower Montney.
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Permeability (mD)

Porosity (frac)
Fig. 7. Montney Formation Phi-K crossplots for the mean (average), min, and max models per layer,
along with core Phi-K data from 13-28 SW1.
Fig. 8 to 13 show the minimum, mean, and maximum Phi-K models in the Montney
Formation.
A 14-20

A’

05-21

400m
13-28

A’
14-20
05-21

A

Fig. 8. Minimum porosity model in the Montney Formation. The cross-section is oriented SE-NW,
along the 14-20 SP MFHw. Note that the Density caliper measurement on the MFHw terminates at the
onset of the anomalously low GR reading. The GR was not used for reservoir property estimation.
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Fig. 9. Mean porosity model in the Montney Formation. The orientation of the cross-section is shown
in Fig. 8.
A 14-20

05-21

A’

400m

Fig. 10. Maximum porosity model in the Montney Formation. The orientation of the cross-section is
shown in Fig. 8.
A 14-20

05-21

A’

400m

Fig. 11. Minimum horizontal permeability model in the Montney Formation. The orientation of the
cross-section is shown in Fig. 8.
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Fig. 12. Mean horizontal permeability model in the Montney Formation. The orientation of the crosssection is shown in Fig. 8.
A 14-20

05-21

A’

400m

Fig. 13. Maximum horizontal permeability model in the Montney Formation. The orientation of the
cross-section is shown in Fig. 8.

3.4.4. Model Verification and Export for Reservoir Simulation
For quality control purposes, the min-mean-max Phi-K values were compared with core slip
and net overburden stress-corrected Phi-K in the science well SW1 (13-28) as well as the log Phi-K
values from other vertical reference wells in the study area. The quality control performed showed that
the model mean Phi-K reasonably match core Phi-K data (Fig. 6 and 14).
We underscore (as a reminder) that the well logs from which the min-mean-max models were
generated are based on slip and net overburden stress-corrected data (the correction method is
discussed in detail in Clarkson et al. 2016). The min-mean-max model are however the result of the
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average from the 6 petrophysical reference vertical wells (Fig. 3), which each layer being at least 10m
thick (as was earlier discussed).
The model verification step was therefore essential to confirm how representative the model
Phi-K values were, relative to the higher frequency in-situ stress-corrected core Phi-K data.

Model Layers

Cored Interval

13-28

Fig. 14. A comparison of the model Phi-K with slip and net overburden stress-corrected core Phi-K.
Phi is the fourth track from the left while K is the fifth track. The turquoise-colored K log is slip and
net overburden stress-corrected probe permeability core measurement. The log colors in the Phi-K
track were described in Fig. 6.
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On completing the model verification and final quality checks, a rescue model of the cube
model was exported for reservoir simulation. The exported data included:
•

Reference vertical and horizontal wells (shown in Fig. 1, 3, and 4), including the 05-21 and
14-20 science pad wells

•

Layers (shown in Fig. 5), and

•

Phi-K (min-mean-max models, shown in Fig. 8 to 13)

3.4.5. 3D Framework for Comparing Fluid Compositions between SW1 and the
Science Pad Geological Layers
In addition to achieving the objective of setting up a 3D model highlighting the vertical heterogeneity
in the science pad area, this geological model provides a basis upon which the SW1 area which was
previously evaluated for fracture height growth by Clarkson et al. (2016) can be compared.
New insight: Using the 3D grid set up in this evaluation, we compared the compositional
variations observed in SW1 well and the 05-21 science pad vertical well (Fig. 15). We observed that
although fluid compositional variations (shown by the C1/C2 dryness ratio plotted in Fig. 15) appear
to be relatively suppressed in the 05-21 well, the compositional variations occur in similar geologic
layers in both wells (highlighted by the red squares in the Measured depth – MD – track in Fig. 15).
Based on this observation, we opine that the vertical compositional heterogeneity observed in
the 05-21 provides evidence that supports the use of “finger-printed” fluid data for fracture height
growth study in the science pad area as was performed in SW1.
Lastly, the evaluation of fracture height growth in the science pad area would be facilitated by
the incorporation of the 05-21 vertical well into this model. The 05-21 well provides both vertical
stratigraphic information near the 14-20 well and fluid compositional data from the Lower Montney
interval which previously unavailable.
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04-22 (SW1)

05-21

Doig
Doig Phosphate
Montney

SW1 Toe
Lower Montney

Belloy
Fig. 15. A comparison of fluid compositions (track 3 from the left) in 04-22 (SW1) MFHw and 05-21 science pad verticals wells. SW1 toes-up into
shallower Montney layers. This well is discussed in detail in Clarkson et al. (2016). Phi_Dens = Density porosity log. UD = Upper Doig, DPh = Doig
Phosphate, UM = Upper Montney, LM = Lower Montney.
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Chapter 4: The Control of Petrophysical and Geomechanical
Characteristics on Multi-fractured Horizontal Well Production
Performance in the Montney Formation
4.1. Overview
The evaluation of the control of petrophysical and geomechanical characteristics of the
Montney Formation was performed using two new methodological approaches developed in this
dissertation. These two approaches were developed to provide two datasets that were deemed
necessary to assess the regional distribution of petrophysical and geomechanical characteristics in the
study area, prior to establishing their controls on MFHw performance in the Montney Formation. The
datasets required were:
1. Compressional velocity (Vp), shear velocity (Vs), and bulk density (RHOB) well logs.
The Vs log was only available in 67% of the wells used in the study and had to be estimated
in 33% of the wells as will be discussed in Section 4.2. The Vp, Vs, and RHOB well logs
were required to generate the dynamic elastic properties used in estimating the Montney
geomechanical characteristics in the study area.
2. Petrophysical property distributions in the study area. Porosity and permeability logs were
generated from conventional wireline logs calibrated with core data (as described in
Section 3.2).
The petrophysical and geomechanical properties were integrated into a 3D regional framework
using a pseudo-seismic workflow that facilitates a review of the Montney petrophysical,
geomechanical properties and MFHw production in the study area.
The methodological workflow developed to estimate Vs logs is presented in Section 4.2 while
the pseudo-seismic modeling workflow is presented in Section 4.3. The Vs log estimation workflow
is published in Elsevier’s MethodsX journal (Iwuoha et al 2019b) while the pseudo-seismic workflow
has been submitted for journal publication and is under review (Iwuoha et al 2019c).
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4.2. Estimation of Shear Velocity Logs in the Montney Formation
4.2.1. Abstract
In this paper, we present a customized method for estimating sonic shear velocity (Vs) from
compressional velocity (Vp) logs in the Montney Formation, in wells lacking dipole sonic data.
Following a multi-scenario analysis that comprised of assessing empirical Vs estimation relations
[including lithology, Ø, and volume of clay (Vsh)-based Vs estimation techniques], bivariate
statistics, and machine learning, we found that the Greenberg and Castagna (1992) shale lithology
constants yield Vs log estimates that best match the measured Montney Formation Vs in our study
area, with a regional correlation coefficient of 0.8. We have therefore customized the Vs estimation
method in our study to use the Greenberg and Castagna (1992) shale lithology constants. Our
working method:
•

Improves the efficacy of Vs log estimation from Vp logs in the study area

•

Demonstrates the importance of calibrating empirical relations for Vs estimation to a specific
formation, and

•

Provides a more accurate complementary Vs log dataset for subsequent regional reservoir
characterization studies
4.2.2. Area of Study and Geological Setting

The study area covers 1,182 km2 (~292,000 acres) in the eastern Peace River Arch area in
west-central Alberta, Canada (Fig. 1). The geologic interval of interest is the Lower Triassic
Montney Formation. The Montney Formation is a west-dipping clastic wedge that ranges from
shallow-water interbedded sandstones, siltstones, and shales in the east to deep-water shales
with interbedded argillaceous siltstones in the west (Fig. 1). The Montney Formation lithology
in the area of this study is comprised of siltstones and sandstones with interbedded shales (Fig.
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1 and Fig. 2). The sandy portions in the study area are comprised of fine-grained to silty
dolomitic sandstone (Cui and Nassichuk, 2018).

Fig. 1. Study area. The rectangle represents the area of interest in this study. Modified from Wust et
al. (2018). FSJ is the city of Fort St. John in northeastern (NE) British Columbia.

Fig. 2. Stratigraphic section (Triassic to Cretaceous interval) from a type well in the study area,
compared to the Peace River embayment subsurface succession in Alberta. (Modified from AGS, 2017
and Iwuoha et al. 2018).
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4.2.3. Objective and Background
The purpose of the working method presented in this paper was to estimate shear velocity
(Vs) logs in vertical wells where only compressional velocity (Vp) sonic log data was available.
The estimated Vs logs were to be incorporated into a reservoir characterization workflow
(RCW) (Iwuoha et al. 2019) that was being developed to use Vs, Vp, and bulk density (RHOB)
logs to map regional petrophysical and geomechanical properties in the Montney Formation in
the study area (Fig. 1).
Twelve vertical wells were available for the regional RCW being developed (Iwuoha et al.
2019), however, dipole sonic logs were only available in eight of the twelve wells. To improve
the spatial control of the Vs data over the study area, thus enhancing the predictive capability
of the regional RCW in interwell areas, it was necessary to utilize a complete set of Vs logs
from the twelve vertical wells.

Fig. 3. Well distribution of the studied wells.
At the time of this study, we are unaware of any Montney Siltstone-calibrated theoretical
relation for estimating dynamic Vs from Vp logs that can be applied to the vertical wells in our
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study area. Previously, efforts had been made to establish a relationship between static
(core/laboratory-based) and dynamic (well log-based) Vs and Vp (Mckean, 2017 and Riazi et
al. 2017) in the Montney Formation. The studies could inform static to dynamic Vp and Vs
estimations (where core data are available), however, these studies were based on core data in
a limited area and did not assess the potential for estimating or calibrating Vs logs from Vp logs
at a regional scale. Therefore, we customized the method presented in this paper for testing and
validating Vs logs estimated from Vp logs in our Montney study area, as will be presented
below.
4.2.4. Method and Validation
The customization workflow involved evaluating different methods of estimating Vs from
Vp logs (Fig. 4). We investigated the use of empirical relations (Fig. 4) because in many cases,
they are the default methods provided for use in industry software but in many cases may not
have been calibrated for the geologic formation within which a Vs estimation is being
performed (as is our case in this study).
A complementary multiwell bivariate analysis was conducted to determine the predictive
capability when a regional Vp – Vs log relationship is used (rather than empirical relations) to
generate Vs logs in the study area. Furthermore, machine learning (artificial neural network
estimation) was used to compare the predictive capability when the Vp log is combined with
other logs to estimate Vs in the study area.
As is indicated in the workflow (Fig. 4), prior to commencing the data analysis, the input
data were collated and prepared. The gamma-ray (GR), bulk density (RHOB), compressional and
shear sonic transit time (DTP and DTS) logs from eight vertical wells were imported and qualitycontrolled for outlier values. Following the quality control, the DTP and DTS logs were converted
into Vp and Vs logs using the relations below:
1

𝑉𝑝 = 𝐷𝑇𝑃

(1)
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1

𝑉𝑠 = 𝐷𝑇𝑆

(2)

where: Vp is Compressional velocity (m/s), Vs is Shear velocity (m/s), DTP is compressional
sonic transit time (s/m), and DTS is shear sonic transit time (s/m).

Fig. 4. Workflow to determine the most optimal Vs log estimation approach for the Lower Triassic
Montney Formation.
4.2.4.1.
Empirical Methods for Vs Estimation from Vp Logs
To estimate Vs from Vp logs, we utilized the theoretical relations developed by Greenberg
and Castagna (1992) which estimate Vs from Vp logs using lithological constants for sandstone,
limestone, dolomite, and shale. These relations are expressed as:
𝑉𝑠 𝑆𝑆𝑇 = 0.8042𝑉𝑝 − 855.9

(3)

𝑉𝑠 𝐿𝑆𝑇 = 1.0168𝑉𝑝 − 0.00005509𝑉𝑝2 − 1030.5

(4)

𝑉𝑠 𝐷𝑂𝐿 = 0.5832𝑉𝑝 − 77.76

(5)

𝑉𝑠 𝑆𝐻 = 0.77𝑉𝑝 − 867.4

(6)
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where: Vs SST is Vs (m/s) estimated using Sandstone lithology constants, Vs LST is Vs (m/s) estimated
using Limestone lithology constants, Vs DOL is Vs (m/s) estimated using Dolomite lithology constants,
and Vs SH is Vs (m/s) estimated using Shale lithology constants.
Furthermore, we calculated Vs from the Vp logs of the four wells using the Castagna et al.
(1985) relation for Vs estimation in mudrocks. Castagna et al. (1985) defined mudrocks as
clastic silicate rocks that are mainly composed of clay and silt-sized particles. Their relation is
given as:
𝑉𝑠 𝑀𝑢𝑑𝑟𝑜𝑐𝑘 =

𝑉𝑝 − 1360
1.16

(7)

where: Vs Mudrock is Vs (m/s) estimated using mudrock lithology constants
Using the relations above, we generated six scenarios of Vs logs. In four of the scenarios, we
hypothetically assumed that the Montney interval consists of a single lithology (Fig. 5 to Fig. 8).
In the remaining two scenarios, we performed the Vs estimation on the assumption that the
Montney interval is comprised of mixed lithologies of either sandstone and shale, or dolomite and
shale. For the two mixed lithology scenarios tested, no studies were available that defined a
relationship between the GR and shale log response in the Montney in the study area. However,
we noted during the course of this dissertation that in the absence of any other data, the GR in the
study area can be used as a first approximation of the main Montney lithologies in the study area,
with the lithologies identified consistent with the literature (NEB, 2013; Cui and Nassichuk, 2018;
and Yang, 2018). Therefore, a shale lithology cut-off of 115 GR API was defined from the GR log
shale limits measured from shale intervals (Fernie and Kaskapau Formations) overlying the
Montney Formation in our study area (Clarkson et al. 2016). The six estimated Vs logs were
compared with the measured Vs from dipole sonic logs (Fig. 5 to Fig. 8). Based on regional
knowledge of the absence of limestones in the Montney interval in the study area (NEB, 2013; Cui
and Nassichuk, 2018; and Yang, 2018), no limestone lithology constant scenario was tested.
A limitation of estimating Vs using Greenberg and Castagna (1992) and Castagna et al.
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(1985) lithology-based methods arises from the original lithology constants not being calibrated
using data from our study area. These limitations necessitated our quality control of the
estimated Vs logs using the measured Vs (which is also the validating Vs log) in the Montney
Formation in our study area. Upon analyzing the outputs from the six Vs scenarios generated,
we observed that in the Montney interval, the Vs SH estimated log (Fig. 5 to Fig. 8, log track 1
from the right) had the best match with the measured Vs from the dipole sonic log (Fig. 5 to Fig.
8), thus indicating that for the Montney Formation in our study area, the Greenberg and Castagna
(1992) shale lithology constants can be empirically used as a proxy Vs log estimator.
The cross plot in Fig. 9 shows the correlation between the estimated Vs SH logs and measured
Vs logs from dipole sonic for the eight wells.

Depth
GR Log Sandstone Dolomite SST/Shale DOL/Shale Mudrock

Shale

Fig. 5. Lithology constant-based scenarios for estimating Montney Vs from Vp log in well 2. The
depth scale is in meters subsea true vertical depth (mSSTVD). The first two letters of the formation
tops refer to the geologic age. TR is Triassic and PR is Permian.
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Depth
GR Log Sandstone Dolomite SST/Shale DOL/Shale Mudrock

Shale

Fig. 6. Lithology constant-based scenarios for estimating Montney Vs from Vp log in well 4. The
depth scale is in mSSTVD.

Depth
GR Log Sandstone Dolomite SST/Shale DOL/Shale Mudrock

Shale

Fig. 7. Lithology constant-based scenarios for estimating Montney Vs from Vp log in well 5. The
depth scale is in mSSTVD.
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Depth
GR Log Sandstone Dolomite SST/Shale DOL/Shale Mudrock

Shale

Fig. 8. Lithology constant-based scenarios for estimating Montney Vs from Vp log in well 6. The
depth scale is in mSSTVD.
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Vs (Measured) m/s

R = 0.80

Vs (Measured) m/s
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Fig. 9. Montney empirically estimated Vs versus the measured Vs. This figure compares the estimated
Vs SH with the Vs measured using the dipole sonic tool. The four plots depict the combined Vs SH
versus measured Vs relationship for the eight wells studied. Each data point represents individual log
values. The Montney facies shown are based on Montney GR-based lithofacies Clarkson et al. 2016),
where Sand: GR < 60 API, Silt: 60 ≤ GR ≤ 115 API, and Shale: GR > 115 API. The sands
predominantly occur in the upper section of the Montney interval in the study area. The gross sand
proportion estimated from well logs in the study area above the TRlower Montney marker is ~2%
Iwuoha et al. (2018). The trend line in the bottom right plot is a linear regression line generated through
the least-squares method (Miller, 2006). R is the correlation coefficient.
4.2.4.2.
Vs Log Estimation from Multiwell Vp – Vs Regression
For the multiwell analysis, we performed a bivariate regression (Trauth, 2007 and Warner,
2013) using the dipole sonic Vp and Vs logs from the eight wells. The resulting regression
equation (shown in Fig. 10) was used to estimate Vs logs in the eight wells. The estimated Vs
(VsRegress) was compared with the measured Vs from the dipole sonic tool, as shown in Fig. 11.
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Fig. 10. Montney multiwell regression dipole sonic Vp versus Vs relationship.
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Fig. 11. Montney multiwell regression-based Vs versus the measured Vs.
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4.2.4.3.
Neural Network Estimation
Neural network estimation (NNE) techniques have been used for classifying variables and
predicting objective functions in science and engineering disciplines for several decades
(Wasserman, 1993; Livingstone, 2009; and Nielsen, 2015). In petroleum exploration and
production, neural network methods (Livingstone, 2009) have seen an uptick in attention in
recent years resulting from a rise in the adoption of machine learning techniques in geoscience
workflows (Ahmadi et al. 2012 and Cranganu et al. 2015).
In an artificial neural network approach, the variables (or neurons) in the input layer
(Varn1…..Varnx) are trained to generate an estimate of the target or objective function (V Tar)
(Ali, 1994). The process involves the assignment of various weights to Varn1 – Varnx in one or
multiple hidden layers (Zhang and Zong, 2015) (Fig. 12).
To test the NNE approach for estimating Vs logs from Vp logs, we implemented a feedforward backward-propagating supervised artificial neural network (ANN) with an error
minimizing function (Zhang and Zong, 2015). The ANN model was set up using the Vp log as
input, complemented with the GR and RHOB logs (Fig. 12). The ANN model comprised of one
hidden layer, with the Vs log being the VTar (Fig. 12).

Fig. 12. Schematic neural network setup for Vs log estimation in the Montney interval. In the output
layer, we show the use of the ANN model for estimating Vs logs at different well locations. Each
square in the hidden layer represents the output from one neuron in the hidden layer. The neural
network framework shown above was modified from playground.tensorflow.org.
Three wells (1, 2, and 6) were used to train and test the model while Vs was estimated in
the remaining five wells (3, 4, 5, 7, and 8) using the ANN model (Fig. 12 and Fig. 13). An ANN
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model scenario was tested using a non-linear correlation between four well log inputs -Vp, GR,
RHOB, and Deep Resistivity (Fig. 13). However, this scenario yielded similar results as the
three inputs used for the GR-RHOB-Vp-based ANN model (Table 1), likely due (in part) to the
relatively weak correlation of the GR log to other input logs and the Vs log (the objective
function).
The impact of the GR log’s weak correlation on the VsANN estimation can be overcome by
replacing the GR log in the input layer with a log that has a higher correlation with other input
logs and the VTar. Alternatively, the ANN Vs estimation results can also be improved through
deep-learning neural networks (Nielsen, 2015; Zhang and Zong, 2015; and Oraghalum, 2019).

VsANN = f(GR, RHOB, Vp)

VsANN = f(GR, RHOB, Vp, Deep Resistivity)

Fig. 13. ANN model input logs correlation tables. The base case ANN model for this study was run
using the non-linear correlation (the top-left table insert) for VsANN = f(GR, RHOB, Vp).

Table 1. Montney Vs estimation ANN model characteristics.
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Number of
Model Type

Input Logs

Relative

Training

Testing

Error

Points

Points

100

0.5533

55955

18651

100

0.5560

55955

18651

Runs
(Epochs)

GR, RHOB,

Base case

Vp
GR, RHOB,

Test scenario

Vp, Deep
Resistivity

As was performed for the earlier two Vs estimation approaches discussed, the Vs estimated
from the ANN (VsANN) were compared with the measured Vs from the dipole sonic logging

Well 1
Well 2
Well 3
Well 4
Well 5
Well 6
Well 7
Well 8

VsANN (Estimated) m/s

VsANN (Estimated) m/s

tool (Fig. 14).
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Vs (Measured) m/s

VsANN (Estimated) m/s

VsANN (Estimated) m/s

Vs (Measured) m/s

R = 0.58

Vs (Measured) m/s

Fig. 14. Montney ANN-estimated Vs versus the measured Vs.
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A principal component analysis (PCA) of the VsANN estimation model showed that the first two
principal components (PC0 and PC1) captured almost 89% of the variations in the input dataset
(Table 2). The greatest variations are shown by the direction of the first principal component.
Well by well PCA analysis of the estimated Vs to the measured Vs regression (performed
for the closest matching Vs estimation approaches so far presented in this paper, i.e. Vs SH,
VsRegress) confirms the predominance of PC0 and PC1. This finding lends credence to the use
of Vs SH and VsRegress approaches for estimating dynamic Vs in the Montney Formation in the
study area. Fig. 15 to Fig. 17 show the results of the PCA for the Vs SH, VsRegress, and VsANN
estimations, compared with the measured Vs log.
Table 2. Montney Vs estimation ANN model principal components.
Correlation Coefficients

PC0

PC1

PC2

GR

0.8271

0.4246

0.3682

RHOB

-0.2926

0.9343

-0.2037

Vp

0.9131

-0.0853

-0.3988

Eigenvalue

1.6035

1.0605

0.3361

Contribution (%)

53.45

35.35

11.20

Cumulative Contribution (%)

53.45

88.80

100.00
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Fig. 15. Principal components of the Montney Vs SH versus the measured Vs regression for wells 1 8. The estimated versus measured Vs regression was plotted using Montney facies as the third
dimension. Two principal components capture essentially all the variations in the dataset. The
intersection of the three principal components is the mean Vs. The size of each principal component’s
line segment is proportional to the standard deviation along the principal component. The mesh is a
scaling-dependent representation of orthogonal directions of the dataset and does not preclude the
points that lie outside the mesh from being included in the PCA. The direction of greatest variance
occurs from the shale to silt facies, indicated by the principal component with a contribution (λ) of
~0.894. Note that λ in this paper refers to the level of contribution of the principal component and not
its eigenvalue. The Montney facies legend is the same as is shown in Fig. 9, Fig. 11, and Fig. 14.
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Fig. 16. Principal components of the Montney VsRegress versus the measured Vs regression for wells 1
- 8. Two principal components also capture essentially all the variations in the dataset, however, with
a reduced λ of ~0.805 for the first principal component. The direction of greatest variance appears to
be driven by the variance in the shale facies rather than the variance in the silts facies. Both the silt and
shale facies Vs estimates show a higher variance than the Vs SH estimate in Fig. 15.
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Fig. 17. Principal components of the Montney VsANN versus the measured Vs regression for wells 1 8. The relative importance of the first principal component is further reduced with a λ of ~0.755. The
first and second principal components still essentially capture all the variations in the dataset. The
direction of greatest variance appears to still be driven by the variance in the shale facies rather than
the variance in the silts facies. Both the silt and shale facies show a smaller variance in the Vs ANN
estimate. The facies legend is the same as is shown in Fig. 9, Fig. 11, and Fig. 14.
As can be seen from Fig. 18, among the Vs estimation approaches evaluated so far, the ANN
method yielded the most subpar results. An option of increasing the number of input logs used
in the ANN model to improve its performance exists, however, the number of principal
components that would be generated by the ANN model to explain variations in the dataset
would also increase. From the principal component analyses that were performed on a well by
well basis, in all eight wells, mainly two principal components were sufficient to capture the
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variance between the estimated Vs logs and the measured Vs logs.
As an alternative to using the earlier suggested deep-learning neural network techniques
(Nielsen, 2015; Zhang and Zong, 2015; and Oraghalum, 2019) or an increased number of input
logs to improve the NNE, more well logs can be examined using correlation tables and principal
component analysis (Fig. 13 and Table 2) to identify a replacement log for the GR with better
correlation to other logs used in the ANN estimation model.
4.2.4.4.
Testing for the Effects of Fluid and Clay Content on Montney Velocity
Compressional velocity is sensitive to variations in Ø, and fluids (Mavko, 2005 and Liu et
al. 2012). Vs is sensitive to fluid type, however, with lesser sensitivity than Vp (Mavko, 2005).
The Montney interval is predominantly gas-bearing in our study area, with the main production
focus being gas condensates produced from multi-stage hydraulically fractured horizontal
wells. The upper portion of the Montney interval is primarily siltstone-dominated in the study
area (Fig. 18), with increasing shaly-siltstone/shale lithology towards the basal portion of the
reservoir (Iwuoha et al. 2018) (Fig. 18).
For gas reservoirs, Marion and Jizba (1992) investigated the influence of Ø and clay content
on Vp and Vs. They proposed that Vp and Vs can be estimated by taking into account the matrix
Ø and Vsh using the following relations:
𝑉𝑝 = 4.82 − 5.04𝜙 − 0.597Vsh

(8)

𝑉𝑠 = 3.26 − 3.03𝜙 − 0.892Vsh

(9)

where: Vp is Compressional velocity Vs (m/s), Vs is Shear velocity Vs (m/s), Vsh = Clay volume
(fraction), and Ø is Rock porosity (fraction).
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Fig. 18. Well correlation comparison of the Montney Vs estimation results with the measured Vs log. The measured Vs log is in the black curve in all the
log tracks. A turquoise fill means that the estimated Vs log value is higher than the measured Vs. A yellow fill means that the value of the measured Vs
is higher than the estimated Vs log. The facies legend is the same as is shown in Fig. 9, Fig. 11, and Fig. 14.

126

An advantage of the Marion and Jizba technique (1992) is its usefulness in estimating Vs
without relying on the Vp log. We tested their approach using three estimation scenarios which
considered three of the common Vsh correction techniques documented in the literature
(Larionov, 1969; Stieber, 1970; and Clavier et al. 1971). The following relations were used for
the three estimations:
𝑉𝑠 𝑀𝐽 𝐿𝑎𝑟𝑖𝑜𝑛𝑜𝑣 = 3.26 − 3.03𝜙 − 0.892𝑉𝑠ℎ,𝐿𝑎𝑟𝑖𝑜𝑛𝑜𝑣

(10)

𝑉𝑠 𝑀𝐽 𝐶𝑙𝑎𝑣𝑖𝑒𝑟 = 3.26 − 3.03𝜙 − 0.892𝑉𝑠ℎ,𝐶𝑙𝑎𝑣𝑖𝑒𝑟

(11)

𝑉𝑠 𝑀𝐽 𝑆𝑡𝑖𝑒𝑏𝑒𝑟 = 3.26 − 3.03𝜙 − 0.892𝑉𝑠ℎ,𝑆𝑡𝑖𝑒𝑏𝑒𝑟

(12)

where Vs MJ Larionov, Clavier, and Stieber correspond to the resulting Vs logs that take into
account the Vsh corrections expressed as:
𝑉𝑠ℎ,𝐿𝑎𝑟𝑖𝑜𝑛𝑜𝑣 = 0.08(23.7𝑉𝑠ℎ,𝐿𝑖𝑛𝑒𝑎𝑟 )

(13)

𝑉𝑠ℎ,𝐶𝑙𝑎𝑣𝑖𝑒𝑟 = 1.7 − [3.38 − (𝑉𝑠ℎ,𝐿𝑖𝑛𝑒𝑎𝑟 − 0.7)]0.5

(14)

𝑉

𝑠ℎ,
𝑉𝑠ℎ,𝑆𝑡𝑖𝑒𝑏𝑒𝑟 = 3−2𝑉

𝐿𝑖𝑛𝑒𝑎𝑟

𝑠ℎ, 𝐿𝑖𝑛𝑒𝑎𝑟

𝑉𝑠ℎ,𝐿𝑖𝑛𝑒𝑎𝑟 =

𝐺𝑅 − 𝐺𝑅𝑠𝑎𝑛𝑑
𝐺𝑅𝑠ℎ𝑎𝑙𝑒 − 𝐺𝑅𝑠𝑎𝑛𝑑

(15)

(16)

The GRsand and GRshale cut-offs were defined at 60 GR API and 115 GR API respectively,
according to Clarkson et al. (2016). The input Ø was determined from the bulk density (RHOB)
by taking into account the matrix and fluid densities as described in Clarkson et al. (2016).
Using well 2 (Fig. 3, Fig. 5, and Fig. 18) to demonstrate our test results from the three
Marion and Jizba (1992) Vs estimation scenarios, we show that the Vs MJ Stieber approach
yields Vs log values below 2500 m/s in the Montney interval which generally underestimates the
Vs in the formation (Fig. 10 and Fig. 19). Although the Vs MJ Larionov yielded values that were
generally greater than 2500 m/s, the Vs MJ Larionov also underestimates the Vs in the formation
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(Fig. 10 and Fig. 19). The Vs MJ Clavier had the closest approximation to the measured Vs from
the dipole sonic (Fig. 19). However, the Vs MJ Clavier match falls short of the best match we
earlier observed from the Greenberg and Castagna (1992) Vs SH estimation (Fig. 5 to Fig. 9).
For completeness, as a part of testing the Marion and Jizba (1992) approach, we also tested
the Vp estimation (Eqn. 8) using the three Vsh correction scenarios to assess how the Vp
estimated using their relation compared with measured Vp logs. Similar to our observations for
the Vs estimates (also using well 2 as an example), we found that the Vp MJ Stieber (which
was consistently less than 4000 m/s) also underestimated the Vp in the formation (not shown).
The Vp MJ Larionov showed a greater Vp underestimation compared to the Vp MJ Clavier result
(Fig. 19). A possible source of the Vp and Vs mismatches observed using the Marion and Jizba
(1992) approach may be linked in part to the shaly sandstone lithology upon which the Marion
and Jizba (1992) analysis was calibrated.
An investigation of the influence of Ø and fluid compositional variation on Vp and Vs in the
Montney Formation has been performed in the Kaybob area (located east of our study area) by
Oraghalum (2019). As the results from the Marion and Jizba (1992) approach yielded Vs
estimations that were subpar compared to the earlier estimated Vs logs (especially the Vs SH
and VsRegress), no further evaluation of the Marion and Jizba (1992) method was performed.
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Fig. 19. Montney Vp and Vs estimated logs using Marion and Jizba (1992) relations. The measured
Vp and Vs from the dipole sonic tool are shown as black curves in tracks 1 and 2 from the right. This
is an example from well 2.
4.2.5. Summary and Conclusions
By testing various theoretical methods for estimating dynamic Vs from Vp logs, we have
shown that in the study area, the use of the Greenberg and Castagna (1992) shale lithology
relation yielded the closest Vs log estimates compared to the measured Vs log (Fig. 5 - Fig. 8,
Fig. 18, and Fig. 20).
The multi-well bivariate regression using the dipole sonic Vp and Vs logs yielded the nextbest estimates (Fig. 18 and Fig. 20). This approach can be used as a complementary method for
Vs log estimation to assess the level of uncertainty on the Vs logs estimated in the study area.
The availability of Vs logs from the dipole sonic tool in the wells 1 - 8 aided in validating
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the predictive capability of the dynamic Vs estimation techniques assessed in this study.

Fig. 20. Comparison of the estimated Montney Vs (in 8 wells) with the measured Vs from dipole sonic.
Given that the Montney Formation is siltstone-dominated in our study area, the match
between the Vs SH estimation approach and the measured Vs log demonstrates that the Vs SH
empirical relation can representatively capture the Vs in the Montney interval. By virtue of the
form of the Vs SH equation, it can be seen that the Vs SH relation is similar to the VsRegress
equation that was based on the multiwell regression of dipole sonic Vp and Vs logs (Eqn. 6 and
Fig. 10).
Without performing the assessment presented above, the seemingly logical relation for Vs
log estimation from the Vp log (using empirical relations) in the siltstone-dominated Montney
interval could have been the mudrock lithology constant-based Castagna et al. (1985) relation.
However, as we have shown, the Vs estimated using the mudrock lithology constants yielded
sub-optimal Vs estimates compared to the Vs log estimated using the Greenberg and Castagna
(1992) shale lithology constants (Figs. 18 and 20). Also, other pure lithology (sandstone and
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dolomite) and mixed lithology scenarios tested using the Greenberg and Castagna relation
(1992) yielded sub-par Vs log estimates compared to the Vs SH log, as earlier shown.
The Vs SH log estimation method presented in this paper, therefore, demonstrates a
relatively more efficient way of estimating Vs logs from Vp logs in the Montney Formation, in
the study area. This multi-technique assessment approach can be performed in other areas of
the Montney Formation or other shale and tight reservoirs to determine the most optimal Vs
estimation technique from Vp or other complementary well logs. Validation with measured Vs
logs must be an essential component of any approach that is adopted.
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4.3. Well Log Inversion: A Pseudo-Seismic Approach to Mapping Petroelastic
and Geomechanical Property Trends
4.3.1. Abstract
Seismic data when available provides an opportunity to utilize geophysical data analysis
methods to evaluate reservoir properties. However, seismic data is expensive to acquire and not
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always available. For areas where three-dimensional (3D) seismic data is unavailable, we have
developed and tested a new well log to seismic inversion (WLSI) workflow through which well
log data is transformed into 3D pseudo-seismic volumes of compressional velocity, shear
velocity, and bulk density. From these 3D pseudo-seismic volumes, we have generated 3D
petroelastic and geomechanical property distributions to highlight the regional petrophysical
and geomechanical property trends that exist over a ~1,182 km2 (~292,000 acres) area of the
tight Montney siltstone reservoir in Alberta, Canada. Our results highlight kilometric-scale
principally northwest-southeast (NW-SE) trending petrophysical and geomechanical
heterogeneities in the Montney Formation (in the area studied), with localized NW-SE or EastWest oriented variations that appear to be fault-controlled. Through the WLSI workflow, we
have also generated pseudo-seismic attributes that facilitate fault identification. The previously
inferred link between deep-seated faults in the Montney Formation and the underlying Leduc
reef structures (Iwuoha et al. 2018) is corroborated in this study. A correlation of pseudo-seismic
petroelastic, geomechanical properties, and hydraulic fracturing parameters to the expected
ultimate gas recovery (EUR) shows that breakdown and frac port opening pressure are
negatively correlated with the EUR. From our results, lower rock strength generally favors lower
formation breakdown pressure but does not necessarily equate to higher injection rates during
treatment in the Montney Formation, in the area studied.
4.3.2. Introduction
Many shale and tight reservoirs that are being exploited in North America are comprised of
reservoir units that can be laterally correlated over tens to hundreds of kilometers (Zonneveld and
Moslow, 2018a). These reservoirs are often described as contiguous systems that host basin-centered
gas, condensates, and/or oil which underscores one of the premises upon which shale and tight plays
have been historically exploited: that they are overall homogeneous on a large (kilometric) scale
(Advani et al. 1990; Feng et al. 2015). Although in the recent body of literature more light is being
shed on the existence of heterogeneity at various scales (well to full-field) in shale and tight
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reservoirs (Vishkai et al. 2017; Zeng, 2017; Weir et al. 2018; Vishkai and Gates, 2019), there is
much ground to be covered in characterizing the reservoir petrophysical and geomechanical
heterogeneity in these reservoirs. Where efforts have been made to geologically characterize shale
and tight plays (Cipolla et al. 2009; Farah, 2017) some studies required a significant amount of time
to complete. In many cases, detailed reservoir modeling and laboratory measurements (which can
become cost-prohibitive) were also needed.
4.3.3. Research Objective
One of several methods of performing a regional analysis of reservoir heterogeneity in petrolific
geological formations is via seismic interpretation and analysis (where seismic data is available).
One of the advantages of leveraging seismic data is the ability to utilize seismic data in mapping the
reservoir properties in interwell areas. The use of seismic inversion techniques to evaluate reservoir
and rock elastic properties is well documented in the literature (Russell, 1988; Filippova et al. 2011;
Kemper and Huntbatch, 2012; Shahri, 2013). These techniques have been successfully applied in
both conventional and unconventional reservoirs to map reservoir quality, predict rock-fluid
interactions, and assess the fluid type, storage and transport properties (Connolly, 2010; Goodway
et al. 2010; and Sayers, 2017).
However, to carry out a seismic inversion, seismic data is required. Acquiring new 3D seismic
or purchasing a multi-client commercially acquired seismic dataset can lead to significant
operational costs. Fortunately, with more than 300,000 oil and gas wells drilled to date, the Western
Canadian Sedimentary Basin (WCSB) is an intensely drilled basin. As a result, where seismic data
is unavailable, there are opportunities to utilize multi-well data to map reservoir properties.
Our objective in this study is to (1) develop a technique for transforming well log data into a
three-dimensional (3D) seismic volume and (2) to use the 3D seismic volume for mapping large
scale reservoir heterogeneities.
Inverting well log data into “pseudo-seismic” information means that beyond the traditional use
of well log data (well correlation, kriging, and geostatistical analysis), “seismic-type” analysis can
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be performed on the resulting pseudo-seismic volume to yield complementary information of the
reservoir rock, fluid, and geomechanical attributes.
With the importance of understanding the geomechanical characteristics of shale and tight plays
underscored in the literature (Vishkai et al. 2017), our intention was to set up and test a quick look
well log-based technique that can facilitate exploration and “early-stage” field development
decision1 on pad placement and/or the selection of subsurface drilling locations. The economic value
of the WLSI method presented in this paper lies in its speed of implementation and utility in shale
and tight reservoirs when commercially acquired 3D seismic data is unavailable.
4.3.4. Geological Context and Study Area
Our study is focused on a 1,182 km2 (~292,000 acres) area of the Montney Formation located in
west-central Alberta, Canada, ~355 km west-northwest (WNW) of Edmonton (Fig. 21). The
Montney Formation was deposited during the Lower Triassic as a shallowing up clastic wedge of
basinal, turbidite, slope, shelf, and shoreface deposits (Zonneveld and Moslow, 2018). The
formation thickens westward/basinward towards the Rocky Mountains. Stratigraphic thickness is
known to exceed 350 m basinward, closer to the Rocky Mountains, and decreases eastwards to 0 m
at the subcrop edge (Davies et al. 2018; Zonneveld and Moslow, 2018). The regional paleography
and structural elements of the Montney Formation are documented in the literature (Davies et al.

1

Subsequently discussed in Section 4.3.9.1

S1. Field Development Stages in Resource Plays, we subdivided field development into two categories (a) an earlystage field development phase (FDP1) and (b) a more operationally intensive later-stage field development
phase (FDP2).
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2018; Rohais et al. 2018 and Yang, 2018) and provide a basis for comparing the Montney regional
trends observed in this study, as will be subsequently discussed. In our study area (Fig. 21), the
Montney Formation is comprised of a ~200 m (~656 ft.) thick siltstone-dominated succession that
unconformably overlies the Permian Belloy Formation (Fig. 22). The Montney Formation is
overlain by younger Triassic units such as the Doig, Halfway, and Charley Lake Formations, as well
as shallower Cretaceous successions (Fig. 22).
Range
N

Montney play

Township

Northwest
Territories

British
Columbia
N
300 km
5 km

Fig. 21. Study area. The black-colored wells in the base map represent multi-fractured horizontal wells
(MFHws) completed in the Montney Formation. The red-colored wells are vertical wells penetrating
the Montney. The lemon-colored wells are cored wells. The MFHws are predominantly oriented in the
NW-SE direction which is perpendicular to the orientation of the SHmax in the study area.
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Fig. 22. Stratigraphic units in the study area (from type well D2, to be subsequently shown) and depth
map for the top of Montney horizon. The top of structure depths from two vertical wells representing
the typical updip and downdip formation depths in the area are shown in Table 3. The red-colored
rectangle in the stratigraphic section highlights the Montney interval. The first letter of the stratigraphic
markers represents the geologic age of the formation where K is Cretaceous, J is Jurassic, TR is
Triassic, PR is Permian, and M is Mississippian. Kbelly_rv is the Cretaceous Belly River Formation,
K2nd_ws is the Cretaceous Second White Specks Formation, Kdoe_ck is the Cretaceous Doe Creek
Member, Kshftbury is the Cretaceous Shaftesbury Formation, Kbfs is the Cretaceous Base Fish Scales
marker horizon, and TRchly_lk is the Triassic Charley Lake Formation. The black well symbols on
the depth map are vertical wells intersecting the Montney interval while the red symbols and well paths
are MFHws in the study area; the red color was chosen for an easier differentiation of the MFHws
from the structural map contour lines.
4.3.5. Data and Methods
The WLSI workflow is based on using well deviation surveys and well log data that are acquired
when a well is drilled. Data such as core measurements that were available in the study area were used
for validating the results from the WLSI. The well data that were available for the study are
summarized in Table 3.
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Table 3. Summary of the available data.
Data type

Number of wells

Remarks

Deviation surveys

392

Comprised of 88 vertical wells and 304 deviated
wells

Well logs

88

Comprised of GR, SP, RHOB, Neutron Ø,
Density Ø, Resistivity (Shallow, Medium,
and Deep), Photoelectric factor (PEF)

Core

5

Includes the length of the cored interval, core
GR, core RHOB, core Ø, core K

Well production

304

First 36 months cumulative production from
MFHws

The workflow developed for this study, illustrated in Fig. 23, focuses on four main components:
1. Data gathering and preparation.
2. Performing a transformation of well logs into pseudo-3D seismic volumes (WLSI).
3. Quality control and analysis: Comprised of two steps,
a) Comparing the inversion results with well data and
b) Benchmarking/validating the inversion results with regional information. Assessing the
regional petrophysical and geomechanical trends forms a part of both the analysis (step
3b) and application (step 4a) components of this research.
4. Application: This component consists of three steps:
a) Regional assessment: Regional petrophysical and geomechanical property trend
identification.
b) Pseudo-seismic attribute generation and structural mapping: In this step, the WLSIgenerated pseudo-seismic is used to perform “seismic-type” data extraction such as
generating pseudo- seismic attributes to map structural features (such as faults) in the
study area.
c) Production evaluation: This step involves an integrated quick look assessment of the
cumulative gas production and EUR from MFHws in the study area. The WLSI
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petrophysical and geomechanical property trends are used as a regional framework
along with complementary decline curve analyses to assess the potential controls of
petrophysical and geomechanical properties on the EUR from MFHws.

Data
Gathering

•Deviation surveys
•Well logs for data inversion (Sonic Compressional + Shear and RHOB)
•Complimentary datasets (production, core, drilling and hydraulic fracturing
data)

Inversion

•Inverting well logs into 3D pseudo-seismic volumes of Vp, Vs, and RHOB
•Estimating 3D pseudo-seismic rock elastic properties
•Genetic inversion of RHOB into Phi and K 3D pseudo-seismic cubes

Quality
Control and
Analysis

•Comparing the inversion results with well logs and regional maps
•Assessing the reservoir petrophysical and geomechanical heterogeneity

•Generation of structural pseudo-seismic attributes
•Fault mapping using the generated pseudo-seismic attributes
•Analysis of petrophysical and geomechanical controls on production and
Application EUR

Fig. 23. WLSI workflow.
4.3.5.1.
Horizon Mapping
Well logs from 88 vertical wells, notably, GR, SP, RHOB, neutron, and deep resistivity logs
were used to pick formation tops for 44 stratigraphic units in our study area from surface to the top of
the Devonian Duvernay Formation. Geologic horizons for the 44 stratigraphic markers were generated
through convergent interpolation2 of the formation tops interpreted in 88 vertical wells. The updip and
downdip top of structure depths for key geologic horizons are listed in Table 4. Fig. 24 shows some
of the mapped horizons in the study area. The two vertical stratigraphic reference wells (SR1 and SR2)
from which the formation top depths in Table 4 were extracted are also shown in Fig. 24 and Fig. 26.
The updip well (SR1) has 29 m and 92 m of core recovered in the Triassic Charley Lake and Montney
Formations, respectively.

Performed in the PetrelTM software. For reference, a detailed discussion of interpolation methods is provided
in Mastroianni and Milovanović (2008).
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Table 4. Updip and downdip top of structure depths for key geologic horizons in meters true vertical
depth subsea (mTVDSS).
Formation

Geologic age

Lea Park
Wapiabi
Colorado
Cardium
Kaskapau
2nd White Specks
Dunvegan
Shaftesbury
Base Fish Scales
Paddy
Cadotte
Harmon
Fahler
Bluesky
Gething
Cadomin
Nikanassin
Fernie
Nordegg
Charley Lake
Halfway
Doig
Montney
Belloy

Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Jurassic
Jurassic
Jurassic
Triassic
Triassic
Triassic
Triassic
Permian

Debolt
Pekisko
Banff
Exshaw
Wabamun
Ireton

Mississippian
Mississippian
Mississippian
Mississippian
Devonian
Devonian

Duvernay

Devonian

Main Lithology*

Updip depth
(mTVDSS)
Shale
-186
Shale
-268
Shale
-342
Sandstone
-510
Shale
-559
Shale/Mudstone
-732
Sandstone
-906
Shale
-981
Sandstone
-1052
Sandstone
-1118
Sandstone
-1124
Shale
-1149
Sandstone
-1220
Sandstone
-1452
Sandstone
-1469
Conglomerate
-1568
Sandstone
-1579
Shale
-1639
Limestone
-1684
Sandstone
-1706
Sandstone
-1707
Siltstone/Shale
-1710
Siltstone
-1739
Dolostone/Sandstone
-1941
/Chert
Limestone
-1980
Limestone
-2272
Limestone/Shale
-2325
Shale
-2532
Limestone/Dolostone
-2536
Shale/Limestone/Dolo
-2895
mite
Shale
-3147

Downdip depth
(mTVDSS)
-458
-462
-586
-750
-797
-996
-1252
-1325
-1398
-1480
-1488
-1511
-1566
-1824
-1842
-1957
-1962
-2055
-2128
-2149
-2192
-2197
-2227
-2435
-2485
-2761
-2817
-3004
-3006
-3323
-3604

*Main lithology in our study area. Note: The geologic ages correspond to the age at the top of the structure.
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Fig. 24. Structural elevation of mapped horizons and some of the wells in the study area. Displaying all
the wells drilled in the area would make the figure less legible, hence, only a select number of wells are
shown. The spheres shown on SR1 and SR2 indicate the stratigraphic position of the formation tops
presented in Table 4, along the SR1 and SR2 wellbores.
4.3.5.2.
Well Log to Seismic Inversion (WLSI)
4.3.5.2.1.
Input Data Selection and Preparation
The wells selected for inversion were based on two criteria:
a) Lateral distribution: To ensure that the wells in the study area were spatially separated to guide
the well log interpolation (discussed in Section 4.3.5.2.2).
b) Availability of well logs: A suite of input compressional slowness (DTP), shear slowness
(DTS), and RHOB logs that covered the Montney interval and optionally covered the
shallower formations or parts of deeper stratigraphic units. Logs processing involved GR log
normalization and quality control of the inversion input DTP, DTS, and RHOB for outlier
values. Compressional velocity (Vp) and shear velocity (Vs) logs were generated from the
inverse of the DTP and DTS logs, respectively (Iwuoha et al. 2019a). In four wells where no
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DTS log was available, the Vs was estimated from the Vp log (discussed in Iwuoha, Pedersen,
et al. 2019). No data transformation was required or performed for the RHOB log.
4.3.5.2.2.
Modeling
The modeling phase was comprised of three principal steps:
a) Pseudo-seismic 3D volume of interest (VOI) generation: Three 3D pseudo-seismic VOI cubes
were created for Vp, Vs, and RHOB using the Vp, Vs, and RHOB logs from the 12 vertical
wells which had continuous logs in the Montney interval and the overlying stratigraphic units
(Fig. 25; Iwuoha et al. 2019a and 2019b).
The VOI cubes were generated by tricubic interpolation of the Vp, Vs, and RHOB well log
data in the study area (Shepherd, 1968; Lekien and Marsden, 2005; Mastroianni and
Milovanović, 2008; Sbrana et al. 2018). The interpolating function is expressed as:
3

𝑓(𝑥, 𝑦, 𝑧) = ∑ a𝑖𝑗𝑘 x 𝑖 y𝑗 z 𝑘

(1)

𝑖,𝑗,𝑘=0

where: x, y, and z represent the axes, ai,j,k are the coefficients of the tricubic interpolation and
xi, yi, and zk define the values along the i, j, k direction for the interpolant. In three dimensions,
the coefficients of the tricubic interpolation are considered a tensor of the order 3. Three fourdimensional vectors (1, xi, xi2, xi3) for i = 1, …,3 are applied to the tensor to obtain a scalar
value representing the value of the function at each point.
With the Vp, Vs, and RHOB input logs being only available in a few wells (12) over the
~1100 km2 study area, the use of geostatistical or kriging-based methods to generate
representative volumes over the entire stratigraphic section (including the undrilled areas) was
limited, hence the use of an interpolator. The detailed formulation of the tricubic interpolator
(Leiken and Marsden, 2005) accounts for direction in the function and reduces computational
error.
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The geometry of the VOI required a definition of lateral and vertical (upper and lower) limits.
The lateral extent (boundary) was constrained to the study area limit shown in Fig. 21 and
Fig. 25. The upper vertical limit of the VOI was set at mean sea level (MSL) of 0 mTVDSS
to have the shallowest interpreted horizon (top of the Cretaceous Belly River Formation)
included in the VOI. The lower vertical limit of the VOI was defined at 3000 mTVDSS (in
the uppermost Mississippian strata) to ensure that the entire Montney interval was captured
in the VOI throughout the study area.
b) Elastic constants and rock mechanical property estimation in the 3D seismic: With Vp, Vs,
and RHOB available as 3D pseudo-seismic volumes, we calculated elastic constants and rock
mechanical properties using theoretical relationships between RHOB, Vp, Vs, and rock
elastic/geomechanical properties (Smith, 2015; Vishkai et al. 2017). We estimated the Vp/Vs
ratio, Acoustic Impedance (AI), Shear Impedance (SI), Bulk Modulus (B), Shear Modulus
(G), Young’s Modulus (E), Poisson’s Ratio (σ), and UCS as follows:
𝑉𝑝/𝑉𝑠 𝑅𝑎𝑡𝑖𝑜 =

𝑉𝑝

(2)

𝑉𝑠

𝐴𝐼 = 𝑅𝐻𝑂𝐵 𝑉𝑝

(3)

𝑆𝐼 = 𝑅𝐻𝑂𝐵 𝑉𝑠

(4)
4

𝐵 = 𝑅𝐻𝑂𝐵 𝑉𝑝2 − 3 𝑉𝑠 2

(5)

𝐺 = 𝑅𝐻𝑂𝐵 𝑉𝑠 2

(6)

𝐸 = 9𝐵 𝑅𝐻𝑂𝐵 𝑉𝑠 2 / 3𝐵 + 𝑅𝐻𝑂𝐵 𝑉𝑠 2

(7)

1

𝑉𝑝2

𝑉𝑝2

σ = 2 (( 𝑉𝑠2 ) − 2/ ( 𝑉𝑠2 ) − 1)

(8)

𝑈𝐶𝑆 = 145.1Ø−1.143

(9)

where Vp is Compressional velocity (m/s), Vs is Shear velocity (m/s), AI is Acoustic impedance
(kPa.s/m), SI is Shear impedance (kPa.s/m), B is Bulk modulus (GPa), G is Shear modulus (GPa), E
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is Young’s modulus (GPa), σ is Poisson’s ratio, and UCS is Unconfined compressive stress or rock
strength (MPa).

D4
D3
S4 W4
S3 S1 W6
W2 W3
W5 D2
D1
W1

D4
D3
S4 W4
S3 S1 W6
W2 W3
W5 D2
D1
W1

Fig. 25. Reference wells for the WLSI. The input example logs shown are Vp (figure above) and RHOB
(figure below). The boundary shown is the limit of the VOI. The input wells include two wells that are
cored in the Montney Formation (red-colored well paths). Also shown in brown color is well D4 (one of
two blind test wells). The D4 blind test well is cored in the Montney Formation. A second more centrally
located blind test well (B1) is shown in Fig. 26.
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The theoretical relations for dynamic UCS estimation are well documented in the literature (ChanDong, 2004; Khaksar et al. 2009), however, relations calibrated to siltstone/dolosiltstone lithology
(such as predominantly occurs in the Montney Formation in our study area) do not currently exist in
the literature. For this study, we tested theoretical relations for sandstone, limestone and shale facies.
The base case UCS 3D seismic volume that was generated in this study is the Ø-based UCS shown in
Eqn. 9, developed by Lashkaripour and Dusseault (1993) for compacted shales with Ø < 10%. This
relation yielded the most realistic estimate when the results were compared with UCS documented in
the literature for our study area (Hareland and Tahmeen, 2015; Ghanizadeh et al. 2017; Vishkai and
Gates, 2019). The Montney Formation Ø ranges from 2 to 8% in the study area.
c) Reservoir petrophysical property estimation: We used four learning and two cross-validating wells as
neural network inputs to generate a pseudo-Ø seismic cube from the RHOB pseudo-seismic volume
through genetic inversion, a neural network-assisted seismic inversion process (Oraghalum, 2019).
The Ø pseudo-seismic cube was subsequently used as an input in genetic inversion to obtain a
permeability (K) pseudo-seismic cube. The input K logs were generated using the relationship between
Ø and slip and overburden stress-corrected K derived from laboratory core measurements in our study
area (Clarkson et al. 2016; Iwuoha et al. 2018). The core measurements were calibrated to the Montney
Formation; hence, we consider the resultant K pseudo-seismic volume to be more representative in
the Montney interval than the other stratigraphic units in the study area.
Finally, the elastic constants, rock mechanical and reservoir property pseudo-seismic volumes
generated were evaluated for general trends and compared with well logs as discussed in Section 4.3.6.
4.3.5.2.3.
Quality Control
Two vertical wells D4 and B1 were used for blind testing after generating the VOI. As earlier
indicated, the first blind test well (D4) is cored and strategically located in the NE corner of the study area
(Fig. 26); hence useful for quality controlling the property extrapolation performed by the interpolation
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algorithm that was applied while generating the Vp, Vs, and RHOB VOI. The second blind test well (B1)
is more centrally located (Fig. 26).
To quality control the pseudo-seismic Vp, Vs, RHOB, elastic and reservoir property volumes
generated, well seismic logs3 were created from the pseudo-seismic volumes and compared with well log
properties in the inversion input wells and also in the blind test wells (further discussed in Section 4.3.6).
The log transformation in the WLSI workflow from well log to seismic scale facilitates vertical (and
lateral) trend identification but not detailed (subseismic-scale) reservoir property recognition4. After the
quality control exercise, maps from the Vp, Vs, RHOB, elastic constants/geomechanical properties and
Ø-K 3D seismic were extracted on the earlier mapped horizons (as will be discussed in Section 4.3.5.3).

3

A well seismic log is a well log that is created from the seismic volume by extracting the seismic along

the wellbore.
4

The methodology presented in this paper focuses on showing how the well log data can be transformed

(in a timely manner) into a pseudo-seismic volume that can then allow the use of seismic theories and
relations to learn more about the large (kilometric)-scale reservoir characteristics. The WLSI approach is
therefore a technique that can complement (but not preclude) more detailed reservoir characterization
and geological modeling. Indeed, the WLSI results can inform trend modelling, the creation of training
maps, and variogram orientations for facies modeling when performing detailed geological modeling.
The key economic value of the WLSI lies in its ability to provide a “reliable” first approximation of
reservoir property trends in a short time (typically 1 – 2 days, excluding the time required for data
gathering) with no new well data acquired (hence low cost). The methodology adds significant value
when no 3D seismic data is available for analysis as was the case for the Montney study area in this
dissertation.
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D2
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D3

W6
S1
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Fig. 26. Top structure map of Lower Montney (an intermediate intra-Montney horizon interpreted from
well correlation) showing the location of the 12 WLSI reference input (W1 – W6 and S1 – S4) and 2 blind
test wells (B1 and D4). Well D4 is also shown in Fig. 25. The B1 blind test well is located at a 1.2 km
lateral offset from the D2 WLSI input well. Wells SR1 and SR2 are the stratigraphic reference wells
discussed in Section 4.3.5.1.
4.3.5.3.
Seismic Analysis
For this study, the attributes extracted from the pseudo-seismic generated from the WLSI can be
subdivided into two types:
a) Volume attributes, which can be extracted within specified intervals5 in a 3D seismic cube. The
volume attributes that were generated from the top to the base of the VOI resulted in new 3D
pseudo-seismic attribute cubes such as 3D curvature and 3D edge enhancement (see Table 5).
The volume attributes generated using structural methods (namely, 3D curvature, 3D edge
enhancement, Edge evidence, and Ant tracking; see Table 5) were used to map a fault network

5

The specified intervals can be marked by the top and base of a reservoir level or stratigraphic units.
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in the study area. The genetic inversion process (discussed in Section 4.3.5.2.2d) that was used
to derive a pseudo-Ø 3D cube from the RHOB pseudo-seismic volume, with a subsequent
pseudo-K 3D cube derived from the Ø cube, is a volume attribute stratigraphic method (also see
Table 5).
b) Surface attributes, which require the use of a horizon to output the extracted attribute. Generating
surface attributes can result in the creation of a new seismic cube if used to extract statistical,
amplitude, signal shape, or measurable interval information (such as isochron thickness). Also,
as an alternative, an “Extract Value” function can be used to create a surface attribute on a
horizon using a volume attribute as the input seismic. The advantage of extracting surface
attributes is that it makes it possible to study the variation in the attribute on a stratigraphic
horizon in the study area, rather than on a time or depth slice. In this study, we used the extract
value function to generate surface attributes for Vp/Vs ratio, AI, SI, B, G, E, σ, and UCS for the
Top of the Lower Montney interval which is not affected by the base Jurassic unconformity that
affects the Top of Montney Formation and the base Triassic unconformity that affects the base
of the Montney Formation (which is marked by the top of the Belloy Formation). The extracted
attributes were extracted at 20 m above the Lower Montney horizon6. The extracted surface
attributes represent the midpoint value of the input seismic volume within a computation window
that is defined by twice the thickness of the desired horizon shift at each sample location on the
input horizon (Fig. 27).

6

More than 90% of the MFHws in the study area are landed within a 60 m thick interval that is from 40

m above to 20m below the Lower Montney horizon. The 20 m above the Lower Montney horizon
surface attributes therefore provide a quick look insight into the reservoir and geomechanical
characteristics in the Montney landing zone in the study area.
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Fig. 27. Schematic representation of the surface attribute extraction technique applied. The example
shown is for the Lower Montney surface attributes extraction. The yellow circle represents where the
output surface attribute property is extracted from the input seismic volume and reported on the input
(actual) horizon.
Both the volume and surface attributes generated, listed in Table 5, were used to assess the regionalscale vertical and lateral variation of the geomechanical properties and reservoir quality within the
Montney interval.
4.3.5.4.
Fault Mapping
To further explore the potential presence of faults (which have stress field changes often associated
with them) in our study area, we generated seismic attributes using structural methods (as described in
Section 4.3.5.3 above). Of the structural methods tested, the “aggressive mode”7 ant tracking that was
estimated on the 3D seismic “Edge Evidence” cube yielded structural discontinuities that are the most
consistent with the regional fault orientations in the study area as described in the literature (further
discussed in Section 4.3.6.3). From this ant tracked cube, a base case fault framework was extracted as
shown in Fig. 28.
Although we have not addressed uncertainty assessment at this time, we would, like to highlight
that the other ant tracked cubes that were tested could be subsequently used as inputs for a multi-scenario
evaluation of discontinuities (faults and/or fracture swarms or networks) and their orientation in the study
area.

7

An ant tracking method in the PetrelTM software.
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TRMontney
PRbelloy
Mbanff
Dwabamun

Direton
Dduvernay

5 km
Fig. 28. Fault framework. The boundary of the top of the Montney Formation horizon in the study area is
shown as a light blue colored polygon to highlight that the fault framework captures faults that intersect
the Montney interval. Some of the faults are deep enough to intersect the deeper Devonian strata, thus
corroborating the published postulations that some of the faults that intersect the Montney Formation may
be associated to deeper Leduc reef structures (Iwuoha et al. 2018; Iwuoha et al. 2019; Oraghalum, 2019).
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Table 5. Seismic volume attributes and properties generated. All the attributes and properties were
generated in the depth domain.
Attribute

Category

Purpose

Input 3D
Seismic

Comment

Estimates the
curvature of the
reflectors or the
seismic structure
Uses dip guiding
options to filter the
3D contrast

Vp

Inline/Crossline radius:
1 m, VR: 12 m, Method:
Maximum curvature

VOLUME
3D curvature

Structural
method

3D edge
enhancement

Structural
method

Edge evidence

Structural
method

Enhances edges

Ant tracking

Structural
method

Relative AI

Stratigraphic
method

Fault extraction
from a preprocessed seismic
cube
To estimate AI
based on an
integrated trace

3D Curvature HR: 2 m, VR: 10 m,
Min. dip: 1o, Max. dip:
90o, Min. strike: 0o,
Max. strike: 90o
3D Edge
Enhanced on high
Enhancement values. Output
preference: Enhanced
continuity.
Edge
Ant mode: Aggressive
Evidence

Vp

No low-cut filtering was
applied. This volume
was compared with the
AI generated in Eqn. 3.

RHOB

From Genetic inversion

Ø

From Genetic inversion

RHOB

From Genetic inversion

PROPERTIES
Ø
K
GR

Stratigraphic
method
Stratigraphic
method
Stratigraphic
method

Seismic reservoir
property
Seismic reservoir
property
Seismic GR

Note: VR = Vertical radius, HR = Horizontal radius, Min. dip = Minimum dip, Max. dip = Maximum
dip, Min. strike = Minimum strike, Max. strike = Maximum strike.
4.3.6. Results and Application
The WLSI resulted in three principal 3D volumes of the inversion input log data, Vp, Vs, and RHOB,
shown in Fig. 29 to Fig. 31, with 267 inlines and 201 crosslines. 60% of the Vp in the 3D Vp cube, lies
between 4900 and 5300 m/s, with Vp increasing with depth (Fig. 29). Vp in the shallower intervals (above
the Cadotte Formation) are generally slower than 4800 m/s.
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Fig. 29. Vp 3D seismic volume crossline and horizon slice (in depth). The Vp seismic extracted at the top
of Montney Formation (as described in Section 4.3.5.3b) is also shown. The vertical scale is exaggerated
2.5x. The wells shown are the WLSI input wells and the blind test wells (D4 and B1). The WLSI input
wells W3 and S4 are cored in the Montney interval.
Approximately 70% of the Vs in the 3D Vs cube (Fig. 30), lies between 2700 and 3100 m/s, with Vs
also increasing with depth. Vs in the shallower intervals (above the Cadotte Formation) generally range
from 2500 - 2800 m/s.
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Fig. 30. Vs 3D seismic volume crossline and horizon slice (in depth). The Vs seismic extracted at the top
of the Montney Formation is also shown. The vertical scale is exaggerated 2.5x.
In the predominantly siliciclastics-dominated Triassic to Cretaceous strata in our study area (see Table
4), RHOB in the 3D seismic volume largely falls between 2.6 and 2.7 g/cm3 (Fig. 31). Lower RHOB (2.4
– 2.6 g/cm3) mainly occurs in shaly or shaly-siltstone intervals.
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Fig. 31. RHOB 3D seismic volume crossline and horizon slice (in depth). The RHOB seismic extracted
at the top of the Montney Formation is also shown. The vertical scale is exaggerated 2.5x.
One of the benefits of the large scale perspective of property variation that our inversion results
provide (as shown in. Fig. 29 to Fig. 31), is the ability to utilize the results to inform FDP2 stage (Section
4.3.9.1. S1) reservoir evaluations in shale and tight plays. In an FDP2 stage of shale and tight reservoir
field development, an understanding of the overburden properties above the reservoir will be of interest,
especially for the construction of mechanical earth models (Davey, 2012; Chorney et al. 2016) and in
characterizing the stress dependence of reservoir properties such as Ø and K. Another benefit of the log
inversion performed in this study is the opportunity to leverage the fault network mapped in our study to
ascertain fault extensions and identify areas with potential fault-related in-situ stress field perturbation.
4.3.6.1.
Quality Control Results at Wells
We compared well seismic logs extracted from the Vp, Vs, and RHOB 3D pseudo- seismic volumes
(Section 4.3.5.2.3) with the measured Vp, Vs, and RHOB logs of the wells in which the well seismic logs
were extracted. We observed from our comparisons that the Vp, Vs, and RHOB well seismic logs (a result
of the WLSI) reasonably captured the vertical trends in the measured well logs, as demonstrated in Fig.
32. The comparison was also performed in the two blind test wells D4 and B1 with similar results. Fifteen
additional wells8 with either Vp and/or RHOB were used to verify if the trends from the pseudo-Vp and
RHOB correlated with measured well log Vp and/or RHOB. In all fifteen wells, the match between the

8

A combination of vertical and deviated wells (Fig. 26).
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pseudo-seismic and measured well logs was similar to the earlier wells tested thus confirming the vertical
as well as lateral predictability of the pseudo-seismic volumes in interwell areas.
The Ø and K 3D pseudo-seismic properties that were generated from genetic inversion were
compared with Ø (log and core data) and K well logs (Fig. 33). The pseudo- seismic Ø and K had 0.67
and 0.87 correlation (respectively) with Ø and K logs in the genetic inversion blind test wells; hence, also
confirming the predictability of the pseudo-seismic in interwell areas for petrophysical properties. The
higher correlation for K stems from a relatively higher correlation of Ø with K because, as discussed in
Section 4.3.5.2.3d, the K log was derived using a relationship between slip and overburden stresscorrected core Ø-K calibrated in our study area (Clarkson et al. 2016; Iwuoha et al. 2018). Both the pseudoseismic Ø and K 3D volumes capture the general property trends observed in the study area as shown in
Fig. 33.
The ability of the Vp, Vs, RHOB, Ø, and K 3D pseudo-seismic volumes to match the vertical trends
of the measured Vp, Vs, RHOB, Ø and K well data (logs and cores 9) at more than twenty-five vertical
and/or deviated well locations10 suggests that WLSI pseudo- seismic volumes can also be used as proxy
predictors of lateral (kilometric-scale) variations in reservoir properties in the study area, including
interwell areas.

9

Where available.

10

MFHw laterals were not used in the quality control because the lateral sections of the MFHws did not

have available Vp, Vs, and RHOB well log data for comparing with the pseudo-seismic WLSI results.
For the MFHws, the logs (if available). in the vertical and bend section were used to quality control
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Fig. 32. Vp, Vs, and RHOB seismic and well log comparison. This example is from the upper portion of
the Montney Formation in the cored well W3 (Fig. 25, Fig. 26, and Fig. 29 - Fig. 31). The pseudo- seismic
data are displayed as logs (red curves) along the wellbore. Vs G-C (the blue curve in the first track from
the right) is a Vs log that was estimated from Vp log as a quality control of the Vs log estimation technique
that was applied in this study for the four WLSI input wells that lacked dipole sonic data (see Section 1b
and Iwuoha et al. 2019).

Phi increase K increase

Fig. 33. Well E3v inverted seismic Ø-K compared with Ø-K from well log and core. E3v is one of the
fifteen additional wells used for testing the interwell predictability of the pseudo-seismic volumes (as
earlier discussed). E3v is a vertical well drilled from the pad location of the E3 multi-fractured horizontal
well (MFHw) shown in Fig. 35. The RHOB log (log track 2 from the left) is shown for context because
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the Ø log was derived from RHOB. Similar to Fig. 32, the red Ø and K logs (shown in log tracks 3 and 4
from the left) are the seismic Ø and K displayed as a log along the well E3v wellbore. Tracks 5 and 6 from
the left are the 3D Ø and K volume displayed along the wellbore. The Ø volume captures the increasing
trend from the lower Montney interval into the upper section of the Montney Formation. This trend is also
consistent with Ø improvement seen on the core data. The K seismic volume captures the trend of K
improvement from the bottom to the top of the Montney interval.
As the 3D seismic volumes generated from the WLSI capture property trends and not precise
property values, in our large scale assessment of reservoir properties and geomechanical heterogeneity,
we assessed the property trends in our study area, with less emphasis on detailed statistical comparisons
which can be reserved for when a detailed 3D geological model is constructed.
4.3.6.2.
Rock Petrophysical and Geomechanical Trends
As discussed in Section 4.3.5.3b, by overlaying the generated seismic Ø, K and rock
elastic/geomechanical properties over top structural depth maps for the top of Montney (Fig. 34A), top of
Lower Montney and top of the Belloy horizon (the base of the Montney Formation), we observed
regionally, predominantly NW-SE and minor NW-SE or E-W oriented attribute trends (especially based
on the Lower Montney horizon which is not affected by unconformities). Fig. 34B - Fig. 34L show the
results for the properties extracted 20 m above the top of the Montney horizon (as discussed in Section
4.3.5.3b).
Localized variations in attributes (as observed in Fig. 34B - Fig. 34L) are an early indicator of
potential underlying geologic and geomechanical heterogeneity. The NW and south-central areas merit
further investigation due to their higher reservoir quality trends (Ø-K) and relatively favorable
geomechanical properties (higher E and lower σ).
A depocentre-like feature is observed in the south-central portion of the study area (more
conspicuous in Fig. 34C, Fig. 34F, and Fig. 34G). This “depocentre” is flanked by contour deformations
which had been suspected to be due to lineaments associated with underlying Leduc reef structures
(Iwuoha et al. 2018; Oraghalum, 2019). As was highlighted in Section 4.3.5.4, by virtue of the fault
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mapping performed in this study, we have identified faults that intersect the Montney interval and extend
down to the Devonian Ireton Formation where Leduc reef and reef-related faulting have been interpreted
in the literature (Weir et al. 2018).
Upon further review, westward (basinward) of the south-centrally located “depocentre”, two
relatively higher Ø-K trends are observed which may be turbiditic events or related to mass wasting
(prominent on Fig. 34C, Fig. 34F, and Fig. 34G). From the fault mapping results (Sections 4.3.5.4 and
4.3.6.3), this basinward area is flanked by deep-seated faults whose growth may have facilitated highdensity flow or mass wasting, that is, assuming that the faults were synsedimentary in origin. Further,
based on regional geological interpretations in the literature (Davies et al. 2018), the upper section of the
Montney Formation that overlies the lower Montney interval in this study area is attributed to the Middle
Montney Member within which turbidites and mass wasting events have been interpreted (Davies et al.
2018). The NE-SW flow path direction observed in Fig. 34F and Fig. 34G is consistent with mainly NESW flow paths of paleostructurally controlled turbiditic or mass wasting events in the Montney Formation
(Davies et al. 2018).
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Fig. 34. Reservoir petrophysical and rock elastic properties extracted at 20 m above the Lower Montney
horizon from the inverted WLSI seismic volumes (Fig. 34A – Fig. 34K). The wells shown include the
inversion input wells and blind test wells (in red color) other vertical wells intersecting the Montney
interval (black colored vertical well symbols), MFHws that show the predominant NW-SE orientation of
MFHws drilled in the area which is perpendicular to the SHmax direction, and eight MFHws (in pink color,
also shown in Fig. 35 and Fig. 38) used to assess the link between production and reservoir petrophysical
and geomechanical heterogeneity (to be subsequently discussed). The density cube defines the western
extent of reasonable confidence in the trends observed (Fig. 34C). Basinward of this western limit, there
are a fewer number of wells drilled in our study area and trends beyond this point are less reliable. Also,
west of the basinward limit, the Montney Formation in the study area grades into more shaly siltstones
and shales; an indication of the relatively increasing ductility of the rocks in this basinward area is
provided by the σ 3D cube (Fig. 34J). The UCS in the basinward area (Fig. 34K) was undefined due to
limited well control (the western limit of reasonable confidence in the trend maps).
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4.3.6.3.
Application: Fault Mapping
From the fault extraction that was performed when analyzing the ant tracked “Edge evidence”
volume (as discussed in Section 4.3.5.4), we gained an insight into the potential fault network in the
Montney Formation in the study area (Fig. 35 and Fig. 36). We term the fault network an “equiprobable
fault scenario” since the mapped fault network only represents one of other possible fault network
scenarios which could differ as a function of the dataset and methodology used for fault identification.
Sub-vertical faults were identified, with the azimuth of the faults mainly ranging from 40 to 225
(Fig. 36). The main fault orientations are consistent with the NE-SW SHmax direction and present-day insitu stress conditions in western-central Alberta (Fig. 35 and Fig. 37) (Heidbach et al. 2018). The subtle
change in orientation for some of the interpreted faults may be due to transtensional strike-slip faulting
that has been interpreted in the area, especially associated with deep-seated faults (Eaton and Schultz,
2018).
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Fig. 35. Fault network at the Montney reservoir level. Only the faults that intersect the Montney interval
are shown. The wells E1 to E8 shown are 8 MFHws analyzed to assess the link between production/EUR
and reservoir petrophysical and geomechanical heterogeneity (Section 4.3.6.4).
The WLSI-facilitated fault mapping performed in this study can inform the understanding of
regional structural impacts on the petrophysical and geomechanical trends in the study area during
exploration and field development. We see from Fig. 35 that the mapped fault network closely correlates
to structural contour deformations on the interpreted Montney horizon. The contour deformations had
been previously alluded to be likely associated with faulting in our study area (Iwuoha et al. 2018;
Oraghalum, 2019).
Given that the WLSI fault mapping was based on seismic attributes (independent of the interpreted
horizon), we see that the resultant fault network (Fig. 35) aligns with the horizon contour deformations,
thus confirming the earlier interpretations of fault presence (Iwuoha et al. 2018; Iwuoha et al. 2019;
Oraghalum, 2019). Where the faults are deep-seated in the south-central portion of the study area,
162

sediment routing/re-routing appears to have been affected, thus impacting the reservoir petrophysical and
geomechanical properties (Fig. 38G and Fig. 38H).

Fig. 36. Dip and azimuth of mapped faults. Each circle represents a single fault. The faults are colored by
the terminal bottom depth. Based on the dataset used in this study, faults at shallower depths are few. In
the E6 well shown in Fig. 35, severe mud losses were recorded during drilling, thus independently
confirming the fault presence interpreted in the E6 area (Fig. 35 and Fig. 38). Worthy of note are the
darker-blue and purple colored faults which are deep-seated and also intersect the Montney interval
(whose top of structure depth generally ranges from ~1740 to ~2230 mTVDSS, see Table 4 and Fig. 35).
The darker-blue and purple colored faults (also shown in Fig. 28) are likely related to the Devonian-aged
Leduc structures identified by Weir et al. (2018) and Yang (2018).
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Fig. 37. Stress orientations in Alberta and British Columbia (modified from HAS, 2008). The red square
depicts the approximate location of our study area. The HAS (2008) stress orientations in our study area
are largely mapped from borehole breakout data. NF = Normal Fault, SS = Strike-slip, TF = Thrust fault,
U = Undefined stress regime.
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Fig. 38. Key reservoir petrophysical and geomechanical property trends derived from the WLSI workflow
with an overlay of the interpreted Montney fault network (also shown in Fig. 14). The inset letters (G to
K) in each of the maps correspond to the inset letter of each property trend map in Fig. 34.
Complimentary well information (such as image logs) can be used to verify the “equiprobable
solution” fault network mapped in this study to further investigate in-situ stress conditions and the likely
presence (and potential impact) of fracture swarms or associated stress field changes in the Montney study
area. In addition, the fault network can be used to inform operational studies on fault-related K field
165

perturbation and potential modification of fluid transport pathways during enhanced recovery (an FDP2
stage analysis).
In an area where only well logs are available with no 3D seismic data, when compared to well by
well fault identification using well logs, the WLSI-facilitated fault mapping requires less time to complete
(it can be run within a few minutes, compared to days of manual fault identification on well logs). Well
by well fault identification can, however, be used as a complementary follow-up technique to refine the
fault network generated from the WLSI approach; especially if the well by well interpretation takes into
account image logs and/or borehole breakout data (if available). Image logs and borehole breakout data
were unavailable for this study, hence the reliance on other independent data (such as drilling) to confirm
the likely presence of faults.
4.3.6.4.
Assessing the Links between MFHw Ultimate Recovery, Completion
Characteristics, Petrophysical and Geomechanical Properties
To assess the potential links between petrophysical and geomechanical characteristics of the
Montney interval and production we integrated the results from the WLSI (Fig. 34, Fig. 35, Fig. 38, Fig.
39 and Table S1) with completions characteristics (Fig. 39, and Table S1), gas production decline curve
analyses -DCA- (Fig. 40), completion, and hydraulic fracturing pumping details of wells E1 – E8 (Fig.
39, Fig. 41, and Table S1).
The highest gas EUR is observed in wells E7, E4, and E1 (Fig. 39 and Fig. 40). Fig. 39 suggests
that none of the implemented completion design characteristics show a straightforward correlation with
EUR. Both the highest proppant placed per stage in E3 (which resulted in the highest total proppant placed
of 6321 t) and the high average frac stage spacing of 105 m do not yield the highest estimated EUR among
the studied wells. The high breakdown pressure (or fracture initiation pressure) in E3 (Fig. 41) suggests
that the completion and hydraulic fracturing strategy for well E3 were likely informed by the geological
characteristics and state of stress around the well. Based on the WLSI pseudo-seismic 3D volumes, E3 is
the only well that has a combination of a relatively high RHOB and moderate rock strength (Table 6),
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hence corroborating the high breakdown pressure information that was independently measured during
the E3 hydraulic fracturing operation (Fig. 41).
Similar to E3, in the E2 well, a high frac stage spacing (107 m), high completed length (~3.2 km Fig. 39, and Table S1-), high proppant placed per stage (160 t), and high total proppant placed (4818 t),
do not result in a comparatively higher EUR. Although the E2 and high EUR E4 well share a similar
completion length and total proppant placed (Fig. 39, and Table S1), the more brittle rocks encountered
by the E4 well and a lower breakdown pressure are indicative of geological characteristics that may have
favored a higher EUR in E4 (Fig. 34, Fig. 38, Table 6, and Fig. 41).
The E7 high EUR well stands out because of its lowest number of frac stages, lowest completed
length, and lowest total proppant placed -among the producing MFHws, which excludes the E6, a gas test
well- (Fig. 39). Along with the E4 well, E7 appears to encounter relatively more brittle rocks (shown by
its high E trend - Fig. 34, Fig. 38, and Table 6) compared to the other MFHws studied. Although the
breakdown pressure in E7 is relatively high, the WLSI results show that E7 is in an area that may likely
be affected by in-situ stress perturbation resulting from fault presence (Fig. 35 and Fig. 38). This could,
therefore, imply that once the near-wellbore fracture initiation pressure is overcome, production is
facilitated by a stimulated rock volume (SRV) that is enhanced by faults and their associated stress field
changes.
Attempting to reconcile the relatively low EUR in well E5 would be an arduous task without the
fault network mapped using the WLSI workflow. Petrophysically and geomechanically, the E5 well has
similar or even more favorable properties than the E4 high EUR well (Fig. 34, Fig. 38, and Table 6). Even
the independent breakdown pressure data confirms the similarity in the rocks encountered by the E5 and
E4 well (Fig. 41). However, the fault network mapped (Fig. 35 and Fig. 38) shows an increased likelihood
of in-situ stress perturbation around the E5 well, also evidenced by a slightly higher breakdown pressure
in the well, compared to the E4 well. While the wide range of the frac port open pressure in E5 is curious
-and likely telling-(Fig. 41), the lesser frac stage spacing and lower total proppant placed suggest that the
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completion and fracturing performed on this well could have been optimized (by taking into account the
local geological and structural features) to enhance the well’s EUR. We note that the E4 well is likely
less-affected by faults to the same extent as the E5 well.
Judging from the non-producing E6 well which is located in an intensely faulted area (Fig. 35 and
Fig. 38), further evaluation would be required to better understand the role of faults (and their
associated/resultant natural fracture regime or stress field perturbation). As earlier indicated, extreme fluid
losses were reported during the E6 drilling and confirm the independently recognized fault presence from
the WLSI. The E6 well shows high frac port open pressures (Fig. 41) and relatively elevated breakdown
pressures (Fig. 41). It does, however, appear that as a result of likely fault-related near-wellbore stress
perturbation, once the frac port is opened and fracture initiation occurs, relatively lower average and
maximum frac treatment pressure are required. E6’s moderately higher σ and rock strength (Table 6)
could be a contributing factor to the much lower fluid injection rates (~2 m3/min) that were achieved
during the well’s hydraulic fracturing operation.
The relatively low well E8 EUR appears to be the result of a combination of mediocre reservoir
petrophysical and geomechanical characteristics (Fig. 34, Fig. 38, and Table 6), coupled with completion
and hydraulic fracturing characteristics that may require optimization to take into account the reservoir
and geomechanical rock quality around the E8 well and its SRV. Wells E1 – E8 are landed at similar
depths (<10 m true vertical depth -TVD- difference) in the formation with E7 and E8 landed slightly
shallower (<20 m TVD) away from the E1 – E6. Depth, therefore, does not appear to be a major factor
controlling the relationships described above between the Montney petrophysical, geomechanical, and
completions characteristics and production/EUR.
Finally, in the light of the observations made above, one of the key takeaways from the assessment
performed in this dissertation section is that for an exploration and FDP1 decision, the E6 area should be
recognized as an area worth ranking as a lower priority exploration/development area until the fault
uncertainty in the E6 well and the surrounding area is de-risked.
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Table 6. Wells E1 – E8 elastic, petrophysical, and geomechanical properties contingency table.
Property/Well
Vp
Vs
RHOB
AI
SI
Ø
K
E
σ
UCS

E1

E2

E3

E4

E5

E6

E7

E8
Legend
Low
Low - Moderate
Moderate
Moderate - High
High

This table presents a high-level summary of the WLSI results for the Montney landing zone (i.e. within
20 m -and likely up to 50/60m- above the Lower Montney horizon and 10 – 20 m below the same horizon
- Fig. 34 and Fig. 38). The laterals of the E1 – E8 MFHws are located in the Montney landing zone (as
discussed in Section 4.3.5.3). The contingency table was generated through visual observation of the
WLSI results (Fig. 34 and Fig. 38) to highlight a qualitative range for the petro-elastic and mechanical
properties in the lateral section of each MFHw. The “Moderate” category is defined as an intermediate
range on the color legend for each of the parameters shown in Fig. 34.

Fig. 39. MFHw Lateral and Completion Characteristics.
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Fig. 40. MFHws production decline curve analyses. The EUR estimates are based on two production
decline scenarios computed per well (see the insert DCA details per well). R 2 is the correlation coefficient
of the decline curve fit(s). Both DCA scenarios have similar R2 or differ by +/- 0.02 (except in E1 in which
the R2 for the harmonic decline differs by -0.1 from the R2 shown above). The E6 well has no reported
production, its well status is indicated as “Test - Gas” in the GeoScout database. In addition, among the
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eight studied MFHws, E6 has the least fluid injection rate (see Table S1 in the Appendix). Note: 1MMcf
= ~28317 m3. The purpose of the EUR estimation above was to comparatively (rather than precisely)
assess the differences in recovery for the different areas where wells E1 to E8 were landed and completed.
More precise estimates of the EUR per well would require the use of specialized reservoir evaluation
software and tools (that were unavailable for this research) that would more readily accommodate the
refinement of the decline exponent (b stem) value and the effective decline rates. The spatial variations in
the EUR from the current decline analysis are assumed to be indicative of the potential control of vertical
and lateral reservoir heterogeneity on production and the ultimate recovery through its impact on fluid
storage/transport mechanisms, natural fracture presence, and hydraulic fracture height growth.

Fig. 41. MFHws completion and frac stage pumping details.
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4.3.7. Discussion
The WLSI presented in this paper is a novel way of maximizing the reservoir understanding that can
be obtained from well logs. The effort in Section 4.3.6.4 to assess the links between the pseudo-seismic
derived petrophysical and geomechanical properties highlights the complementary value that generating
3D pseudo-seismic volumes (from well logs) brings, especially in the absence of commercially acquired
3D seismic.
Attempting to identify the geoscience or engineering controls on production and EUR using bivariate
or multivariate analyses (Fig. 42 and Fig. 43) can be daunting and time-consuming, hence the need for
machine learning techniques (e.g. neural network and principal component analysis - Fig. 44) or new
approaches such as the WLSI technique. The incorporation of complementary information such as the
predominantly produced fluids (Fig. 43), image logs and diagnostic fracture injection tests (DFIT) can
facilitate insights on the possible trends in production and EUR that can influence an exploration or FDP1
decision (Fig. 42).
In Fig. 42, we adopted an exploration/FDP1 scale approach (i.e. assuming that limited information is
available) for searching for trends between geoscience (petro-elastic and geomechanical), completion and
hydraulic fracturing parameters and EUR. The mean of the completion and hydraulic fracturing
parameters per lateral (not the individual values per stage) was used to seek insights on parameter
relationships with EUR. Whereas the mean values per MFHw lateral in Fig. 42 do not reveal any glaring
trends that can consistently explain the level of EUR in the MFHws, using the same means and additionally
classifying Fig. 43 cross plots by the dominant hydrocarbon fluid produced per MFHw (Iwuoha et al.
2018) does indeed provide new insights that merit further investigation.
From Fig. 43, it would appear that frac port open pressure, breakdown pressure, average pressure, and
the maximum treatment pressure are generally negatively correlated with EUR. This deduction is however
preliminary and mainly based on the E1, E2, and E3 wet gas-producing MFHw data points. As was shown
in Section 4.3.6.4, the local to regional petrophysical, geomechanical, and structural heterogeneities
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would need to be taken into account to more concretely ascertain the extent to which geoscience and/or
engineering characteristics contribute in controlling the EUR in the study area.

Fig. 42. Montney mean completions and pumping details per MFHw lateral, compared with IR and
EUR. Note: 1MMcf = ~28317 m3
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Fig. 43. Crossplot of mean completion and frac treatment pressure with EUR. The pressure plotted is the
aggregate mean pressure for all the frac stages in each MFHw lateral. The EUR was derived from gas
production decline curve analyses (Fig. 40). The ovals represent the predominant hydrocarbon fluid
produced by the MFHw according to (Iwuoha et al. 2018), with the red color representing lean gas, yellow
represents wet gas, and the green represents oil. The trend line is a regression for all the points with the
related R2 in blue text. The second R2 shown represents the correlation coefficient of E1, E2, and E3 wells
in the wet gas producing trends (Iwuoha et al. 2018). The non-reporting of an R2 for the lean gas and oil
trends is intentional as we would like to incorporate more MFHw data points (at least three) in both trends
to determine the appropriate correlation with EUR.
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Fig. 44. Principal component analysis (PCA) of Montney MFHws E1 – E8 hydraulic fracturing and
pumping parameters. Each principal component (PC) highlights a direction of variance in the data. The
length of the line segment of each PC is proportional to the standard deviation along the PC. The mesh is
a representation of the orthogonal directions projected to the PCs and does not exclude the points lying
outside the mesh from the PCA. The first PC (PC0), shows the direction with the highest variance in the
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data, being the direction from the lower breakdown pressure data to the higher frac port opening pressure.
λ represents the fractional contribution of each principal component and not the eigenvalue. PC0 and PC1
capture 96% of the variance in the data. The correlation coefficients of the frac port opening pressure and
average injection flow rate with breakdown pressure are 0.51 and -0.23, respectively. The PCA analysis
shows the advantage of multi-attribute analysis in identifying previously unclear trends. Overlaying the
3D crossplot with the UCS pseudo-seismic volume improves the clustering of the data and reveals a
tendency of the rocks with lower rock strength to plot with lower frac port opening pressures and lower
breakdown pressure. The number of data points shown in both crossplots is 183. This figure highlights
one of the benefits of utilizing the WLSI approach to generate pseudo-seismic petrophysical and
geomechanical property volumes. The complementary pseudo-seismic data generated can be used
alongside existing datasets when conducting initial exploration assessment or formulating FDP1 strategies
in undrilled areas.

4.3.8. Conclusion
Workflow:
a) We have developed a novel workflow to invert well log data into 3D pseudo-seismic volumes,
referred to as the Well Log to Seismic Inversion (WLSI) workflow.
b) We have demonstrated that WLSI can:
o Facilitate rapid identification of the kilometric-scale geological and geomechanical trends
in the Montney reservoir
o Aid in the structural mapping of faults
o Provide an insight into the extent to which petrophysical and geomechanical properties
control production, notably EUR
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c) Given the limited time required to set up and implement the WLSI technique (days to a few
weeks11), the WLSI method can be applied as an alternative to performing a more time-consuming
detailed geostatistical modeling12 during the exploration and FDP1 stages of shale and tight
reservoirs development.
The WLSI application in the Montney Formation:
d) From the current study, at the regional scale, predominantly NW-SE trending and minor NW-SE
or East-West oriented petrophysical, rock elastic and geomechanical heterogeneities exist in the
Montney Formation.
e) Deep-seated faults occur in the Montney interval in the study area and reach the underlying Ireton
Formation where Leduc reef and reef-related structures have been recognized in the literature.
f) Likely syndepositional faulting may have occurred in the Montney interval (mainly linked to the
deep-seated faults). This faulting may have exercised some control on sediment routing or rerouting, resulting in the high-density flows or mass wasting described in the study area in the
literature.
g) Fault presence likely impacts the production (or the lack thereof) from MFHws due to faultassociated local stress field perturbation. The role of faults, fractures and structural-related stress
regime changes on production and EUR in the study area require further investigation.
h) MFHw completion and hydraulic fracturing design characteristics in the studied wells do not show
a straightforward correlation with the Montney gas EUR.

11

Data extraction time and synthesis may vary for different users, depending on the time required to

access the wells database, database organization, ease of data extraction, and lastly the amount of well
data to be analyzed.
12

Which in most cases requires months to complete.
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i) The petrophysical and geomechanical properties generated through the WLSI provide a
complementary geological basis for attempting to reconcile the EUR in the study area. E tends to
be positively correlated with EUR, with complementary effects of RHOB and UCS.
j) Based on the MFHw data evaluated, the mean frac port opening pressure and breakdown pressure
per MFHw lateral are negatively correlated with EUR.
k) The UCS pseudo-seismic 3D property, when combined with PCA, highlights the impact of rock
strength on Montney Formation breakdown pressure. Lower UCS generally positively correlates
with lower formation breakdown pressure but does not necessarily result in higher average injection
rates.
WLSI validation:
A test application of the WLSI workflow in a different resource play (the Bakken Formation) where
3D seismic was available was performed and the results showed that the WLSI pseudo-seismic acoustic
impedance property volume generated captured similar property trends as the measured 3D seismic (see
Section 4.3.9).

Finally, the WLSI approach clearly demonstrates how shale and tight play operators can extend their
reservoir knowledge at low-cost by using existing well log data, especially in the absence of commercially
acquired 3D seismic data. No new well data acquisition is required (hence low cost).
The technique proposed in this study does not (and is not intended to) replace the use of actual 3D
seismic data (if available). The WLSI results must always be calibrated to well data as was performed in
this study for both input and blind test wells.
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4.3.9. Supplementary Information
4.3.9.1.
S1. Field Development Stages in Resource Plays
For the purposes of this study, we defined two main pre-abandonment stages in shale and tight
reservoir development:
a) Exploration stage: This is an early stage where a decision needs to be made on whether to acquire
acreage.
b) Field development stage (FDS): This stage is comprised of two phases, namely:
i. Field development phase 1 (FDP1): When a decision needs to be made on the portion of an
acreage that would be first drilled or developed.
ii. Field development phase 2 (FDP2): Where detailed input on reservoir rock (and natural
fracture) characteristics is required to determine hydraulic fracture stage spacing, proppant type,
frac fluid, treatment pressure, and other MFHw requirements. It is also during FDP2 that the
reservoir characterization process incorporates detailed natural and hydraulic fracture studies
(Li et al. 2015; Belyadi et al. 2016; and Zeng, 2017), as well as evaluations on enhanced
recovery techniques (Sheng, 2015). Some outputs from FDP2 can be used as inputs to “highgrade” other pre-drill areas in an acreage, hence informing an FDP1 decision, which would be
subsequently followed by an FDP2 type development in the new area (Fig. S1).

179

Fig. S1. Simplified diagram of development stages in resource plays. (Not drawn to scale). Exploration
activities typically precede field development. However, the subsequent field development activities can
inform new exploration in other areas of the play. Similarly, the decision on the initial areas to develop in
an acreage (Phase 1) can subsequently be informed by detailed reservoir understanding that is acquired
during the later stages of field development (Phase 2) when significant geoscience and engineering data
have been acquired and analyzed in the play.
Literature review shows that much of the research on the challenges of reservoir heterogeneity in
shale and tight plays are performed from an FDP2 perspective (Miskimins, 2008; Cipolla et al. 2009;
Warpinski et al. 2009; McKean, 2017).
4.3.9.2.
S2. Acoustic Impedance: Inverted versus Measured Seismic
Although we did not have commercially acquired 3D seismic survey data in our study area, a 3D
seismic survey was available in a different area (the Bakken Formation in Saskatchewan Canada) that
allowed us to test the representativeness of our inversion technique.
The available Bakken 3D seismic survey was post-stack data which limited our ability to invert for
comparable volumes such as the RHOB. However, we were able to generate a relative AI seismic volume
from the measured 3D survey which was compared with the pseudo-AI derived from the log inversionbased seismic volume (Fig. S2).
We observed a reasonable correlation between the pseudo-AI estimated from the WLSI inverted
seismic volume (AIwellinv) and the relative AI from the post-stack 3D survey (AIseis) (Fig. S2). On one
hand, the reasonable correlation between the Bakken AIwellinv and AIseis corroborates that our WLSI
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workflow can be reasonably applied in other resource plays. On the other hand, the smoothness of the
WLSI result (compared to the actual seismic result) underscores our preference for considering our WLSI
technique as a screening tool for property trend identification for large scale exploration stage and FDP1
reservoir assessments, rather than for detailed geostatistical analysis.

Fig. S2. AI generated from measured 3D seismic (inset A) and well log inverted 3D seismic (inset B). An
increase towards the northeast of the darker-blue higher AI trend in the map generated from the
commercially acquired 3D seismic data is observed in map inset A. Inset map B (generated using the AI
i.e. Vp * RHOB 3D volumes from the well log to pseudo-seismic inversion method) captures the
increasing AI trend to the northeast, with the darker-blue higher AI occurring in the northeast. Both AI
maps were extracted at top of the Middle Bakken horizon in southeastern Saskatchewan. The attribute
extraction method is the same as was described in Section 4.3.5.3. The Bakken area shown above had
three vertical wells drilled outside the measured 3D seismic survey limit that were used for the WLSI. The
red balls represent well terminal depths in the MFHws. Note: (a) No well control was applied when
generating the AI from the measured 3D seismic survey so as to retain the same method of attribute
extraction as the attribute map extracted from the pseudo-seismic volume. (b) The workflow test area in
the Bakken Formation shown above is 12 km2 (3005 acres).

181

4.3.9.3.
S3. MFHw Completion and Hydraulic Fracturing Parameters
Table S1 shows the completion characteristics and hydraulic fracturing details of the eight MFHws studied.
Table S1. Table of MFHw Lateral and Completion Characteristics
Well #

Completed
Length (m)

Number of
Frac Stages

Average
Frac
Spacing
(m)

E1

2319

29

81

E2

3180

30

107

E3

2792

27

105

E4

3104

37

86

E5

1897

38

51

E6

1666

22

79

Technology

Proppant
Type

Total
Proppant
Placed (t)

Base Fluid

Stimulation
Fluid

Plug & Perf

40/70 Sand

3465

Water

N2 foamed
waterfrac

Average
Injection
Flow Rate
(m3/min)
8
(6.7 – 9.5)

40/70 Sand

4818

Water

N2 foamed
waterfrac

7.8
(4.8 – 9.7)

40/70 Sand

6321

Slickwater

Slickwater

7.5
(6 – 9)

40/70 &
30/50 Sand

3714

Slickwater

Slickwater

9.2
(5.5 – 11.2)

40/70 &
30/50 Sand

3800

Slickwater

Slickwater

8.5
(6 – 10)

40/70 Sand

1725

Water

N2 foamed
Slickwater

2
(1.5 – 4)

1827

Slickwater

N2 foamed
Slickwater

5.5
(4 – 8.5)

3110

Water

N2 foamed
Slickwater

5
(3 – 7)

Ball &
Seat/Plug &
Perf
Plug & Perf
(Ball)
Ball &
Seat/Plug &
Perf
Ball &
Seat/Plug &
Perf
Plug & Perf

E7

1340

20

69

Plug & Perf

E8

2425

31

81

Plug & Perf

40/70 &
30/50
Sand/Resincoated
50/140,
30/50, 20/40
Sand/Ceramic

*From GeoScout well database. Note: Completions characteristics were retrieved from the Western Canadian frac database. All the MFHws
have open hole completion, except the E3 well which is cased.
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Chapter 5: An Integrated Approach for Determining Lower-Emissions
Multi-fractured Horizontal Well Drilling Locations
5.1. Overview
Recent regulatory changes such as Canada’s Bill C48, C69, and methane emissions regulations
in the Provinces of Alberta, British Columbia, and Saskatchewan (GOA, 2019; BCOGC, 2018; and
GOS, 2019) highlight the increasing demand for the sustainable development of oil and gas resources
with minimal environmental footprint. This thesis chapter addresses this demand by presenting a
geoscience integration and predictive modeling approach for selecting lower-emissions drilling
locations in unconventional (shale/tight reservoirs). The case study herein presented was based on the
Montney Formation in west-central Alberta.
The manuscript presented in this chapter has been submitted for journal publication and is
under review (Iwuoha et al 2019c).

5.2. Abstract
The objective of this research was to evaluate the relationship between variations in rock
properties and the level of pre-production greenhouse gas (GHG) emissions (particularly methane) of
multi-fractured horizontal wells (MFHws) drilled in unconventional resource plays. We provide
insights from MFHws targeting the Montney Formation by integrating pseudo-seismic petrophysical
and geomechanical property results with a recently developed regional predictive model (applied wellby-well) to estimate the energy requirement and total pre-production methane emissions (TPPME) of
MFHws. The TPPME from individual MFHws ranges from ~0.8 to 4.7 ktCO2e. TPPME is positively
correlated to the total drilling energy requirement (TDER) with a correlation coefficient R2 = 0.98.
Drilling requires 8 to 59 terajoules (TJ) of energy (in eight studied MFHws) and contributes the highest
TPPME emissions (84 to >90%). Hydraulic fracturing is one of the least contributors to pre-production
GHG emissions (generally <2%). The drilling energy requirement from the regional predictive model
was reformulated to highlight the inverse proportionality of TPPME with the drilling rate of
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penetration (ROP). In the study area, the MFHws in which a greater total thickness of “slow ROP”
(clay/mudstone/shale) lithologies were drilled in the Montney overburden have higher TPPME. This
trend was best observed when the MFHws were grouped according to the predominant hydrocarbon
fluid produced in the Montney interval. Two new empirical relations to estimate TPPME and preproduction emissions from mud circulation are proposed. A new term “lower-emissions sweet spot”
(LESS) is also introduced. We show through a two-well example that saving 0.37 ktCO2e of GHG
emissions through an informed “LESS” selection can equate to avoiding an equivalent GHG emission
from ~1.5 million kilometers (~900, 000 miles) driven by an average passenger vehicle.

5.3. Introduction
5.3.1. Background
Historically, the premise used by oil and gas producing and service companies to determine where
new exploration and field development wells were to be drilled was based on identifying “sweet spots”
(Goodway et al. 2010; Chopra, 2011; Heege et al., 2015; Cudjoe et al., 2016; Zhang et al., 2016 and
Ghanizadeh et al. 2017). The definitions of a “sweet spot” vary in the upstream petroleum industry
(Sena et al. 2011 and Alzahabi, 2014), however, most proponents would agree that there is more or
less a general consensus that a sweet spot would in most cases include certain rock characteristics that
would facilitate the economic recovery of the targeted hydrocarbon. The defining characteristics vary
depending on whether the target reservoir is conventional (Zou et al. 2015 and Polczer, 2017) or
unconventional reservoir (Alzahabi, 2014; Heege et al., 2015; Cudjoe et al., 2016; Ghanizadeh et al.
2017 and Zhao et al. 2019).
In general, the reservoir attributes of interest in identifying a “sweet spot” for oil or gas drilling
include, but are not limited to (Goodway et al. 2010; Chopra, 2011; Alzahabi, 2014; Heege et al., 2015;
Zou et al. 2015; Allmendinger, 2016; Cudjoe et al., 2016; Ghanizadeh et al. 2017; Polczer, 2017 and
Zhao et al. 2019):
•

Areas in a reservoir with relatively high petrophysical properties e.g. porosity (Ø) and
permeability (K),
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•

Areas in the reservoir with favorable geomechanical characteristics such as relatively high
Young’s modulus, low Poisson’s ratio, and low rock strength (especially for shale and tight
reservoirs),

•

Areas with favorable in-situ pressure (for example, over-pressured areas that are being targeted
for wet gas production in the Montney Formation in west-central Alberta), and

•

Areas with favorable state of in-situ stress (e.g. areas that are not too close to the Mohr’s
envelope failure criterion to avoid re-activating critically stressed faults during hydraulic
fracturing).
Times are however changing for oil and gas exploration (OGEP), with increased regulatory

requirements within the last ten years to facilitate a reduction in the environmental footprint of OGEP
and particularly to reduce the GHG emissions from exploration and production activities (GOA, 2019;
BCOGC, 2018; and GOS, 2019).
In response to the changing business environment, several studies have been performed to identify
ways to reduce the emissions from oil and gas activities (JACOBS, 2012; Azadeh et al., 2015;
Gutierrez et al., 2016; Yudhowijoyo et al. 2018; Energy Efficiency Alberta, 2019; GOA, 2019).
However, only a few of these studies have addressed the OGEP emissions reduction pathways during
drilling and completion operations (Howarth et al. 2011 and US EPA, 2011) especially for multifractured horizontal well (MFHw) drilling and completion in unconventional plays. To date, there are
no studies that demonstrate how petrophysical and geomechanical heterogeneities of geologic
formations can be taken into account to facilitate the choice of MFHw drilling location in such a way
as to minimize the related pre-production GHG emissions. This study addresses this gap in the
literature.

191

5.3.2. Objective
The purpose of this study was:
a) To determine the potential role of geological characteristics and heterogeneities in affecting
the energy requirement for drilling MFHws and the associated pre-production GHG
(particularly methane) emissions.
b) To integrate workflows and modeling techniques that would facilitate the achievement of the
objective (a), such that the decision on the shale or tight reservoir acreage to be drilled can be
taken within a minimal turnaround time of one week or less13.
Given the above, the intent of this work was, therefore, to establish that by identifying and
integrating the earlier described “sweet spot” characteristics of a targeted resource play with the
geological characteristics of the overburden stratigraphic units, a “lower emissions sweet spot (LESS)”
can be defined for MFHw drilling and completion. The “LESS” identification should facilitate the
exploration and field development (E&FD) of shale and tight gas reservoirs such that the “new-reality”
dual objective of maximizing hydrocarbon recovery while simultaneously lowering the associated
GHG emissions can be achieved.

5.4. Data and Methods
5.4.1. Study area
The area of study is located in west-central Alberta, ~355 km west-northwest (WNW) of Edmonton
and covers a 1,182 km2 (~292, 000 acres) area (Fig. 1). The Montney Formation (Fig. ), the reservoir
of E&FD interest in this study, was deposited during the Lower Triassic as a shallowing up clastic
wedge of basinal, turbidite, slope, shelf, and shoreface deposits (Zonneveld and Moslow, 2018b).
In the study area, the Montney interval is ~200 m (~656 ft.) thick, predominantly comprised of
siltstones, and underlain by mixed dolostones, sandstones, and cherts of the Permian Belloy Formation
(Fig. 2 and Table 7) Above the Montney interval lie thirty-one Triassic to Cretaceous-aged geologic
13

This is a rule of thumb estimation of the time required to complete the lower-emissions assessment, assuming the
required data, tools, and personnel have already been put in place.
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intervals of varying thicknesses and lithologies (Fig. 2 and Table 7). Fig. also highlights the
differences in the gamma-ray well log signature per unit, an indication of the vertical geological
variability in the study area.

Fig. 1. Study area. The black-colored wells are MFHws targeting the Montney Formation. The redcolored wells represent vertical wells crossing the Montney interval. Cored wells are light greencolored (Modified from Iwuoha et al. 2019b).

Fig. 2. Type well showing key geologic units overlying the Montney Formation in the study area. The
red-colored rectangle in the stratigraphic section highlights the Montney interval (Modified from
Iwuoha et al. 2019b).
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Table 7. Geologic intervals and their main lithologies in the study area.
Interval
Kbelly_rv
Klea_park
Kwapiabi
Kchinook
Kcolorado
Kbadheart
Kmuskiki
Kcardium
Kcard_ss
Kkaskapau
K2nd_ws
Kdoe_ck
Kdunvegan
Kshftbury
Kbfs
Kpaddy
Kcadotte
Kharmon
Knotikewin
Kspirit_r
Kfahler
Kwilrich
Kbluesky
Kgething
Kcadomin
Jnikanssn
Jfernie
Jnordegg
TRchly_lk
TRhalfway
TRdoig
TRmontney
PRbelloy

Geologic age
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Cretaceous
Jurassic
Jurassic
Jurassic
Triassic
Triassic
Triassic
Triassic
Permian

Main lithology*
Sandstone
Shale
Shale
Sandstone
Shale
Siltstone
Siltstone
Shale
Sandstone
Shale
Shale
Shale
Sandstone
Shale
Sandstone
Sandstone
Sandstone
Shale
Sandstone
Siltstone
Siltstone
Shale
Sandstone
Sandstone
Conglomerate
Sandstone
Shale
Limestone
Sandstone
Sandstone
Siltstone/Shale
Siltstone
Dolostone/Sandstone/Chert

*Main lithology for the geologic unit in the study area. Note: The geologic ages correspond to the age at the top of the
interval, also represented by the first two letters in the interval name for the Permian to Triassic units and the first letter in
the interval name for the Jurassic to Cretaceous strata.

194

5.4.2. Available data
The data available for the study are summarized in Table 8 and Appendix 4. Also included were
petrophysical and geomechanical property maps for the Montney interval MFHw landing zone obtained
from the inversion of well logs into three-dimensional (3D) pseudo-seismic volumes (Iwuoha et al. 2019a
and 2019b).
Table 8. Summary of the available data.
Data Type

Number of Wells

Deviation surveys

392

Well Logs

88

Core

5

Well Production

304

Drilling, completion,
fluid analysis, and

8

flowback

Remarks
Comprised of 88 vertical wells and 304 deviated wells
Comprised of GR, SP, RHOB, Neutron Ø, Density Ø,
Resistivity (Shallow, Medium, and Deep), and PEF
Includes the length of the cored interval, core GR, core
RHOB, core Phi, core K
First 36 months cumulative production from MFHws
Used to estimate multi-fractured horizontal well (MFHw)
drilling energy requirements and TPPME

5.4.3. Workflow and study wells
The study was comprised of the steps below:
a) Data gathering and quality control.
b) Estimating the drilling energy requirements and potential pre-production emissions from
MFHws.
c) Overburden lithology and thickness assessment
d) Integrating petrophysical and geomechanical property maps with,
i.

The overburden assessment results,

ii.

The estimated MFHw pre-production energy requirement, and

iii.

The GHG/TPPME emissions per MFHw, to identify “LESS” areas for potential
emissions results to prioritize drilling location selection
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e) Suggestions for future consideration to facilitate a “LESS-based” acreage selection or MFHw
drilling.
The details of the workflow for deriving the parameter outputs used in the integration steps indicated
in Section 5.4.3 above are presented in Fig. 3.

Fig. 3. Workflow for deriving the geological, energy requirements and emissions outputs for analysis.
5.4.4. Rock characterization
Geologic well markers (formation tops) were interpreted for the Montney interval (top of Montney
Formation, Lower Montney, and base of Montney – i.e. the top of Belloy Formation) and the overlying
stratigraphy using the well logs from 88 vertical wells (Table 8). The interpreted formation tops served
as input for generating (through convergent gridding) the top of structure horizon maps for the Montney
Formation and each of the 31 Montney-overlying strata.
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Overburden stratal thicknesses were calculated from the formation tops interpreted. Information on the
main the lithologies per overburden stratal unit were obtained from well log analysis combined with
publicly accessible reports in the study area (AGS, 2017 and NRCan, 2019)
The petrophysical and geomechanical property inputs for the study were obtained from the inversion
of compressional velocity (Vp), shear velocity (Vs) and bulk density (RHOB) logs into 3D pseudo-seismic
volumes (Iwuoha et al. 2019b). The interpolation function for the inversion is solved using tricubic
interpolation in 3D (Lekien and Marsden, 2005) for each input well log (Vp, Vs, and RHOB) in 12 vertical
wells (Iwuoha et al. 2019b).
The tricubic interpolator facilitates local interpolation when data is sparse and noisy with unknown
boundary conditions (Lekien and Marsden, 2005). For the study, the boundary condition for the
interpolation was set using a grid extent defined by the limit of the study area shown in Fig. 1. Velocity
and density values outside this limit were set to null. The interpolating function was solved such that
(Lekien and Marsden, 2005):
3

𝑓(𝑥, 𝑦, 𝑧) = ∑ a𝑖𝑗𝑘 x 𝑖 y𝑗 z 𝑘

(1)

𝑖,𝑗,𝑘=0

where: x, y, and z represent the axes, ai,j,k are the coefficients of the tricubic interpolation and xi, yi, and
zk define the values along the i, j, k direction for the interpolant. In three dimensions, the coefficients of
the tricubic interpolation are considered a tensor of the order 3. Three four-dimensional vectors (1, xi, xi2,
xi3) for i = 1, …,3 are applied to the tensor to obtain a scalar value representing the value of the function
at each point.
The well log to seismic inversion (WLSI) technique was adopted for the study due to its relatively fast
implementation time (Iwuoha et al. 2019b). Furthermore, the paucity of continuous Vp, Vs, and RHOB
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well logs across the all the geologic units in the study area precluded the use of a representative
geostatistical or kriging-based method for property estimation in undrilled areas.
Iwuoha et al. (2019) demonstrated the suitability of the WLSI approach for obtaining a quick look first
approximation of the regional scale petrophysical and geomechanical property trends in shale and tight
reservoirs. The quick turnaround time (days to one week) to implement the approach is consistent with
the minimal turnaround time desired to complete a “LESS” identification as was performed in this study
(Section 5.3.2).
5.4.5. MFHw well-by-well predictive modeling
As was indicated in Section 5.3.1, recent updates in the methane emissions policies in Western
Canadian Provinces (Alberta, British Columbia, and Saskatchewan) underscore Canada’s focus on
ensuring emissions abatement in the oil and gas industry (GOA, 2019; BCOGC, 2018; and GOS, 2019).
For oil and gas producing companies, the policy updates along with other Federal lower carbon policies
imply that exploration, field development, and MFHw drilling location decisions and acreage selection
for field development (Wood, 2015; Cen et al., 2016; Iqbal et al., 2018; Chebeir et al., 2019; Tang et al.
2019; and Zhang et al., 2019) need to focus on identifying the “LESS” acreages, rather than the traditional
“sweet spot” approach.
Umeozor and Gates (2018) proposed a regionalized methodology to estimate the amount of energy
required to drill a MFHw in the Montney Formation, along with the potentially associated pre-production
methane emissions related to different operational aspects from drilling to hydraulic fracturing and
flowback. The total pre-production methane emissions (TPPME) is expressed as:
𝑸𝐂𝑶𝟐𝒆𝒒 = 𝑓(Drilling energy + Mudflow + Mud gas + 𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 +
𝐹𝑙𝑜𝑤𝑏𝑎𝑐𝑘 𝑔𝑎𝑠) ….

(2)

such that 𝑸𝑪𝑶𝟐𝒆𝒒 (which is the TPPME) is a function of the potential direct and energy emissions from
drilling and fracturing a MFHw. Mud and flowback gas are direct emissions while drilling, mudflow, and
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hydraulic fracturing are energy emission components. In this study, we applied Umeozor and Gates (2018)
relations to estimate the total drilling energy requirement (TDER) and TPPME in individual MFHws (E1
– E8) completed in the Montney Formation in the study area (Fig. 44).

Fig. 44. Base map showing eight wells (E1 – E8) in which the TDER and TPPME were estimated. The
eight MFHws are spatially distributed in the study area where variations in pseudo-seismic reservoir
quality and geomechanical properties are observed (further discussed in Section 5.5). For context, other
Montney MFHws and vertical wells (wells displayed with only have a wellhead symbol and no lateral
well path) are shown.
The data required to estimate the TDER and TPPME were classified into six categories, namely:
drilling, fluid circulation, mud gas, hydraulic fracturing, flowback, and production. The relations
applied in this study (Umeozor and Gates, 2018) are:
E𝐷 = 𝜂

E𝑑
𝑝 𝜂𝑝𝑚

(3)
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E𝑑 = ∑𝑗 ∑𝑖(𝛽𝜔∆𝑙𝑟𝜑)𝑖,𝑗 (𝑐𝑜𝑠 ⍺𝑖,𝑗 + µ 𝑠𝑖𝑛 ⍺𝑖,𝑗 ) + ∑𝑘 ∑𝑖(𝛽𝜔∆𝑙𝑟𝜑)𝑖,𝑘 (
µ𝑖,𝑘

𝑐𝑜𝑠 ⍺𝑖,𝑘−1 − 𝑐𝑜𝑠 ⍺𝑖,𝑘
⍺𝑖,𝑘 − ⍺𝑖,𝑘−1

)

⍺𝑖,𝑘 − ⍺𝑖,𝑘−1

+
(4)

Q𝐶𝑂2𝑒,𝑑 = X𝐶𝑂2 E𝐷
E𝑀 = 𝜂

E𝑚

(5)
(6)

𝑝 𝜂𝑝𝑚

Q𝐶𝑂2𝑒,𝑚 = X𝐶𝑂2 E𝑀
V𝑚 =

𝑠𝑖𝑛 ⍺𝑖,𝑘 − 𝑠𝑖𝑛 ⍺𝑖,𝑘−1

𝜋db2 L𝑝𝑧 Ø(1−S𝑙 )
4𝐵𝑔
𝑤𝑜𝑟 + 1

(7)
(8)

S𝑙 = 𝑔𝑜𝑟 + 𝑤𝑜𝑟 + 1

(9)

Q𝐶𝑂2𝑒,𝑚𝑔 = Ʃ GWP𝑎 ξ𝑎 ρV𝑚

(10)

E𝐻 = 𝜂

Eℎ

(11)

𝑝 𝜂𝑝𝑚

Eℎ = E𝑓𝑟𝑎𝑐 + E𝑓𝑟𝑖𝑐
E𝑓𝑟𝑎𝑐 =

𝑞𝑐
𝑛+1

(𝑡 − t 𝑖 )𝑛+1 − 𝑞P𝑟𝑒𝑓 (𝑡 − t 𝑖 )

(12)
(13)

Q𝐶𝑂2𝑒,ℎ = X𝐶𝑂2 E𝐻

(14)

Q𝑓𝑏 = q 𝑔.𝑝𝑒𝑎𝑘 [(𝜆 − 2) + (𝜆 + 2)𝑒 −𝜆 ]

(15)

where:
E𝑑 = Useful drilling energy (GJ) which represents the rotational motion of the drilling assembly. The
system is assumed to be solely propelled by a top drive
𝐄𝑫 = Actual drilling energy requirement (GJ), which considers efficiencies such that 𝜂𝑝 is the Pumping
efficiency and 𝜂𝑝𝑚 is the Prime mover fuel efficiency
𝛽 = Buoyancy factor (to compensate for the loss in weight resulting from immersion in drilling fluid)
ω = Weight per unit length of the drill pipe in Newtons (N)
∆𝑙𝑖 = Length per section of the drill string, including the drill bit (m)
200

𝑟 = Segment radius (m)
𝜑 = Total angular displacement of the drill string section i, through the j/k wellbore segment
⍺ = Inclination in the j/k wellbore segment (m)
µ = Mud viscosity (cp)
𝐐𝑪𝑶𝟐𝒆,𝒅 = Total emissions from drilling (ktCO2e)
E𝑚 = Useful mud circulation energy (GJ)
𝐄𝑴 = Actual mud circulation energy requirement (GJ), which considers efficiencies
𝐐𝑪𝑶𝟐𝒆,𝒎 = Total emissions from mud circulation (ktCO2e)
V𝑚 = Mud gas volume (m3)
d𝑏 = Wellbore diameter (m)
L𝑝𝑧 = Well length in the Montney Formation
Ø = Reservoir porosity (%)
B𝑔 = Gas formation volume factor (v/v)
S𝑙 = Liquid saturation
wor = Water-Oil ratio (v/v)
gor = Gas-Oil ratio (v/v)
ξ𝑎 = Composition of greenhouse gas (GHG) component “a”. As was earlier indicated, similar to Umeozor
and Gates (2018), only Methane emission was assessed in this study. Therefore, GHG component “a” is
methane
GWP𝑎 = Global warming potential for GHG component “a”
ρ = Gas density (kg/m3)
V𝑚 = Mud gas volume (m3)
𝐐𝑪𝑶𝟐𝒆,𝒎𝒈 = Potential GHG emissions from mud gas (ktCO2e)
Eℎ = Useful hydraulic fracturing energy (GJ)
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E𝑓𝑟𝑎𝑐 = Energy use for fracturing operations = f(Input rate of pumping energy)
E𝑓𝑟𝑖𝑐 = Frictional losses that occur with fracturing fluid pressure drop
𝐄𝑯 = Total hydraulic fracturing energy requirement (GJ)
P𝑟𝑒𝑓 = Pℎ𝑒𝑎𝑑 = Hydrostatic pressure
q = Volumetric injection rate
c = Power law constant
t = Treatment time -total- (minutes)
ti = Treatment time -initial- (minutes)
n = Power law exponent
X 𝐶𝑂2 = Carbon content of (a) the energy source (for the drilling energy calculation), and (b) fuel (for mud
circulation)
𝜂𝑑 = Drilling motor efficiency
𝐐𝑪𝑶𝟐𝒆,𝒉 = Total emissions from hydraulic fracturing (ktCO2e)
𝜆 = Model shape parameter = f(Flowback duration and peak gas rate)
q 𝑔.𝑝𝑒𝑎𝑘 = Peak gas rate from the well
𝐐𝒇𝒃 = Potential emissions from flowback
The data used for assessing the 8 MFHws were retrieved from various databases and sources such as
drilling and completion reports, bits and drilling pipe product catalogs, GeoScout and the Western
Canadian Frac Database (Geologic Systems, 2019a). The Petrel geological modeling package
(Schlumberger, 2019) was used for data extraction and expected ultimate recoveries were estimated using
the decline curve analysis tool in GeoScout (Geologic Systems, 2019b). Lastly, some reference parameters
were retrieved from Umeozor and Gates (2018) whose study was based on data from 1,403 Montney
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Formation wells. A breakdown of the input data used for calculations is shown in Table A1 in the
dissertation Appendix 3.

5.5. Results
5.5.1. Overburden unit thickness
Fig. shows a three-dimensional regional view of the geological units in the study area. This figure
shows that thickness variation is subtle but present in the study area and therefore expected to vary in the
E1 – E8 MFHws. The thicknesses intersected along the E1 to E8 wellbores in the Montney overlying
strata are shown in Fig. 6. The thickest geologic unit based on the formation tops picked in the 88 vertical
wells in the study area is the Kaskapau shales. The Kaskapau shales along with the Doe Creek and 2nd
White Speckled shales form the thickest “main” lithology intersected by the E1 to E8 wells. The total
thicknesses of the lithologies intersected by each wellbore in the overburden units are summarized in Fig.
7.
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Fig. 5. 3D grid of Triassic to Cretaceous strata in the study area, including the Montney interval. The grid on the left shows the Montney
Formation and the overlying individual geologic units. The grid on the right shows the main lithologies of the Triassic to Cretaceous geologic
units.
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Fig. 6. The thickness of overburden units along the E1 to E8 wellbore. Montney Formation is excluded as
E1 to E8 have lateral completions in the Montney Formation and therefore do not intersect the base of the
Montney.
205

Thickness Drilled
(m MDRT)

1250
1000

750
500
250
0

E1

E2

E3

E4

E5

E6

E7

E8

Clay/Mudstone/Shale

976

901

877

887

897

836

904

888

Sand

841

1101

1099

1208

1176

968

840

1011

Silt

229

288

306

263

268

336

286

313

Limestone

19

22

22

25

24

22

27

46

Conglomerate

9

20

15

11

11

8

9

15

Fig. 7. Total thicknesses of the main lithologies intersected along the E1 to E8 wellbores in the Montney
overburden strata. This result also excludes the Montney interval for the same reasons provided in Fig. 6
caption.
5.5.2. Montney rock petrophysical and geomechanical trends
Fig. 8 shows the pseudo-seismic property maps in the Montney landing zone in the area of study
generated through WLSI (Iwuoha et al. 2019b). The trend maps shown were extracted 20 m above the
Lower Montney horizon and represent the general lateral property trends in the Montney landing zone
(typically from between 60 m above to 20 m below the Lower Montney horizon (Fig. 9). The vertical
predictability of the pseudo-seismic property maps was verified by comparing the WLSI results with
measured well logs and core data (Iwuoha et al. 2019b).
The vertical and lateral variation in the petrophysical and geomechanical property trends were
compared with TDER and TPPME results to ascertain the “LESS” in the Montney interval, that considers
the overburden strata drilled through by the MFHws.
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Fig. 8. Key Montney pseudo-seismic petrophysical/geomechanical property trends and fault network
derived from the WLSI of Vp, Vs, and RHOB well logs (Modified from Iwuoha et al. 2019b).
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Fig. 9. Cross-section along type vertical wells (S1, S2, S3, and S4) showing the typical Montney landing
zone in MFHws in the study area. The reference vertical wells S1, S2, S3, and S4 were discussed in
Chapter 4 and presented in Chapter 4 Fig. 26. The MFHws displayed on the cross-section above are
highlighted with “Star” well symbols in the Lower Montney structural depth map shown above. MFHws
L3, E6, E2 and L1 are projected unto the cross-section. In the vertical wells, GR is the gamma ray log
and RT is the deep resistivity log. Hz_A is a pseudo horizon derived from the Lower Montney horizon
to depict the typical top of the Montney MFHw landing zone in the study area. Hz_B depicts the typical
lower limit of the landing zone. Flt are faults mapped using the WLSI method developed and discussed
in Chapter 4.3 (Iwuoha et al. 2019b). This cross-section has a 20x vertical exaggeration.
5.5.3. Montney production trends
The hydrocarbon fluid type that operators prefer to produce determines the production trends in the study
area (Iwuoha et al. 2018). The selection of the E1 to E8 well for analysis considered in part the dominant
producing fluid trend in which the MFHws were drilled (Fig. 10). A lean gas trend predominantly occurs
in the northwestern portion of the study area. Operators primarily produce wet gas in the central portion
while oil is the main hydrocarbon produced in the eastern area (Fig. 10).
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Fig. 10. Study area showing the predominant fluid types produced from MFHws. Wells E1 to E8 in which
we estimated total energy requirements and GHG emissions are also shown. The bubbles represent the
relative size of the volume of production for the first 36 months cumulative production from MFHws in
the study area. The red-colored well symbols are vertical wells and cored wells are light green colored
well symbols.
5.5.4. MFHw total energy requirements and methane emissions
The estimated total energy requirement per MFHw operation and pre-production methane emissions
from predictive modeling are presented in Table 9. The percentage contribution of each operation to the
total energy requirement and TPPME are indicated in Fig. 11 and Fig. 12, including the share (%) of direct
emissions from mud gas and flowback.
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Table 9. Summary of the energy requirements and GHG emissions for wells E1 – E8.

Energy Requirement (TJ)

GHG Emissions (tCO2e)

Drilling
Mud Pump
Hydraulic Fracturing
total (GJ)
Drilling
Mud Circulation
Hydraulic Fracturing
Mud Gas
Flowback
total (tCO 2 e)

E1
8.44
0.77
0.05
9.26

E2
59.28
6.82
0.12
66.22

E3
56.54
3.61
0.11
60.26

E4
27.17
4.20
0.13
31.49

E5
30.98
1.91
0.00
32.89

E6
8.54
0.57
0.03
9.14

E7
22.08
0.29
0.08
22.46

E8
6.45
1.13
0.07
7.65

585.64
53.52
3.34
0.03
243.45

4,113.70
473.20
8.45
0.06
115.78

3,923.77
250.52
7.91
0.07
155.67

1,885.33
291.30
8.78
0.06
336.70

2,149.88
132.53
0.25
0.04
287.91

592.45
39.62
1.99
0.02
154.48

1,532.11
20.46
5.83
0.03
286.41

447.41
78.46
5.12
0.04
297.88

886

4,711

4,338

2,522

2,571

789

1,845

829

Note: 1 tCO2e = 1000 kgCo2e
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Fig. 11. Total energy requirement results. Share (%) for wells E1 – E8. See detailed values in Table 9.
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Fig. 12. GHG Emissions results. Share (%) for wells E1 – E8. See detailed values in Table 9.
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5.6. Discussion
5.6.1. TDER, mud circulation emissions, and TPPME: Empirical relations
The TDER predictive modeling results show that the highest contribution to the total energy
requirement per well is from drilling operations with up to 59 terajoules (TJ) estimated in well E2 (Table
9 and Fig. 11). In wells E1 to E8, drilling operations contribute between 84% and 98% of the total energy
requirement (Table 9 and Fig. 11). Hydraulic fracturing requires the least direct energy requirement of <
0.15 TJ per well or a maximum of 1% of the total energy use (Table 9 and Fig. 11).
TDER and TPPME have an excellent positive correlation (Fig. 13A), with the highest TPPME (~4.7
ktCO2e) occurring where the highest TDER (59 TJ) was estimated in well E2 (Fig. 13A and Table 9).
Despite the large separation distances between the studied wells (e.g. ~9 km from toe to toe between E2
and E3 and ~10 km from pad to pad for both wells), the TDER versus TPPME trend plots with a 0.98
correlation coefficient (R2) for E1 – E8. We, therefore, propose that in the absence of any other substantive
data, in the Montney Formation in this study area, the TPPME can be empirically estimated from TDER
using the power-law relationship expressed as (Fig. 13A):
𝑇𝑃𝑃𝑀𝐸 = 0.148(𝑇𝐷𝐸𝑅)0.8379

(16)

where 𝑇𝑃𝑃𝑀𝐸 is the total pre-production methane emissions or GHG emissions (ktCO2e) and 𝑇𝐷𝐸𝑅 is
the total drilling energy requirement (TJ).
Other than drilling, when comparing the next two leading sources of methane emissions (mud
circulation and flowback, see Table 9 and Fig. 12); we observed from our results that the emission from
mud circulation is also positively correlated with TDER (Fig. 13B). Based on the R2 (~0.74) between
TDER and mud circulation, we believe that for a first-pass assessment, the methane emissions related to
mud circulation can be reasonably estimated from TDER using the power-law relationship expressed as
(Fig. 13B):
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𝑀𝐶𝐸 = 0.0088(𝑇𝐷𝐸𝑅)0.8797

(17)14

where 𝑀𝐶𝐸 is the methane/GHG emissions from mud circulation (ktCO2e).
TDER is weakly correlated with the emissions from flowback (Fig. 13C). The poor correlation between
TDER and flowback is understandable as both drilling and flowback are less-directly related well events,
compared to drilling and mud circulation. Similarly, when comparing the emissions from flowback and
mud circulation (Fig. 13D), both parameters also show a weak correlation (R2 = 0.01); both well events
are also not operationally related.
It is interesting to note that new insights emerge on potential sub-trends when the MFHw energy use
and pre-production methane emissions parameter crossplots are color-coded with the dominant
hydrocarbon fluid produced (Fig. 14). Of particular note are the wells located in the wet gas-producing
trend E1, E2, E3, and E6 (Fig. 14C and Fig. 14D) where sub-trend negative correlations were observed
for the TDER – flowback emissions (R2 = 0.48) and MCE – flowback emissions relationships. We believe
it wise to consider the sub-trends observed in the lean gas and oil-producing area (for Fig. 14A – 14D) as
insufficient to inform the notion of an emergent sub-trend until at least three MFHw well data points are
available in both production areas.
Finally, in the 8 MFHws studied, the emissions related to the hydraulic fracturing operation and mud
gas were the least contributors to GHG emissions with an average share (%) of <1% and <0.01%
respectively (Fig. 12). Flowback emissions are the second leading contributor and therefore merits further
studies (Fig. 12).

Both Eqns. 14 and 15 remain unchanged if the emissions estimate for TPPME and mud circulation are
expressed in KgCO2e
14

214

Fig. 13. Montney MFHw energy and emissions parameter crossplots. Note: (a) The GHG emission
estimated in this study is Methane, similar to (Umeozor and Gates, 2018) (b) 1 tCO2e = 10-3 KtCO2e (c)
The crossplot data points represent the values for the entire wellbore and not solely the Montney interval.
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Fig. 14. Montney MFHw energy and emissions parameter crossplots overlain with the predominant
hydrocarbon type produced.
5.6.2. Geological and Geomechanical Controls on TDER and TPPME
With the data points in Fig. 13 and Fig. 14 representing the values for the entire wellbore, it is
imperative that an effort to identify a “LESS” considers the geological variability in the overburden drilled
through and the implications on a “LESS” exploration or drilling strategy.
Focusing on the emissions from drilling operations, we demonstrated the TDER to be the greatest
contributor to TPPME (Section 5.5.4, Table 9, and Fig. 12), from Eqn. 2 and Eqn. 3,
𝑇𝑃𝑃𝑀𝐸 ∝ E𝐷 ∝ E𝑑

(18)

According to Eqn. 4,
E𝑑 ∝ 𝜑

(19)

From Umeozor and Gates (2018),
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𝜑=

2𝜋𝑥𝑖

(20)

𝛿𝑖,𝑗/𝑘

where 𝜑 is the total angular displacement of the drill string section i, through the j/k section and 𝑥𝑖 is the
total axial displacement of each section of the drill string and
𝛿𝑖,𝑗/𝑘 =

𝑅𝑂𝑃𝑖
𝑅𝑃𝑀𝑖,𝑗/𝑘

(21)

where 𝑅𝑂𝑃𝑖 is the rate of penetration (m/s), 𝑅𝑃𝑀𝑖 is the rotation rate in the j/k section (rpm), and 𝛿𝑖,𝑗/𝑘 is
the penetration to revolution ratio in the j/k section (m/s rpm)
Considering Eqn. 21, φ can, therefore, be reformulated as:
𝜑 = 2𝜋𝑥𝑖

𝑅𝑃𝑀𝑖,𝑗/𝑘
𝑅𝑂𝑃𝑖

(22)

Eqn. 19 and Eqn. 22 demonstrate that:
1

E𝑑 ∝ 𝑅𝑂𝑃

𝑖

(23)

Eqn. 23 highlights the previously implicit relationship between Ed (and by extension the TPPME) and
the geologic formations drilled. Although the general knowledge that lithologies such as shales (GarciaDelgado, 2013) can lead to slower ROP compared to other lithologies, such as sands (Fig. 15), until now,
it has not been mathematically shown that slower ROP15 could inherently result in a greater Ed and
consequentially a higher TPPME.
Our hypothesis, however, assumes that all other components of Eqns. 4 and 22 hypothetically remain
unchanged or only minimally vary. While we know that this condition is difficult to sustain in reality,
Eqn. 23 provides a high-level basis for assessing the potential links between the geological
characteristics/variability of the strata drilled and TDER/TPPME.

15

The ROP data used in estimating the TDER in this dissertation ROP data were corrected for operational and bit effects
(Fazaelizadeh, 2013; Hareland et al. 2010; Hareland and Tahmeen, 2015; and Rashidi et al. 2015).
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Fig. 15. Schematic representation of the relative ROP response in various lithologies (modified from
Garcia-Delgado, 2013).
As an example, from Table 9, taking a case study of wells E2 and E3 which have the highest TPPME
of 4,711 and 4,338 tCO2e respectively, we see from Fig. 11 that E2 has a lower Ed / Total Energy
requirement ratio (share %) compared to the Ed / Total Energy requirement ratio (share %) in E3. Although
the Ed share (%) is lower in E2, compared to the E3 well, the E2 well was drilled through a relatively
thicker succession of shales in the overburden strata than the E3 well (Fig. 16). We believe that as per
Eqn. 23, the lower ROP in E2 due to the thicker total thickness of shale successions drilled in the
overburden (Fig. 16) may have contributed to the overall higher Ed in E2 (59.3 TJ) compared to 56.5 (TJ)
in E3 (Fig. 6, Table 9 and Fig. 12). The higher Ed in E2 likely ultimately resulted in the higher TPPME
in the E2 well (Table 9 and Fig. 13).
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We found that the same philosophy presented above also provides a high-level explanation for the
higher TPPME in MFHws drilled and completed in the same predominantly produced fluid type e.g. the
E4 and E5 wet gas MFHws and the E7 and E8 oil-producing trend MFHws (Fig. 17).
The E6 and the E1 wells in the wet gas trend (Fig. 10) deviate from the produced fluid sub-trend
explanation provided. Both wells, however, appear to have been affected by fault-related local stress field
changes (Fig. 8). Based on the faults mapped using the WLSI technique (Iwuoha et al. 2019b), well E6 is
completed in an intensely faulted area with extreme mud losses reported during drilling (Fig. 8). The E1
well is situated in the southeast portion of the study area where changes in the mapped fault azimuth are
observed (Fig. 8). Based on the E6 and E1 TDER and TPPME deviations, it is clear that further studies
on the role and impact of structure (faults, fractures, and joints) on ROP, TDER, and ultimately TPPE are
required.
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Fig. 16. Total thickness (meters) of the lithologies drilled above the Montney interval per MFHw. The
thickness indicated represents the total thickness along the wellbore.

219

5

60

4
3

40

2

20

1

0

0
E1

E2

E3

E4

Total Drilling Energy Requirement (TJ)

E5

E6

E7

KtCO2e

TJ

80

E8

Total Methane Emissions
(ktCO2e)

Fig. 17. TDER and TPPME per predominant produced fluid area.
Given the observations and discussions presented, we, therefore, surmise that the MFHw drilling
optimization process to identify a “LESS” should consider the characteristics of the geological units to be
drilled through while optimizing other drilling, drill bit, fuel source, and equipment efficiency-related
parameters.
5.6.3. Considerations for selecting lower-cost, lower-emissions field development areas
Based on our findings from this study, we believe that in the Montney Formation (in the study area),
MFHws can be strategically planned to drill a “LESS” acreage. To achieve this, we suggest:
1. Determining the area in the target reservoir where the best reservoir quality trends occur for e.g.
the areas with higher Phi-K (Fig. 8).
2. Determining the area with favorable rock elastic properties, such as higher E and lower σ (Fig.
8).
3. Determining the area with favorable geomechanical properties, notably the rock strength or UCS
(Fig. 8).
4. Fault avoidance. As earlier discussed (Section 5.6.2), fault presence increases the likelihood of insitu stress field modifications. The full extent of the impact in resource plays such as the Montney
is yet to be ascertained. Pending a more detailed fault and fracture characterization, we believe that
for early-stage field development acreage selection it may be best to avoid selecting an acreage in
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likely highly faulted areas such as the Sections around well E6. Keeping a safety distance away
from faulted areas minimizes the chances of fault reactivation resulting from hydraulic fracturing
operations.
5. Determining the preferred hydrocarbon fluid type to be produced. Having ticked the
checkboxes 1 to 5 above, the last item that would determine the optimal “LESS” acreage for a
producing company would be the predominant fluid type to be produced.
6. Evaluating the overburden strata to be intersected by the MFHw, keeping in mind the relationship
between ROP and TPPME was earlier presented.
5.6.4. The impact of MFHw pre-production GHG emissions: A contextual example
To better highlight the difference in everyday terms that drilling a MFHw would make if a “LESS”
strategy is adopted, we considered an option where well E2 (with TPPME of 4.71 ktCO2e) was drilled,
rather than well E3 (which has a lower TPPME of 4.34 ktCO2e) (Table 9).
The additional 0.37 ktCO2e GHG (methane) emissions that would result from drilling the well E2
(rather than well E3) for wet gas/condensate resources (Fig. 10) would equate to the GHG emissions from
~1.5 million km driven by an average passenger vehicle, ~159, 000 liters of gasoline consumed, ~185,
000 kg of coal burned, ~45 homes’ energy use for one year, and ~48 million smartphones charged (Fig.
18).
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Fig. 18. GHG equivalencies of a 0.373 ktCO2e (~373, 000 kgCO2e) difference in GHG emissions. The
GHG equivalencies were estimated from US EPA (2015) and reflect the GHG emissions opportunity cost
of developing the higher pre-production emitting well E2 rather than well E3.
5.6.5. Significance of this work and limitations
We have tested for the first time the recently developed regional predictive energy and emissions
estimation method for MFHws (Umeozor and Gates, 2018) and successfully confirmed the applicability
of this technique for estimating the total energy requirement and the resultant methane emissions in
individual MFHws.
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The WLSI technique facilitates unique insight into the structure (fault presence and potential state of
stress) and regional heterogeneities in petrophysical and geomechanical properties, especially when no
commercially acquired 3D seismic data is available.
By implementing the WLSI workflow and modeling the energy requirements for eight MFHws in our
study area, we have shown that drilling operation is the largest contributor to pre-production methane
emissions in MFHws. For future MFHws to be analyzed or drilled in the study area, we have proposed
two empirical power-law relationships for estimating (a) TPPME from TDER and (b) the pre-production
methane emissions from mud circulation, using TDER.
The demonstration of the mathematical relationship between TPPME, TDER, and ROP in this work is
novel, particularly the ability to relate higher TPPME with slower ROP lithologies drilled in the Montney
overburden. We believe that the TPPME – TDER - ROP and geology relation could benefit from a
rigorous assessment of the impact of other components of the TDER equation. This assessment would
provide insights on the degree of importance of each TDER parameter in affecting the TPPME, relative
to the impact of the ROP.
Lastly, we believe that our research provides an opportunity to improve the current industry practices
in resource play exploration and field development. This is because we have shown that by integrating
multidisciplinary datasets, the sets of considerations for selecting pre-drill acreages for resource play
development can be extended to incorporate estimation of TDER and methane emissions by using offset
well data. More importantly, the results that we have obtained do not require any new data to be acquired
(hence low-cost) and need significantly less time to complete (days to weeks -including data extraction
time and synthesis-), rather than months of detailed 3D modeling and reservoir simulation studies.
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5.7. Conclusion
1. The MFHws with a greater total thickness of “slow ROP” (clay/mudstone/shale) lithologies drilled in
the Montney overburden have higher TPPME.
2. Drilling energy is positively correlated to the TPPME (R2 = 0.98) and contributes the highest MFHw
pre-production GHG emissions (84 to >90%).
3. Based on the MFHws studied, hydraulic fracturing is one of the least contributors to GHG emissions
(generally <1%).
4. The TPPME and the emissions from mud circulation can be reasonably estimated in the study area
from the TDER using power-law relationships.
5. The TPPME - the estimated GHG emissions - from individual multi-stage hydraulically fractured
wells (MFHws) studied varied from ~0.8 – 4.7 KtCO2e
6. Fault presence (and their likely associated stress field changes) affect TDER and ultimately the
TPPME.
7. The information on TDER and the estimated TPPME can be integrated with regional
reservoir/geomechanical property variation to inform a lower-emissions sweet spot (“LESS”) acreage
selection for drilling or field development.
The multidisciplinary integration that we have performed in this work extends interdisciplinary
collaboration beyond the traditional geoscience and reservoir engineering disciplines to incorporate inputs
from drilling and more notably energy engineering. This collaborative approach demonstrates one way
that the energy industry can leverage existing (zero additional cost) datasets to optimize resource play
exploration and field development, especially in its quest to reduce GHG emissions. Without including
the time required for data gathering, loading and quality control, our entire workflow can be set up and
run within a week or two weeks, compared to several weeks to months required for detailed geostatistical
modeling.
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Chapter 6: A Multi-scale Approach to Mapping Heterogeneity in a
Subseismic Reservoir: Geomechanical and Natural Fracture Zones in the
Middle Bakken Member
6.1. Overview
The research on the Middle Bakken Member was focused on primarily using well log data,
complemented with seismic, core, and production datasets to:
1) Identify where natural fractures were intersected in wells
2) Assess whether an agreement can be found between the log interpreted fractures and
fractures recognized from complementary datasets, and
3) Perform a well-log guided geological characterization of the Middle Bakken producing
interval.
4) Ascertain whether geological and/or structural heterogeneity can be correlated to the
production trends from Middle Bakken MFHws
In line with the overarching theme of this dissertation, the objective was to achieve timely
geological characterization and modeling results of the Middle Bakken producing interval that can be
assessed for consistency or difference with the findings or results from other information sources and
datasets (core, seismic, production data, published literature); all with no (or minimal) additional costs.
Two broad phases of evaluation were involved. These were:
•

Phase I: This comprised of three deliverables, namely
(a) Natural fracture identification/interpretation and prediction in vertical and MFHws.
(b) Construction of a multi-section, multi-township 3D geocellular model to assess vertical and
lateral reservoir heterogeneity.
(c) Developing a new approach for accounting for or reconciling nanopore to field-scale
petrophysical characteristics.
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(d) Static model and well log integration with completions and hydraulic fracturing data to
investigate the geological controls on production
(e) Export of the Middle Bakken geological model for history matching and dynamic simulation.
•

Phase II: The focus of phase two was to investigate and develop new machine learning and or
data analytics-driven approaches to achieving Phase I deliverables. In this dissertation, the Phase
II effort focused on automating and optimizing the natural fracture identification workflow using
ANN and data analytics.
This chapter will present the methodologies and findings from the Bakken research with an

exception of the phase IIb deliverable for which a Section (1.6 km2 area) in the 3D matrix model
constructed for the Middle Bakken was exported for enhanced oil recovery (EOR) simulation studies and
an update of an earlier constructed laterally homogeneous 3D model (Ghaderi et al. 2017).

6.2. Executive Summary
Despite the advances made in implementing multi-stage hydraulic fracturing and completion
techniques in unconventional light oil and gas reservoirs (ULOaGRs), the continued occurrence of
rapid decline rates and variable recovery rates from different fracture stages in ULOaGRs MFHws is
a testament to the importance of robust geological characterization and the understanding of geological
heterogeneity in these reservoirs. One of the areas of focus in geoscientific research is investigating
the occurrence, distribution, and properties of natural fracture networks whose role and influence in
ULOaGRs are still less well understood. By using a case study from a 113 km2 (44 square miles) study
area in the Bakken tight light oil play Southeast (SE) Saskatchewan Canada, we demonstrate in this
paper a workflow we have developed for utilizing well logs and dynamic elastic properties calculated
from well logs (notably Young’s modulus and Poisson’s ratio) to interpret natural fractures in wells.
By virtue of the vertically distinct elastic properties we have observed in Middle Bakken (the
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producing member in Bakken Formation in the study area), we have informally defined five
petrophysically and geomechanically distinct rock mechanical zones for the Middle Bakken interval
in the study area. These zones are also correlated to the variations in the intensity of the interpreted
natural fracture zones and fracture-prone intervals mapped in the Middle Bakken from well logs and
seismic attributes. The derived UCS log, along with core and seismic ant-tracking were used to
confirm and calibrate the natural fracture response at wells. Although the mechanical zones defined
generally correspond to laterally correlatable Middle Bakken facies, we show that mechanical
behavior is more precisely controlled by vertical mineralogical variations, notably the quartz and
dolomite content. Using the results of X-ray diffraction (XRD) analysis on core samples performed
by an previous researchers, we show that the more brittle (higher E) ~6.3m (21 ft) thick Facies 2b
(which is actively being targeted in most Middle Bakken MFHws) has a relatively higher quartz
content (>40%), with dolomites ranging from 24 – 34%. The more ductile ~ 1.4m (4.6 ft) Facies 2a
where fewer fractures were interpreted on logs had ~36% quartz content, with a dolomite proportion
of ~30%. The ~0.9m (3 ft) thick Facies 4 which overlies Facies 2b had quartz content of ~32% and
dolomite proportion of ~41%. By integrating the mineralogical results and elastic properties, we
demonstrate for the first time in the Middle Bakken in SE Saskatchewan that the Middle Bakken Facies
2b which is comprised of bioturbated siltstones can be further subdivided into two mechanical zones;
Zone 3 (with dolomite content of ≥30%), and Zone 4 (with dolomite content of <30%). Our evaluation
highlights that the intensity of interpreted natural fractures varies depending on the mechanical zone
in which they occur.
The Middle Bakken mechanical hardness data collated from the literature showed a decrease in
hardness where fractures were interpreted on well logs. A reduction in permeability was generally
observed for most fractures, except for a fracture interpreted in a reservoir section that is rich in pyrite
nodules and bioclastic material. By constructing a three-dimensional (3D) geological model of the
Middle Bakken, we were able to create a field-scale framework that can be used to further study
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vertical and lateral variation in rock mechanical properties, and by extension, the likelihood of
occurrence of natural fractures throughout Middle Bakken in the study area. The novelty in this
evaluation lies in our ability to utilize well log data to develop a full-field first-order approximation of
the variability in natural fracture occurrence in the Middle Bakken. Furthermore, I have also developed
a technique for uploading the Di and Jensen (2015) modified Winland correlation plots into a 3D
model framework for evaluating dominant pore throat size variations at full-field scale. The results of
this study provide important input into future research on how Middle Bakken natural fracture or
fracture-prone zones may respond to hydraulic fracturing, potential fracture height growth, and the
potential to improve flow unit definition in the Middle Bakken Member. The resultant 3D framework
created can be used as an input into full-field natural fracture modeling in Middle Bakken while the
incorporation of big data and machine learning techniques raises the optimism on the potential for
rapid adoption (in the Bakken and other tight plays) of the workflows developed in this research.

6.3. Introduction
Technological advancement in horizontal drilling and hydraulic fracturing heralded the onset of
economic resource exploitation from ULOaGRs in many geologic basins around the world, with notably
high levels of success in Canada and the United States (Shahamat and Gerami, 2009; Lane, 2013).
However, rapid well decline rates are typical in multi-fractured horizontal wells (MFHWs) and this has
been widely reported across several unconventional and tight reservoirs (Miller and Sorrell, 2013, Baihly
et al. 2010). Geoscience research and engineering attempts at solving this problem generally focus on
characterizing hydraulic fracture properties (such as conductivity and half-length), predicting hydraulic
fracture height growth, optimizing proppant selection, increasing the proppant tonnage and lateral section
length, as well as down spacing frac stages. In recent studies, flowback data and compositional
fingerprinting from cuttings data have been used to constrain fracture height growth estimates on a single
multi-fractured horizontal well (MFHW), Clarkson et al. (2016). In addition, a laboratory analytical
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review of the pore network and permeability of Canadian tight oil and liquid-rich reservoirs (notably the
Montney and Bakken plays) was conducted by Ghanizadeh et al. (2015).
Pitman et al. (2001) highlighted that in addition to matrix characteristics, fluid flow conditions in
ULOaGRs would be affected by both induced and natural fractures. Relative to natural fracture studies,
the existing body of published work suggests that researchers have historically tended to focus more on
studying hydraulically induced fractures in ULOaGRs (Dershowitz et al. 2010, Cipolla et al. 2011,
Clarkson et al. 2011, and Mhiri et al. 2015). Yet, record exists of natural fracture evaluation techniques,
however, many of these methods result from studies conducted on conventional fractured siliciclastic and
tight carbonate systems (Chopra, 2011). With respect to shale and tight plays, Ghanizadeh et al. (2016)
used core analysis and imaging methodology to investigate unpropped and propped fracture permeability
and proppant embedment. However, 3D evaluations of natural fractures and reservoir properties in
ULOaGRs are limited in the public domain. In an effort to improve the 3D understanding of ULOaGRs,
Ghaderi et al. (2016) carried out simulations on improved oil recovery in a 1.6 km2 waterflood pilot section
of the Bakken Formation in SE Saskatchewan. This study showed that characterizing vertical variations
in reservoir quality improved the history matching process. However, the 3D model that was built assumed
lateral homogeneity throughout the area studied and fractures were only inferred on seismic data but not
at wells.
The purpose of our evaluation was, therefore, to extend the geological and structural
characterization of the Middle Bakken interval by developing an integrated geoscience workflow for
identifying natural fractures at wells, and mapping fracture-prone zones beyond the wellbore region. By
so doing, we would provide a complementary basis for further investigation of how natural fractures and
fracture zones could affect fluid flow at a full-field scale before and after hydraulic fracturing. To achieve
this, our objectives were to:
1. Identify the key criteria for natural fracture identification on well log data
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2. Confirm the presence of any identified natural fractures using an integrated dataset of core,
seismic, mechanical hardness and mineralogical information
3. Map fracture zones and demonstrate the relationship between natural fracture occurrence
and fracture-prone reservoir zones, and finally,
4. Show how static reservoir properties vary vertically and laterally in the fracture-prone
zones and within geologic facies at full-field scale
6.3.1. Geologic Setting
The Late Devonian to Early Mississippian Bakken Formation consists of strata deposited within
an epeiric sea (Angulo and Buatois, 2012). The formation is present in the subsurface from the United
States (USA) into Canada (Fig. 1). In the USA, Bakken Formation overlies the Three Forks Formation
(Almanza, 2011; Fig. 1). In Canada (notably Saskatchewan), the Bakken unconformably overlies
carbonaceous Big Valley units or the Torquay Formation carbonates (Angulo and Buatois, 2012;
Almanza, 2011). The Lodgepole Formation or Souris Valley beds (predominantly limestone and sands)
conformably overlie the Bakken. Three members (Lower, Middle and Upper) have been recognized in the
Bakken (Almanza, 2011; Angulo and Buatois, 2012; Cronkwright et al. 2016). The Upper and Lower
members are comprised of organic-rich shales while Middle Bakken is comprised of dolomitic siltstones
and sandstones. Three informal lithostratigraphic units (A, B and C), representing regional
sedimentological and stratigraphic settings in the Middle Bakken in Saskatchewan formation were
recognized by Cronkwright et al. (2015 and 2016). In the study area (Fig. 1), the Bakken Formation
consists of the facies shown in Table 1 below, Cronkwright et al. (2015 and 2016).
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Fig. 1B
Structure Map: Upper Bakken

T11

Bakken wells

T9

T7

10km

R11W2

R3W2

Fig. 1D

Fig. 1A

Fig. 1C

Fig. 1. Regional paleogeographic, aerial, structural, and stratigraphic and context of the Bakken Formation and Viewfield Pool. Fig.1A
(modified from Blakey, 2008 and Cronkwright et al. 2015) depicts the extent of Bakken Formation and its lateral equivalent, the Exshaw
Formation. The red box indicates the Bakken main development areas in SE Saskatchewan, Western Manitoba, Eastern Montana, and WestNorthwestern portions of North Dakota. The red circle in the inset paleogeographic map (from Blakey 2008) shows the approximate location
of the Bakken Formation in Late Devonian time. Fig. 1B marks the approximate limit of the Bakken Viewfield Pool. The brown box which is
zoomed in Fig. 1D marks the limits of this study within the Viewfield Pool. Fig. 1C is a stratigraphic chart of Bakken Formation with the
overlying and underlying Formations. Figs. 1B, 1C, and 1D were modified from Cronkwright et al. (2015).
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Table 1. Middle Bakken facies (Modified from Angulo and Buatois, 2010; Cronkwright et al. 2015; and
Cronkwright, 2017)
Facies

General Description
Upper and Lower Bakken shales. These are comprised of massive to fissile dark

F1

grey to brown organic-rich mudstone. Thin mm to cm-scale laminae and beds
of silt to fine sand-sized detrital quarts and bioclastic fragments are present
Heavily bioturbated dolomitic siltstone, with intervals of higher mud content.

F2b

Framboidal pyrite is common with no apparent vertical trend in abundance
observed
More distal expression of facies 2, with higher mud content and a gradational

F2a

contact with the underlying Lower Bakken shale. Well-preserved crinoids are
present
Light grey-beige bioturbated siltstone with thin mm thick, planar to wavy

F4

laminae. Local isolated cross lamination, and laminae that pinch and swell are
also present
Moderately bioturbated grey mudstone interbedded with light grey siltstone.

F6

Ripple cross laminae and micro-hummocky cross laminae can be found within
silt beds which are commonly 3 – 10 cm thick
Dolomitic siltstone, similar to facies 2, but with locally present coquina beds.

F7

More greenish-grey color is apparent and shell fragments are much more
abundant. A coarsening upward trend with a decrease in mud bed frequency
was observed. Contact is typically sharp with the overlying Upper Bakken shale

6.3.2. Study Area and Available Data
This study is limited to a 113 km2 area of the Bakken Formation within the Viewfield Pool in SE
Saskatchewan, Canada, between Range 6 - 8W2 and Townships 8 - 9 (Fig. 2). The study area has an ~80%
(90 km2) 3D seismic coverage (3 surveys were available, Fig. 2) and 224 wells (comprised of 188
horizontal oil producers, 32 horizontal water injectors and 4 vertical wells, Fig. 2). Wireline logs were
available on the 4 vertical wells (3 of which were cored). The remaining 220 MHFWs had formation top
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data available for the Upper and Middle Bakken and in instances, gamma ray (GR) logs acquired down to
the bend section in Upper Bakken but not within the Middle Bakken.

Fig. 2. Study area and available data. The unlabelled purple circles correspond to offset vertical wells near
the study area. Science well is a term that will be subsequently used to refer to the 08-34 cored well which
was used to verify the fractures interpreted from well logs.

6.4. Phase I Methods: Seismic, Well Logs Analyses, and Geomechanics
With the Middle Bakken being the producing member of the Bakken Formation in the study area,
our attention was focussed on fracture identification and fracture zone recognition in this interval. By
using a combination of wireline well log response and elastic properties calculated from logs, we
interpreted natural fractures at four vertical wells (Fig. 2). Fracture zones were identified based on the
property trends observed from the calculated elastic properties. Mineralogical and mechanical hardness
data were subsequently incorporated to highlight the controls on natural fracture occurrence and
distribution of the fracture-prone zones. Subsequently, a 3D geological model that was constructed (by
incorporating seismic and well log data) as a framework for investigating spatial relationships between
the natural fractures interpreted at the four wells and the fracture/mechanical zones in which they occur.
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Matrix reservoir characteristics such as porosity and permeability were modeled to highlight the level of
heterogeneity in Middle Bakken fracture/mechanical zones. The detailed steps in the workflow developed
are presented as in Fig. 3

Database and project set up
(Retrieve well logs, deviation surveys,
core reports, laboratory results, and
seismic data

Are well datasets
consistent across local
and public databases?

No

Harmonise data and
apply corrections (e.g.
repick formation tops)

Yes
Yes

Fracture identification in
Middle Bakken wells

Database set up, log
data conditioning and
consistency checks
completed

No

Fracture/mechanical zone
identification

Perform
Update

Ascertain links between fracture
occurrence and mechanical zones

Model field-scale porosity and
permeability heterogeneity per zone

Yes

New well or field
data available?

No

Export results and model
outputs for well and field
performance study

Fig. 3. The workflow developed for Middle Bakken member fracture interpretation and initial matrix
model construction
6.4.1. Fracture identification in Middle Bakken
A qualitative approach was used to interpret natural fractures in the four vertical wells with seismic
and core utilized as mediums for verification and validation. Details are discussed in the following subsections.

245

6.4.1.1.
Fracture interpretation at wells using conventional logs
Methodologies for inferring fractures using well logs (Ellis and Singer, 2008; Iverson, 1992; Kay
et al. 1993) were applied on well logs in four vertical wells (Fig. 2 and 4). Being a manual process, we
ensured that all the inference criteria (Table 2) were satisfied before picking a fracture (Fig. 4). Due to
the potentially complex characteristics of natural fractures (open, healed, tall, short, vertical/oblique,
horizontal, etc.; including the unassessed impact of variations in fracture geometry; see Kay et al. 1993),
we recognize that some fractures may only show limited response on some logs. As a result, in-situ
fracture recognition based solely on well log response could be considered to be conservative, hence the
need to incorporate additional criteria as has been performed in this study.
Table 2. Criteria for fracture inference from well logs.
Well Log

RHOB-NPHI
(1)

Natural
fracture
inference
criteria

(2)
(3)

Middle
Bakken log
response

RHOB decrease
on pad contact
with fracture
High density
correction
Neutron porosity
increase
Observed

CALI

GR

SONIC

X-Y CALIPER

DRHO

Abnormally high
(∆t) : Cycle
skipping

High caliper
reading

Characteristic
increase in Bulk
Density correction

Diagnostic ∆t
increase observed

Diagnostic ∆ X-Y
increase observed

RHOBNPHI

DRHO

Observed

SONIC

Middle
Bakken
Inferred
fracture

Lower
Bakken
Fig. 4. Example of inferred fracture on well logs. From Iwuoha and Pedersen (2017b)
246

6.4.2. Estimation of dynamic elastic properties from well logs
Several researchers have demonstrated that variations in rock elastic properties can serve as
indicators of fractures intersected in a well (Ellis and Singer, 2008, Guo et al. 2013, Goodway et al. 2010).
The occurrence of such variations between wells drilled in a relatively isotropic reservoir such as the
Bakken Formation (as observed as part of this research) highlights the potential to use well logs in the
Bakken Formation to study the presence of natural fractures and fracture zones. More brittle rocks (which
have higher Young’s modulus) tend to be more susceptible to natural fracturing while more ductile rocks
tend to have higher Poisson’s ratio and are less amenable to fracturing (Guo et al. 2013; Goodway et al.
2010).
We utilized the bulk density (RHOB) log, as well as compressional and shear velocities (Vp and
Vp respectively, derived from dipole sonic data, see Eqns. 1 and 2 below) to calculate Middle Bakken
elastic (dynamic) properties, notably E and v (Table 3, Eqns. 1 - 11, and Fig. 5).
Table 3. Input logs for elastic properties estimation. The smileys indicate available data.
Well/Log

DTP

DTS

(microsec/m)

(microsec/m)

RHOB
(g/cm3)

16-28

From DTP

04-21
06-18

08-34

From DTP
From DTP

Sonic Compressional (DTP) and Shear (DTS) velocities estimation
The relation used to derive DTP and DTS are provided below:
Vp = 1/∆tlog (compressional)

(1)

Vs = 1/∆tlog (shear)

(2)

where:
Vp = Compressional wave velocity (m/s)
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∆tlog (compressional) = Compressional transit time (µs/m)
∆tlog (shear) = Shear transit time (µs/m)
Where ∆tlog (shear) was unavailable (see Table 3), DTS was estimated using DTP based on Castagna and
Greenberg’s 1992 shale and dolomite relations with a GR cut-off at 110 GAPI:
Vs(dolomite) = -77.76 + 0.5832Vp

(3)

Vs(shale) = -867.4 + 0.77Vp

(4)

where:
Vs(dolomite) = Dolomite shear wave velocity (m/s)
Vs(shale) = Shale shear wave velocity (m/s)
Vp = Compressional wave velocity (m/s)
Given that Middle Bakken is comprised of dolomitic siltstones, it is to be noted that (as was earlier
demonstrated for the Montney Formation in Section 4.2) there is a need to calibrate empirical Vs log
estimation techniques to the shale or tight reservoir lithology being evaluated. For this study, although the
08-34 well had no DTP log (Table 3), the 16-28 and 04-21 wells are located west and eastwards of the
08-34 well and therefore provided information on the regional velocity trend over the in the ~1 o SW
dipping Bakken strata in the study area (Fig. 2).
6.4.2.1.
RHOB estimation
RHOB on well 04-21 was estimated from DTP. Sensitivities were performed using three RHOB
estimation techniques (Gardner et al. 1974, Bellotti et al. 1979 and Lindseth, 1979). Blind tests were
performed on the 08-34 and 16-28 wells, with the Gardner method yielding the more satisfactory result
and therefore retained for RHOB estimation (Fig. 2 and 6, and Table 4). We note that all three techniques
tested under-predicted the density in the upper portion of the Middle Bakken corresponding mainly to the
transgressive Unit C where shale content increases into the overlying Upper Bakken shale (Fig. 1 and 6).
For the purposes of this evaluation, however, we note that the Middle Bakken density was best estimated
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in the Middle Bakken interval (Fig. 6) by the Gardner at al. (1974) RHOB estimation technique, compared
to other RHOB estimation techniques. Taking into account the availability of RHOB on the other 3 vertical
wells in the study area (Table 4) and an R2 of >0.7 obtained in the Middle Bakken for all three techniques
tested, further optimization of the 04-21 well RHOB prediction was not considered necessary less of a
priority at this time. Furthermore, the Middle Bakken interval is oil saturated in the area of study hence a
lower probability of gas encountering gas effects on the RHOB estimation from the Vp log. The Gardner
et al. (1974) relation is given below:
RHOB = a(Vpb)

(5)

where:
RHOB = bulk density (g/cc)
Vp = Compressional velocity (µs/m)
a = Gardner et al. (1974) constant (0.23), b = Gardner et al. (1974) constant (0.25)
The Bellotti et al. (1979) relation is given below:
RHOBConsolidated formations = 3.28 – DT / 89

(6)

RHOBUnconsolidated formations = 2.75 – 2.11 (DT-47) / (DT + 200)

(7)

where:
RHOB = bulk density (g/cc)
DT = Compressional transit time (m/µs)
Note that the consolidated formation relation (Eqn. 6) was the version tested for the Belloti
et al. (1979) RHOB estimation for the 04-21 well as shown in Fig. 5.
The Lindseth (1979) RHOB estimation method is given as:
RHOB = (Vp-3460) / (0.308 x Vp)

(8)

where:
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RHOB = bulk density (g/cc)
Vp = Compressional velocity (µs/m)

Fig. 5. Comparison of the estimated and measured RHOB on 08-34 well

6.4.2.2.
E and v computation
Following the DTS and RHOB estimations, DTP, DTS, and RHOB were incorporated into the Rock
Physics module in PetrelTM (Schlumberger, 2017) from which elastic parameters were computed. A suite
of outputs was generated including VP/Vs ratio, compressional (P) and shear (S) impedance, bulk (k) and
shear (µ) modulus, Lambda_Rho, Mu_Rho, as well as E and v. Below are the relations used to derive E
and v:
E = 9kµ / (3k + µ)

(9)

v = 3k -2µ / [2(3k + 2µ)]

(10)

where:
E = Young’s modulus (MPa) – a measure of brittleness
v = Poisson’s ratio (dimensionless) – a measure of ductility or plasticity
k = Bulk modulus (MPa) – a measure of rigidity
µ = Shear modulus (MPa) – a measure of compressibility
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6.4.2.3.
Uniaxial/unconfined compressive stress (UCS) or rock strength
From the Haug et al. 2008 relation (provided below), we calculated UCS in the four vertical wells which
were used as a complimentary diagnostic log for inferring fractures. The Haug et al. (2008) relation is
expressed as:
Es = 111 x UCS1.2

(11)

where:
Es = Static Young’s modulus (GPa)
UCS = Uniaxial/unconfined compressive stress (MPa)
Although the Haug et al. (2008) relation refers to Es (which is typically measured on core plugs in the
laboratory), their research, as well as that of Vishkai et al. (2017), showed that a positive correlation exists
between Es and dynamic moduli (Ed). Lacy (1997), derived formulations for converting Ed to Es, showing
that correlation coefficients of 0.75-0.92 can be achieved. Given the positive correlation between both
parameters and since in this evaluation we were only interested in qualitative variations in rock strength
(rather than the absolute magnitude), the Haug et al. (2008) relation was considered an acceptable firstapproximation approach for estimating UCS. Other researchers have alluded that a decrease in UCS could
be observed when a fracture is intersected in a well (Chang et al. 2006; Eberhardt, 1998; Fox et al. 2006;
Horsrud, 2001). This makes UCS a complementary diagnostic log for interpreting/inferring natural
fractures at wells.
Based on the well logs and elastic properties syntheses discussed above, a composite template was
set up for fracture inference taking into account rock response across the full suite of data available (Fig.
6). Particular attention was paid to E and v (the indicators of brittleness and ductility respectively), as
well as UCS. Fractures were inferred (Fig. 6) where well log inference criteria were satisfied, along with
increasing brittleness, decreasing plasticity, as well as a decrease in (or decreasing) UCS. Combining these
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data increased the confidence in our interpretation and reduced interpreter bias. Fig. 6 shows the composite
template for the 16-28 well with inferred natural fractures.
6.4.2.4.
Brittleness index
Brittleness index (BI), an indicator of “fraccability”. BI was calculated using the Guo et al. (2013)
relation below and distributed in the model using SGS16:
BI =

𝐸
𝑣

(12)

where: BI = Brittleness index, E = Young’s modulus (GPa), and v = Poisson’s ratio
6.4.3. Assessing Middle Bakken vertical mechanical heterogeneity
By creating composite templates of wireline logs and derived petro-elastic properties and
correlating the reservoir and petro-elastic characteristics in the Middle Bakken units and facies (across the
four vertical wells), we identified for the first time five mechanically distinct stratigraphic units in the
Middle Bakken in the area of study (Fig. 6). The notion of the likely existence of mechanical units was
previously alluded to by previous researchers (Gasaway et al. 2017, and Ghanizadeh et al. 2017) but was
yet to be clearly defined and characterized as performed in this dissertation. The newly defined
geomechanical zones will be subsequently presented and discussed in Section 6.5.
6.4.4. Seismic attribute mapping
Approximately 80% of the ~90 km2 Bakken study area had 3D seismic data (Fig. 2). With the
vertical seismic resolution of ~9m of the 3D seismic being higher than the average thickness (computed
from the four vertical wells, Fig. 2) of each of the Middle Bakken facies or geomechanical units (Fig. 6),
direct interpretation of the seismic data was limited to formation horizon mapping, guided by seismic to
well-tie and formation tops. Seismic attribute analysis, however, provided the opportunity to further
evaluate structural (fault/fracture/lineament) features in the Middle Bakken interval for comparison with

16

The variogram criteria used are the same as were defined for the field-scale 3D petrophysical property modeling
subsequently discussed in Section 6.4.8.
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the natural fractures interpreted using the well logs. The workflow adopted is integrating seismic attribute
analysis is presented in Fig. 7.
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Fig. 6. Composite well logs and elastic properties template for well 16-28. Key logs used for fracture inference include X-Y Caliper (Track 2),
RHOB and Neutron Porosity (Track 6), RHOB correction (Track 7), v (Track 12), E (Tracks 13 and 14), and UCS (Tracks 15 and 16). The blue
and orange natural fracture lines represent a qualitative attempt at suggesting that the interpreted fracture are likely to have different fracture
characteristics (size, open or cemented, tensile versus ductile fracture, fracture half-length, etc.) based on the log responses. For example, the
orange fracture in Fig. 7 above has relatively lower E, lower v, and lower UCS than the blue interpreted fractures, yet all the interpreted fractures
at the same time satisfy the well log fracture interpretation criteria (as earlier discussed). Assessing or quantifying fracture characteristics was
however beyond the scope of this dissertation hence no further assessment (or hypotheses) on natural fracture characteristics was performed
beyond these high-level observations.
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Fig. 7. 3D seismic interpretation and attribute mapping workflow

Two of the structural attributes generated are discussed below:
1. Edge detection surface attribute: This attribute can be used to locate discrete edges or
subtle changes in topography (dip, strike) and subseismic faults. Higher edge detection
values suggest topographic changes or discontinuities. Following the workflow presented
in Fig. 7, an edge detection attribute for top Middle Bakken time structure map was
generated (Fig. 8). The edge detection attribute showed NW-SE orientations with higher
edge detection values, hence, likely Middle Bakken fracture or lineament orientations. In
addition, other NE-SW orientations were observed (Fig. 8). The likely lineament
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orientations observed are consistent with earlier observations by Hume et al. (2011) who
inferred northeast-southwest (NE-SW) and northwest-southeast (NW-SE) fracture
lineament orientations from gridding the first 12 months daily average oil production in
the Middle Bakken in the study area.
Cronkwright et al. (2015) showed that there were faults intersected in MFHw #932 (a Middle Bakken horizontal water injector well) using GR, total gas and ROP log
response (Fig. 8). When the faults are plotted along the well trajectory and overlaid on the
edge detection map (Fig. 8) we observed that the fault crossings in the MFHw coincided
with relatively higher edge detection values that correspond to the presence of
discontinuities (or topographic change) around the well.
Although the seismic and well have different scales, the independent confirmation
between the edge detection result and the results from the literature provide a level of
confidence in the ability to utilize the 3D seismic in the study area to confirm or validate
interpreted natural fractures in wells. As a complementary independent assessment, we
generated a second seismic attribute property for structural analysis (Fig. 9).
.
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09-32
Flt

04-21

Flt

06-18

Higher

Lower

GR

08-34

09-32
16-28

Fig. 8. Middle Bakken edge detection attribute and faults in the 09-32 well. Note that the edge detection attribute was generated on a gridded
time structure map at the top Middle Bakken. The gridding limit was extended beyond the seismic area to avoid edge effects during gridding.
Inferring discontinuities (or topographic changes) from the edge detection map should therefore only be performed within the area delimited
by the brown seismic area limit on the map to the right above. Also, note that the color legend used for the edge detection map is such that the
colder colors are higher edge detection values. The top-left map (from Cronkwright et al. 2015) shows the faults (flt) intersected by the 09-32
MFHw. The flt are shown as red lines perpendicular to the 09-32 MFHw well trajectory in the edge detection map.
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2. Ant tracking volume attribute: The ant tracking structural method has been used in oil
and gas reservoir evaluation for decades for detecting faults and discontinuities. To gain a
better perspective of the lineament directions within the study area, we generated an ant
tracked volume (Fig. 9A and 9B) of the chaos seismic attribute. The chaos attribute maps
the lack of organization in the structural estimate of the 3D seismic data. Dip-guided
structural smoothening (with edge enhancement) was applied on the chaos attribute to
sharpen discontinuities, before computing the ant tracked volume (Fig. 9A and 9B).
Following ant tracked volume computation, we similarly observed the earlier inferred
Middle Bakken NW-SE and NE-SW lineament orientations. The ant tracked volume also
highlighted the structural complexity of the Middle Bakken in-situ fault/fracture system,
with a higher density of discontinuities shown than was observed in the edge detection map
(Fig. 8). Several high angle dipping structures exist (Fig. 9B), with a less well-constrained
azimuth. The fault crossing on the 09-32 injector was equally detected on the ant tracking
attribute (Fig. 9A).
Ant Track
Higher

04-21
06-18
Lower
09-32 injector

Cube 3
08-34
16-28

Cube 2
Cube 1

Seismic edge

Intersected faults

2 km

N
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Fig. 9A. Ant tracked chaos structural attribute at the top of Middle Bakken. Higher values denote a higher
intensity of discontinuity. Attribute extraction was performed on 3 seismic cubes and extracted along timeequivalent horizons for the top of the Middle Bakken, calibrated by wells drilled in each seismic volume.
The faults intersected in the 09-32 MFHw coincide with fault/fracture features that cross the 09-32 well
in the cube 2 ant tracked volume. The black box denotes the limit of one of the seismic cubes.

45O Azimuth

315O
90O Dip

60O Dip (circle)
225O

135O

Fig. 9B. Dip and azimuth of fractures and lineaments from seismic ant tracked volume

6.4.5. Middle Bakken hardness testing
Mechanical rebound tests were performed on the same 7 samples from the 08-34 well by
Ghanizadeh et al. (2017). The results will be discussed within the context of this dissertation in Section
6.5, particularly with respect to their relationship with the Middle Bakken geomechanical zones.
6.4.6. Middle Bakken mineralogical analysis
Gasaway et al. (2017) performed XRD analyses of 7 samples (5A, 7A, 8A, 14A, 24A, 27A, and
36A) from the Middle Bakken interval of the 08-34 well (see the 08-34 well location in Figs. 8 and 9A)
from which mineralogical compositions were obtained. Cronkwright (2017) equally measured and
evaluated XRF-derived mineralogy of the 08-34 well. The results from these analyses were plotted and
will be subsequently presented and discussed within the context of this research.
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6.4.7. Petrophysical analysis
Petrophysical interpretation of Ø-K was performed in the four vertical wells (Figs. 2 and 8-9)
using the Interactive PetrophysicsTM petrophysical interpretation software. Porosity was estimated
estimation from neutron-density logs. Permeability was estimated using the Ø-K relationship from
laboratory core data analysis. Petro-elastic properties were populated in the 3D model using the
geomechanical zones as the facies. This approach enabled the capturing of the upper Facies 2b Ø-K and
geomechanical characteristics in zone 3, separate from the lower Facies 2b in zone 4. Facies 4 properties
were modeled taking into account the uppermost geological layer in zone 3 which corresponds to Facies
4.
6.4.8. Field-scale 3D modeling
A 3D static geocellular model was constructed that integrated the well log, petrophysical, as well as
geomechanical data in the study area. The characteristics of the 3D grid17 are as follows:
•

Grid orientation: 45o, consistent with Middle Bakken average maximum horizontal stress
direction (HAS, 2008)

•

Cell dimension: 30 x 30 x 0.7m (length x width x height); set up to capture sub-metre scale
vertical heterogeneities

•

Geological layers: 22. These are the number of layers required in each zone to achieve a sub
metric scale cell height

•

Total # of active cells: 2.1 million. This is a function of the size of the area of study, and cell
dimension

Petrophysical properties (Ø-K) were geostatistically distributed in the 3D grid using SGS based on
the well log data. The Middle Bakken geomechanical zones were mapped as laterally continuous geologic

17

Also see Appendix 3
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layers in the model because all Middle Bakken facies could be laterally correlated throughout the study
area. These observations were also consistent with the Middle Bakken regional geology described in the
literature for the study area (Angulo and Buatois, 2010 and Cronkwright et al. (2015). As the Middle
Bakken facies and geomechanical zones could be laterally correlated in the study area, the variogram
major and minor lateral anisotropy range was set to the half of the smallest dimension of the model,
obtained by calculating (Schlumberger, 2017):

Range =

[Min((X𝑚𝑎𝑥 − X𝑚𝑖𝑛 )),((Y𝑚𝑎𝑥 − Y𝑚𝑖𝑛 ))
2

(13)

where X and Y are the total 3D grid dimension lengths (m).
The vertical anisotropy range was set to twice the average cell height (Schlumberger, 2017) in each
model zone. The workflow adopted for 3D modeling is summarized in Fig. 10
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Fig. 10. 3D modeling workflow

6.5. Phase I Results and Discussion
6.5.1. Middle Bakken rock mechanical zone characteristics
By correlating log and elastic property responses across the four vertical wells, we identified for the first
time five mechanically distinct stratigraphic units in the Middle Bakken (Fig. 11). Although the identified
mechanical zones are related to the Middle Bakken facies, we observed that two mechanical zones can be
mapped within Facies 2b in the regressive Middle Bakken Unit A. Given the peculiarity of having two
zones within Facies 2b, Facies 2b was modeled as two geomechanical zones when constructing the 3D
geological model (discussed in Section 6.4.8) to facilitate independent assessment of both zones at the
field scale. Facies 4, a planar laminated dolomite cemented siltstone that overlies Facies 2b has unique
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petroelastic properties that differ from the underlying Facies 2b and the overlying heavily bioturbated
Facies 6 (basal Unit C). Facies 4, therefore, merits being recognized as a mechanical zone. However, this
Facies (which is laterally correlatable over our ~113 km2 study area) is generally less than 1m thick and
susceptible to being discounted (or not considered) in the geological model upscaling process if the 3D
grid cells are thicker than 1m. For the purposes of this study, the geological model was set up (as will be
subsequently discussed) with sub-metric grid cell sizes such that Facies 4 was captured as the topmost
geological layer in zone 3, underlain by the upper portion of Facies 2b. Table 4A is a contingency table
that shows the link between the Middle Bakken the units, facies, and geomechanical zones.
6.5.2. Petrophysical and geomechanical property analysis results
The petro-elastic interpretation results show that the Middle Bakken geomechanical zones have
distinct porosity, permeability, and dynamic elastic characteristics. The results for facies, petrophysical
and geomechanical 3D modeling are summarized in Figs. 12 - 17.
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Fig. 11. Well 16-28 composite well logs and elastic properties template and Middle Bakken mechanical stratigraphic zones (Shown on Track
6 from the left, excluding the measured depth track). The Key logs used for fracture interpretation include X-Y Caliper (Track 2 from the left),
RHOB and Neutron Porosity (Track 7), RHOB correction (Track 8), v (Track 13), E (Tracks 14 and 15), and UCS (Tracks 16 and 17).
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Fig. 12: Middle Bakken facies modeling result. The cross-section is along the 16-28 well with the transect
extended to cover one Dominion Land Survey (DLS) Section. The bottom-left table shows the facies
proportions per layer in the 3D geologic model. Facies 4 is layer 5, the topmost geologic layer in
mechanical zone 3. The bottom-right map is a base map showing the A – B transect and the 16-28 well
location, and Middle Bakken producer (green) and injector (blue) wells in the study area. Distance is in
meters except where otherwise indicated. The vertical exaggeration is x16.
Table 4A: Middle Bakken units, facies, and geomechanical zone thicknesses from the four vertical
wells. Note: 1 foot (ft) = 0.3048 m
Unit

Facies

Geomechanical
Zone

Mean Zone
Thickness (ft)

7

1

3.3

6

2

4.6

3

11.6

2b

4

12.2

2a

5

4.6

C

7.9

4
A

Mean Unit
Thickness (ft)

2b

28.4
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Fig. 13: Middle Bakken porosity model result. The cross-section is along the 16-28 well with the transect
extended to cover one DLS Section. The bottom-left log section is the cored 08-34 well and shows (from
the left to the right) the depth (MDRT), cored interval, GR, facies, units, zones, and a combined porosity
track with the core porosity and model porosity at the well location. The bottom-right map is a base map
showing the A – B transect and the 16-28 well location, and Middle Bakken producer (green) and injector
(blue) wells in the study area. Distance is in meters except where otherwise indicated. The vertical
exaggeration is x16.
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Fig. 14: Middle Bakken horizontal permeability model result. The cross-section is along the cored 16-28
well with the transect extended to cover one DLS Section. The bottom-left log section is the cored 08-34
well and shows (from the left to the right) the depth (MDRT), cored interval, GR, facies, units, zones, and
a combined permeability track with the core porosity and model porosity at the well location. The bottomright map is a base map showing the A – B transect and the 16-28 well location, and Middle Bakken
producer (green) and injector (blue) wells in the study area. Distance is in meters except where otherwise
indicated

Fig. 15: Middle Bakken effective porosity and horizontal permeability in 16-28 well. In zone 3 (Mid
BKN3), n = 21 due to the exclusion of outlier (elevated) fracture-influenced permeability values.
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Fig. 16. Middle Bakken dynamic Young’s Modulus and Poisson’s Ratio per geomechanical zone in 1628 well. Mid BKN1 to Mid BKN5 represent geomechanical zones 1 - 5 while n = Number of log data
points.

Fig. 17: Middle Bakken dynamic UCS per geomechanical zone in 16-28 well
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6.5.3. Middle Bakken hardness and geomechanical zones
We observed that consistent with our mechanical zone definition, hardness variations consistently
varied with the defined geomechanical zones (Fig. 13). The average mechanical hardness values (Fig. 13)
were ~605 (zone 5), ~580 (zone 4) and ~555 (zone 3). All values are in HLD.

08-34 Mechanical
Hardness (HLD)
700
600
500
400
5A 7A 8A 14A 24A 27A 36A
Zone 4
Zone 3
Zone 5
Fig. 18. Mechanical hardness (HLD) for Middle Bakken core samples. The measurements were made by
Ghanizadeh et al. (2017).
6.5.4. Middle Bakken mineralogical results and implication
The Gasaway et al. (2017) measured XRD mineralogy of the Middle Bakken comprised of 7
samples from the Middle Bakken Unit A (Facies 4, 2b and 2a which make up mechanical zones 3, 4 and
5). The results of their measurements were plotted in Fig. 19A. They show that the proportion of quartz
and dolomite varies for the different Middle Bakken facies. It can also be seen that the mineralogical
composition supports the subdivision of facies 2b into two mechanical zones. Facies 2b in zone 4 has a
lower dolomite content than Facies 2b in zone 3. Facies 4 (modeled as a geologic layer in zone 3) has
higher dolomite and lower quartz content than Facies 2b. Facies 4 also has the highest dolomite to quartz
ratio of 1.28 among the 7 samples whose dolomite to quartz ratios ranged from 0.57 – 0.86. The
mineralogical control on the geomechanical characteristics of fine-grained reservoirs is well documented
in the literature (Aoudia et al. 2010; Cronkwright, 2017; Pan et al. 2016). The resulting geomechanical
contrasts between geological layers and lithologies have been described as one of the controls on
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production performance, natural fracture characteristics, and variations in the hydraulic fracture height
growth in shale and tight reservoirs (Fisher and Warpinski, 2011; Gorjian and Hawkes, 2017). For the
Middle Bakken, the mineralogical results indicate that the quartz and dolomite content control the Middle
Bakken geomechanical zone characteristics.
Inherent and key to the mechanical characteristics of fine-grained rocks are their pore
characteristics (Zheng et al. 2014; Bubeck et al. 2016; and Li et al. 2018) which also affect fluid flow. In
the literature, the Middle Bakken tight reservoir has been described as a play that requires not only
hydraulic fracturing but also favorable matrix properties for economic recoveries (Mirzayev et al. 2015).
By overlaying cross-plotted Ø-K values measured from the 7 samples (Ghanizadeh et al. 2015) with
modified Winland-style correlations (Di and Jensen, 2015), the differences in the dominant pore throat
size (DPS) of the Middle Bakken zones were shown (Fig. 19B). Variations in the DPS in the Middle
Bakken interval is one of the geological indicators of intra-facies/intra-zone reservoir heterogeneity
(Table 4B) and can also provide the first indications that post-depositional geologic processes may have
impacted reservoir heterogeneity at the pore scale even if not obvious at the reservoir scale.
As an example, DPS variation which can result in variation in production changes within the same
facies and mechanical zone can be observed from the samples analyzed by Gasaway et al. (2017). Sample
27A and Sample 24 A are both from the lower Facies 2b defined as mechanical zone 4. Sample 27A was
taken from the middle portion of zone 4 (Fig. 19A) and contains less calcite and more dolomite (3% and
28% respectively) than sample 24A (in the upper midsection of the zone) which has 9% calcite and 24%
dolomite (Fig. 19A). From Fig. 19B, it can be seen that sample 27A has a higher DPS of ~48 nm than the
~23 nm DPS of sample 24A (both based on the pulse-decay versus Ø crossplot). The difference in DPS
between both intra-facies/intra-zone samples may have been the result of diagenesis which led to
dolomitization and an increase in sample 27A’s DPS. At an inter-zone level, it can be seen from Fig. 19B
that DPS is higher in zone 3 than zone 4 even though both zones had previously been recognized as the
same facies in the literature.
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Core Pl

Core P

As has been shown, assessing the mineralogical variation in the Middle Bakken can provide insight
on likely diagenesis that affects reservoir quality. Mineralogical information, therefore, helps in
geomechanical characterization as well as mapping reservoir quality in shale and tight reservoirs. This is
all the more important for the Middle Bakken interval where the reservoir units (A and C), their
corresponding facies (2a, 2b, 4, 6, and 7), and the newly defined zones (5, 4, 3, 2, 1) can be laterally
correlated in the study area. The analysis presented in this section demonstrates that lateral correlatability
can be a misleading notion of reservoir homogeneity which is clearly not the case in the Middle Bakken,
hence the variations in MFHw cumulative production (which will be subsequently discussed).

Fig. 19B. Phi-K cross-plot of 7 Middle Bakken samples with Winland correlations of dominant pore throat
size (Modified from Ghanizadeh et al. 2015). Pulse decay permeability data provide an indication of the
uncertainty in Ø-K relationship per sample, compared to probe permeability measurements.
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Table 4B. Middle Bakken facies dominant pore throat size (estimated from Fig. 19B).
Avg.
Middle Bakken
Thickness
zone
(m)
1
2

1
2
0.9
2.6
3.7
1.4

3
4
5

Facies

Dominant pore
throat size (nm)

F7
F6
F4
F2b
F2b
F2a

To be determined
To be determined
20 - 50
75 - 100
25 - 75
19 - 50

Unit
C

A

Where no samples were taken such as Facies 6 and 7 in zones 1 and 2 (Table 5), petrophysical
interpretation such as the M-N lithology factor crossplots (Burke et al. 1969) can be used to determine the
mineral mixture where well logs are available. The M-N method uses RHOB, neutron and sonic logs to
identify binary and ternary mineral mixtures based on industry mineralogy charts. However, in the
presence of gas, the M-N technique is prone to error due to gas effect on the neutron porosity (Eqn. 14).
This is less of an issue for the Middle Bakken which is an oil reservoir. The M-N terms are expressed as:

M = 0.01

N=

(Δ𝑡𝑓𝑙 – Δ𝑡𝑙𝑜𝑔 )
(ρ𝑏 – ρ𝑓𝑙 )

(Ø𝑁𝑓𝑙 – Ø𝑁𝑙𝑜𝑔 )
(ρ𝑏 – ρ𝑓𝑙 )

(14A)

(14B)

where: Δ𝑡𝑓𝑙 = Fluid transit time (µs/m), Δ𝑡𝑙𝑜𝑔 = Sonic log transit time (µs/m), Ø𝑁𝑓𝑙 = Neutron fluid porosity
(fraction), Ø𝑁𝑙𝑜𝑔 = Neutron log porosity (fraction), ρ𝑏 = Bulk density (g/cc), ρ𝑏 = Fluid density (g/cc), M and N are
lithology-dependent factors which represent the slope of the lithology lines on either the density-neutron or sonic
density crossplot chart used by the industry.

ØNlog was corrected for clay effects using the relation (Hu et al. 2017):

Ø𝑁𝐶𝑙 = Ø𝑁𝑙𝑜𝑔 (1 − 𝑉𝐶𝑙 )

(14C)

where: Ø𝑁𝐶𝑙 = Neutron log corrected for clay effects (fraction), Ø𝑁𝑙𝑜𝑔 = Neutron log
(fraction), 𝑉𝐶𝑙 = Volume of clay (fraction)
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Where the matrix component percentage of dolomite is known and is high (>29%), Hu et al. (2017)
proposed a matrix correction factor (ØNMC) for the Middle Bakken to account for high apparent sandstone
or limestone-calibrated neutron porosity resulting from the high dolomite content in the interval. The
correction factor is expressed as:
Ø𝑁𝑀𝐶 = −0.12(𝑀𝑎𝑡𝑟𝑖𝑥 𝑑𝑜𝑙𝑜𝑚𝑖𝑡𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 %)

(14D)

The clay and matrix corrected neutron Ø is then given as:

Ø𝑁𝐶 = Ø𝑁𝐶𝑙 + Ø𝑁𝑀𝐶

(14E)

where: Ø𝑁𝐶 = Clay and matrix corrected neutron Ø (fraction), ØNMC = Neutron correction factor (fraction)
In addition to the information on mineralogy, M-N crossplots also provide complementary
information on secondary porosity (Fig. 19C). As will be subsequently shown, secondary (or fractureinfluenced) porosity estimation from well logs is a component of two methodologies developed in this
dissertation for predicting natural fracture zones in the Middle Bakken interval.
An alternative approach to using M-N crossplots is to use matrix identification (MID) crossplots
(Poupon et al. 1971) which recognize minerals using a crossplot of the apparent volumetric cross-section
(UMAA) and the apparent matrix grain density (RHOMAA). In this technique, the total Ø needs to be
initially estimated. RHOMAA is then estimated as follows:

RHOMAA =

ρ𝑙𝑜𝑔 – Ø . ρ𝑓𝑙
1–Ø

(14F)

where: ρ𝑙𝑜𝑔 = Bulk density log (g/cc), Ø = Porosity (fraction) ρ𝑓𝑙 = Fluid density (g/cc)
UMAA is estimated using an industry chart by using the photoelectric factor (PEF) values and
bulk density. Mineralogy estimation using the MID method was not required for the purposes of this
dissertation.
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Fig. 19C. Well 08-34 M-N cross-plot for Middle Bakken.
6.5.5. Field-scale inferred fractures and petro-elastic property variation
A composite montage of petrophysical and elastic logs, along with zones and interpreted fractures
in the 04-21, 06-18, 08-34 and 16-28 vertical reference wells is shown in Fig. 20. As earlier indicated,
most of the interpreted natural fractures occur in zones 2 (Facies 6) and 3 (Facies 4 and upper Facies 2b)
(Figs. 8, 11 and 20).
The results of the 3D Ø-K models (Figs. 21 and 22) indicate that in addition to the vertical
heterogeneities in facies and petro-elastic properties, there are also lateral reservoir quality variations in
Middle Bakken in the study area (Figs. 11, 13, 14 and 20), in agreement with the observations made in
the literature (Hu and Chen, 2015; Hu et al. 2017). Given that the Middle Bakken vertical petro-elastic
contrast is greater than lateral variations, the more principal variation in the reservoir petrophysical and
geomechanical properties would result from vertical heterogeneities.
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Fig. 20. Inferred fractures and zones at the field scale.

276

E

16-28

06-18

Vertical exaggeration: x50

F
Unit

GR

C

Lodgepole

A

Zone

Avg. Phi (m)
Avg. Thickness

1

1
0.07

2

1.4
0.05

3

0.10
3.5

4

0.10
3.7

5

0.09
1.4

Unit (m)

GR

2.4
0.06

Unit C

Unit A
0.10
8.6

Inferred fractures

06-18
F

Producers
Injectors
Vertical

Inferred fractures

E
16-28

Fig. 21. Middle Bakken 3D porosity model result. Multi-Section scale with x50 vertical exaggeration.
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6.5.6. Middle Bakken landing zones
Although most of the interpreted natural fractures were in mechanical zones 2 and 3 (Fig. 11 and
20), most of the Middle Bakken laterals were landed in the better reservoir quality mechanical zones 3
and 4 (Figs. 14 - 17 and Fig. 21 - 22). These zones 3 and 4 in Middle Bakken Unit A (which are dominated
by the Facies 2b), are, therefore, the intervals from which most of the production from the Middle Bakken
in the Viewfield Pool occur. Between both zones, the matrix properties (Ø – K) are relatively better
(higher) in zone 3, however, zone 4 has a higher E, higher BI and is consequently more “fraccable” than
zone 3 (Figs. 14 – 17 and Fig. 21 - 23).
Despite the preferred rock mechanical characteristics of mechanical zone 4, (when compared with
zone 3), both zones 3 and 4 have an overall better matrix and geomechanical characteristics relative to the
other Middle Bakken zones 1, 2 and 5 (Figs. 14 – 17, 21 – 22, and 24). The impact of the higher number
of natural fractures interpreted in zone 3 on cumulative production is unclear at this time and merits further
studies. Cronkwright (2017) showed that some of the natural fractures observed in Middle Bakken core
from the study area had mineralized fracture fills (Fig. 25). The higher “fracture intensity” in zone 3 could,
therefore, lead to sub-optimal production from zone 3, relative to zone 4.

278

A

12-21

13-21

16-28 B
12-28

04-28

Vertical exaggeration: x16
Unit C

Unit A

Wells are generally landed in Zones 3 and 4,

Facies 2b

~0.5 miles

Middle Bakken - Unit A
Modified from Iwuoha and Pedersen, 2017

Middle Bakken: Top Depth Map
Unit

C

A

Zone

Avg. Thickness (m)

1

1

2

1.4

3

3.5

4

3.7

5

1.4

Unit (m)

2.4

Producers

Injectors
Producers
Vertical
Injectors
Vertical

B

8.6

A

16-28

Thicknesses from vertical wells

Fig. 23. Middle Bakken landing zone and thicknesses. One Section with x16 vertical exaggeration.

E

16-28

06-18

Vertical exaggeration: x50

F
GR

Lodgepole

GR

Brittleness
index
Higher

Unit C

Unit A

Lower

Inferred fractures

06-18
F

Producers
Injectors
Vertical

Inferred fractures

E
16-28

Fig. 24. Brittleness index model. Multi-Section scale with x50 vertical exaggeration.

279

Fig. 25. Mineralized fracture fills (images A – D) in Middle Bakken natural fractures. Images B and C
were described as anhydrite-filled fractures. (From Cronkwright, 2017).
6.5.7. Conclusion
Through this evaluation, we have developed an integrated geoscience workflow for assessing the
links between Middle Bakken rock properties and well production. The workflow developed leverages
multiple subsurface datasets to characterize reservoir petrophysical and rock mechanical heterogeneity.
The following conclusions are drawn from the study:
•

Petrophysically and rock mechanically distinct zones exist in the Middle Bakken interval,
mainly liked to facies but has been shown to inter-facies as was the case with Facies 2b

•

The mechanical zones identified are linked to vertical mineralogical variation that is
controlled by quartz and dolomite content

•

Natural fractures in the Middle Bakken can be inferred and interpreted in wells by
analyzing well log responses and elastic properties (notably E and v), as well as UCS

•

Natural fractures inference using well logs provide a first-level insight into the potential
structural and mechanical contrasts in the Middle Bakken
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•

The initial fracture interpretation workflow presented is manual (partly due to the limited
number of wells with complete log suites for the interpretation). The problem of available
well data and readily accessible core data for Middle Bakken studies has been reported in
the literature by previous workers (Mirzayev, 2015).

•

New fracture verification techniques are required to improve the turnaround time of the
natural fracture interpretation workflow and the integration of the results with reservoir
and production data.

•

Lineament directions from this evaluation are consistent with prior research; with this study
presenting for the first time, a detailed reservoir scale 3D model of the petro-elastic
heterogeneity for the Middle Bakken interval in SE Saskatchewan

•

A structural network of discontinuities mapped from seismic attributes was used as one of
the bases for verifying faults and lineaments mapped using the methodology described in
this study, along with a machine-assisted Middle Bakken natural fracture interpretation
workflow developed in this dissertation as will be presented in the succeeding section

6.6. Phase II – A Machine Learning-Assisted Workflow for Natural Fracture/
Fracture Zone Identification
6.6.1. Background
The Middle Bakken tight dolomitic sandstones and siltstones reservoir is producing from more than
7,200 horizontal oil wells with current daily production of 54 kbopd within our Saskatchewan, Canada
study area. Five facies (2a, 2b, 4, 6, and 7) are vertically stacked and laterally continuous in the study area
and are regrouped into two reservoir units (C and A, Table 4C). Most multi-fractured horizontal wells
(MFHws) are completed in the higher porosity and permeability unit A. However, given the reservoir
thickness of Middle Bakken units (Table 4C), cumulative production from MFHws likely results from
both unit C and A, due to hydraulic fracture height growth beyond unit A. The presence of thinner reservoir
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facies that make up units C and A compound the difficulty of understanding which facies facilitate
reservoir connectivity and affect the cumulative oil production. Previous research has shown that
production from the stimulated rock volume in tight rocks will be affected by hydraulic fractures and
geological factors such as natural fractures and reservoir characteristics (Mullen et al. 2010, Ferrill et al.
2014; Gorjian and Hawkes, 2017). The interaction between these factors is poorly understood in our study
area where we see that production from MFHws with similar completions and hydraulic fracturing
characteristics vary significantly, even when the laterals are completed in one unit and/or facies. The
objective of this research was to evaluate the reservoir characteristics of Middle Bakken facies in the study
area and develop a workflow for predicting natural fracture zones using wireline logs, calibrated to core
data.
Table 4C: Middle Bakken units and facies average thicknesses estimated from four vertical wells in the
study area. Note: 1 foot (ft) = 0.3048 m
6.

Unit

Facies

Mean Facies
Thickness (ft)

7

3.3

6

4.6

4

2.3

2b

21.5

2a

4.6

C

A

Mean Unit
Thickness (ft)

7.9

28.4

6.6.2. The limitation of manual fracture interpretation methods
The challenge of reconciling natural fractures to other natural fracture indicator datasets in the
Bakken Formation has been documented in the literature (Mullen et al. 2010). The magnitude of the
challenge increases when complementary datasets such as image logs or seismic data are unavailable.
The physical core quality for natural fracture interpretation can vary from excellent (Fig. 25) to
uncertain, especially if some of the cored sections are affected by coring-induced fractures (Fig. 26).
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For the 08-34 well in which physical core was available, reconciling log-interpreted natural
fractures with the core fractures presented a challenge due to core sections affected by drilling and/or
(likely) coring-induced fractures. It was however observed that portions of the 08-34 core where no
visible natural fractures were seen matched the well log sections where no fractures were interpreted
using the manual fracture interpretation workflow. Although no image log or other dataset was
available to further verify the interpretations, the consistency between the fractured/damaged core
portions and the depth intervals within which manual fractures were interpreted led to the development
of the notion of a fracture damage zone (probable fracture zone PFZ) that can be predicted through
machine learning-assisted methods. Interpreting or predicting PFZs rather than individual fractures
facilitated the transitioning of the initial fracture interpretation workflow into a more practical timeefficient technique.
Although the manual interpretation considered an integrated suite of wireline logs (as earlier
demonstrated in the four vertical wells in the study area), it’s main benefit was the ability to gain an
initial insight for assessing the Middle Bakken in-situ natural fracture system and its links to the
Middle Bakken petro-elastic properties. This approach, however, was limited in application for the
following reasons:
a) The integrated suites of well logs required were often unavailable, even in deviated wells, and
much less the case in MFHws,
b) Where the required logs were available, they tended to be in vertical wells which are inherently
biased towards undersampling natural fractures due to limited intersected fractures in most
vertical wells,
c) Interpreter bias,
d) Uncertainty on the extent to which (or whether) the input logs used for interpretation can
capture the in-situ natural fracture log response in the near and away from the wellbore
region, and
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e) Extensive turnaround time required (which mitigated against one of the objectives of this
dissertation).
An improvement in the initial method was therefore imperative, hence the development of a neural
network technique for predicting Middle Bakken PFZs as will be subsequently described.
6.6.3. Probable fracture zone prediction: Two new techniques
Two new methods were developed in this dissertation for predicting PFZs in the Middle Bakken
as described below.
6.6.3.1.
Artificial neural network method and results
All the natural fractures interpreted occur within probable fracture zones (PFZs) which
correspond to secondary porosity (Delta Phi) intervals where 1% < Delta Phi < 5% (Figure 27).
Delta Phi was expressed as:
𝐷𝑒𝑙𝑡𝑎 𝑃ℎ𝑖 = 𝑃ℎ𝑖𝑁−𝐷 − 𝑃ℎ𝑖𝑆

(15A)

where Delta Phi is secondary or fracture-influenced porosity, PhiN-D is Neutron-Density Total
porosity (fraction), and PhiS is Sonic porosity (fraction).
A feedforward supervised backpropagation algorithm that uses a sigmoidal activation function was
used to construct an artificial neural network (ANN) model for predicting the well log calculated
Delta Phi, such that:
Delta Phi 𝐴𝑁𝑁 = 𝑓(𝐸, 𝜎, 𝑈𝐶𝑆)

(15B)

where Delta PhiANN is the Delta Phi neural net, E = Young’s modulus (GPa), σ is Poisson’s ratio
(or v), and UCS is Uniaxial/unconfined compressive stress or Rock strength.
Delta PhiANN has an R2 >0.8 with Delta Phi estimated from well logs (Figure 28). Hence, the ANN
approach significantly increases the capacity to rapidly predict Delta Phi (and consequentially PFZs) in
several wells at the same time, therefore, eliminating the need for manual natural fracture interpretation
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in the well logs. Furthermore, the Delta Phi estimation significantly reduces the data required to predict the PFzs since only the porosity logs
are needed.

08-34
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Coring
induced

?

Probe K
test
points

Core

Fracture damage zone

GR

Facies
Units
Zones

All fractures on core (depth-corrected)

Log interpreted

fractures

?
Probe K test points

Fig. 26. Fracture verification: A notion of fracture damage zone (probable fracture zones for prediction purposes).
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Figure 27: Middle Bakken fracture zone prediction results in 08-34 well. HPZ1-3 were initial PFZ
subdivisions. As the neural net better predicted the entire PFZ interval and to reduce the avoid the
increased uncertainty associated with predicting subdivided PFZs, the base case PFZ (total fracture zone
thickness) was retained for the ANN prediction workflow. LPZ refers to a lower probability fracture
zone.

Fig.28. Cross plot of the ANN model-derived versus well-log derived Delta-Phi in one well.
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6.6.3.2. Empirical relation for predicting Middle Bakken natural fracture zones
With the earlier demonstrated ability to utilize the available 3D seismic dataset in the study area to
predict natural fractures and faults/discontinuities (Section 6.4.4), an opportunity existed to develop an
empirical relation with well logs that can be related to seismic properties to predict PFZs throughout the
3D seismic volume. By using multi-variate analysis to correlate the well logs in the four vertical wells,
04-21, 06-18, 08-34, and 16-28 (Fig. 9) to the predicted PFZs, it was observed that the PFZs could be
predicted using the RHOB, AI, and normalized UCS log. The PFZ relation was expressed as:
PFZ 𝐿𝑜𝑔 = 𝑓(𝑅𝐻𝑂𝐵 ≤ 2.6 𝐴𝑁𝐷 𝐴𝐼 < 11450 𝐴𝑁𝐷 𝑈𝐶𝑆𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 ≤ 0.5)

(15C)

where PFZLog is a boolean “TRUE” condition that satisfies the specified RHOB, AI, and UCSNormalized
criteria. RHOB is Bulk density (g/cc), AI is Acoustic Impedance, and UCSNormalized is normalized Rock
strength. Note: The boolean “FALSE” condition would represent an LPZ (shown and described in Fig. 27).

With the exception of the 16-28 and 08-34 wells which are located outside the 3D seismic area (Fig.
29), it was possible to compare the ant-tracked seismic attribute (Fig. 29) with the results of the PFZs
predicted using Eqn. 15 for the wells in the 3D seismic area (04-21 and 06-18, Fig. 29). The comparison
example shown for the 06-18 well shows an excellent match of the PFZ prediction with lineaments close
to the well in the seismic ant tracked volume.
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Fig. 29. Bakken 3D seismic attribute-derived fractures and log-predicted fracture zones. The crosssection is along well 06-18 and shows the predicted PFZs (red shaded log) in 06-18 with seismic ant
tracked lineaments. Mid Bkn refers to the Middle Bakken zones, comprised of Mid Bkn 1 (Facies 7),
Mid Bkn 2 (Facies 6), Mid Bkn 3 (Facies 4 and upper Facies 2b), Mid Bkn 4 (lower Facies 2b), Mid
Bkn 5 (Facies 2a).
As RHOB and AI can be more readily generated from inversion and seismic data conditioning to wells,
the PFZLog technique provides a unique opportunity to leverage geophysical well log relationships to
invert seismic data for PFZ prediction. Using this method, it would be possible to obtain rapid first
approximations of the structural/fracture context at a regional scale, estimates in MFHw laterals, and in
undrilled interwell areas.

6.6.3.3. New natural fracture zone synthetic log attributes (SLAs)
For the purposes of this dissertation, a new “R program”-based non-commercial software
(WirelineR©) is being tested as part of a collaborative study between the University of Calgary and the
University of Heidelberg (Austermann and Harazim, 2019; Iwuoha et al. 2019a and 2019b) to generate
for the first time, SLA’s as complementary fracture zone information that can be taken into account when
assessing, characterizing and modeling shale and tight reservoirs. The SLA’s are a function of the analysis
and classification of the PFZ and bed properties (such as thickness, number of beds, formation thickness,
and other parameters), based on pre-determined cut-offs such as the PFZLog criteria (Eqn. 15). The results
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are output as heterogeneity indices (Fig. 30). The current tool being developed can analyze hundreds of
wells within a few minutes (Austermann and Harazim, 2019). The results of the Middle Bakken
heterogeneity index (HI) and fracture heterogeneity index (FHI) SLAs are shown in Fig. 30, where HI
and FHI are expressed as follows:

𝐻𝐼 =

𝑃𝐹𝑍 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑇𝑜𝑡𝑎𝑙 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝐹𝐻𝐼 =

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃𝐹𝑍 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝐹𝑍 𝑏𝑒𝑑𝑠

(16)
(17)

Fig. 30. Middle Bakken PFZ-based synthetic log attributes for vertical wells.

6.7. Phase II Discussion: Insights on the Control of Petrophysical and
Geomechanical Heterogeneity on Middle Bakken MFHw Production
Performance
Previous Bakken Formation researchers have propounded different theories to explain the
variations in cumulative production and expected ultimate recoveries in the Bakken Formation (Mullen et
al. 2010; Mirzayev et al. 2015). Some reasons provided for the production differences include, initial water
cut control on EUR (Cronkwright, 2017), contrasting lithological units that act as hydraulic fracture
baffles (Fisher and Warpinski, 2011; Ferrill et al. 2014; Gorjian and Hawkes, 2017), and intensely
naturally fractured areas that serve as sweet spots (Mullen et al. 2010). Considering the plethora of ideas,
the approach in this dissertation was not necessarily to come up with a new idea on the controls on
production but to extend the existing body of knowledge by developing novel geoscience workflows and
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providing geological characterization and insights from the model results that highlight the petrophysical,
geomechanical, and structural/natural fracture characteristics of the Middle Bakken. This section
considers the key components of Middle Bakken geological characteristics as evaluated in this dissertation
and how they could in part explain the production variations in Middle Bakken MFHws.
In the Viewfield seismic cube 2 area earlier studied by Mirzayev et al. (2015), (Figs. 9A and 31),
the following observations were made:
a) On one hand, the 192-08-32 producer had produced relatively fewer liquids compared to
other nearby producing wells in the same Section.
b) On the other hand, the 192-01-32 producer which had the same number of hydraulic
fracture (HF) stages as the 192-08-32 well had the highest observed liquid production with
the highest cumulative watercut (~75%).
The lesser number of hydraulic fracture HF stages on the 192-08-32 producer may, therefore, not
necessarily be a plausible first approximation reason for the relatively poorer performance on this well
Fig. 31). Considering the newly defined Middle Bakken mechanical zones defined in this research, all the
MFHw lateral sections located in the same Section as both wells were reviewed and it was ascertained
that with the exception of the 192-08-32 producer, all other producer, and injector laterals intersect
multiple mechanical zones. The 192-08-32 lateral was placed solely in the Middle Bakken zone 3.
Although zone 3 has been shown to have favorable matrix properties, the role of natural fractures and their
interaction between zones is yet to be fully understood in the Middle Bakken and may have variable effects
on the production performance of the MFHws. Fisher and Warpinski (2011), Ferrill et al. (2014) and
Gorjian and Hawkes (2017) based on their review of in-situ stress from core laboratory measurements,
wireline logs, and DFITs opined that hydraulic fracture height growth barriers exist in the Middle Bakken
(and other shale and tight reservoirs) with variable degrees of effectiveness due to the geomechanical
properties of the layers. To an extent, it does appear that intersecting at least zones 3 and 4 in the same
lateral may be a more optimal MFHw lateral placement strategy for the Middle Bakken in the study area.
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The current practice by the operator of the field is to target the Facies 2b, however as this research has
demonstrated, Facies 2b is comprised of two geomechanical zones which may both need to be intersected
in a lateral for better production performance.
On a multi-Section/sub-regional scale, a change in the Middle Bakken production trend occurs
towards the eastern portion of the study area, where increased watercut is observed (Figs. 9A and 32).
Previous researchers have associated the increased water production to an eastward thinning of the mainly
targeted Facies 2b (Cronkwright and Pedersen, 2015; Cronkwright, 2017). From the syntheses performed
in this work, it is also evident that along with the eastwards change in production trend, there is a change
in the character of the fault/fracture network from a more densely faulted/fracture “mostly intra reservoircontained) system in the west to a system less-constrained and less densely faulted/fractured system in the
eastern area (Fig. 33). The fractures in the eastern area also appear to be taller and could potentially serve
as breaches that allow water influx into the Middle Bakken interval. Gorjian and Hawkes (2017) believe
that a sweet spot in the Middle Bakken is to an extent associated with intensely fractured areas. The SLAs
generated in the reference vertical wells studied indicate a higher fracture heterogeneity index (FHI) in
the wells located in the western area where higher oil recoveries occur (Fig. 30). The SLAs result is
particularly informative because the 08-34 well which has a high FHI is outside the 3D seismic coverage
area but in a section with good oil recovery (Fig. 29). Due to the taller faults/fractures towards the east,
the highest HI occurs in the east in the 06-18 well. The taller faults/fractures coupled with thinning
reservoir units would explain the higher HI to the east.
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Section 32

Producers
Producers
Injectors
Injectors
Vertical
Vertical

04-21

(16 HFs)

191-16-32

(16 HFs)

192-16-32

(16 HFs)

191-09-32

(16 HFs)

192-09-32

(16 HFs)

191-08-32

(8 HFs)

192-08-32

(16 HFs)

191-01-32

(8 HFs)

192-01-32

06-18

08-34
16-28

16-28

Section 29
(16 HFs)

191-16-29

Fig. 31. Comparison of the first 12 months cumulative liquid production. HFs refers to hydraulic fracture
stages. The pie charts (or bubbles) represent cumulative water and oil produced, respectively. Blue and
green well names indicate water injector and oil producer status, respectively. Wells 09-32 (blue
rectangle), 16-32, 08-32 and 01-32 (all in green rectangles), were selected for discussion.

04-21
06-18

08-34

06-18
Oil

Water

1 mile

Fig. 32. Comparison of the first 24 months Middle Bakken cumulative production in the cube 3 area.
The green laterals are producer wells while the blue laterals are waterflood EOR injector wells. The red
lines in the bubble rap represent minimal to no gas production from the tight light oil (~38o API) Middle
Bakken interval.
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04-21
06-18

08-34

06-18

Fig. 33. 3D view of Bakken faults, fractures and discontinuities extracted from the ant tracked chaos
structural attribute shown in Figs. 9A and 29.
Mirzayev et al. (2015) were of the opinion that the successful deployment of waterflood EOR in
the Middle Bakken in the study area is due in part to favorable matrix reservoir properties. This dissertation
has shown that the Middle Bakken geomechanical zones differ in reservoir quality, with the “best”
combination of reservoir thickness, petrophysical and geomechanical properties in Facies 2b mechanical
zones 3 and 4 (Table 4A, Fig. 13 – 17). Although the practice has been to target Facies 2b, this research
has shown that due to pore-scale heterogeneity, differences in production and ultimate recovery can occur
depending on whether the targeted Facies 2b is in the mechanical zone 3 or 4 (Fig. 34).
Fig. 34 represents one amongst the other contributions of this dissertation; the technique of
viewing the DPS distribution of the entire 3D reservoir volume (including facies and zones) at the full
field scale using the Di and Jensen (2015) modified Winland plot. The ability to utilize this type of
crossplot to assess the DPS of the Middle Bakken facies and mechanical zones (the same can be applied
to Units A and C) can lead to significant time and cost savings during field development and EOR
planning. First approximations of the pore characteristics using the Ø-K / Winland plot can inform the
decision on where the next lateral is placed or determine the producer well(s) to be converted to water
injectors in the Middle Bakken.
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Fig. 34. Core-calibrated full-field plot of Middle Bakken facies, zones, and dominant pore throat sizes.
The correlation lines are dp35 lines estimated using the Di and Jensen (2015) modified Winland-style
correlation. The crossplot to the left is overlaid with the Middle Bakken facies model while the plot to
the right is overlaid with the geomechanical zones.

6.8. Conclusion
1) The integration of petrophysical and calculated elastic properties facilitated the recognition of 5
geomechanical zones in the Middle Bakken interval in the study area.

2) Using published geomechanical and log interpretation techniques, natural fractures and natural
fracture zones have also been interpreted.

3) By integrating machine learning and big data techniques a RHOB, AI, and UCS based relationship
has been developed for relatively rapid prediction of zones that have a higher probability of having
natural fractures.

4) The developed well log relation can be applied to predict natural fracture zones at seismic and
regional scale using well to seismic regression analysis and well to seismic inversion

5) Other techniques tested as part of this research (such as the use of an R language-based software
tool) provide upside opportunities to extract new predictive natural fracture zone attributes that can
inform the geological modeling, fracture network modeling and/or reservoir simulation studies of
shale and tight reservoirs.
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Chapter 7: Thesis Conclusions
7.1. Summary and Contribution
The geological characterization and modeling of fine-grained reservoirs is a broad area of research.
Geoscientific and engineering analysis in this area is fraught with many unanswered questions, nonexistent (or insufficiently tested) methodologies and the grand challenge of reconciling shale and tight
reservoir production performance with the results from geoscientific, engineering, field, laboratory, and
computer-based analyses.
With a focus on characterizing and modeling tight reservoirs in a limited data scenario, I have
demonstrated through this dissertation that:
•

It is possible to obtain a first approximation of the geological heterogeneity and natural
fracture zones in tight reservoirs by using the existing well log datasets

•

3D pseudo-seismic elastic properties can be generated from compressional sonic (Vp),
shear sonic (Vs), and bulk density (RHOB) well logs

•

A rapid, first-approximation of structure (faults) can be obtained from structural 3D
pseudo-seismic attributes

•

It is possible to utilize the geological properties and mapped heterogeneities from this
dissertation at multiple scales in tight reservoirs to understand reservoir production, and
vertical/lateral fluid distributions

•

The information on geological heterogeneity (captured by drilling parameters such as the
rate of penetration -ROP) can be integrated with well characteristics and fluid properties to
yield estimates of the total pre-production methane emission (TPPME). The TPPME can
be minimized through targeted drilling to comply with the regulatory requirements for
GHG emissions reduction.
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•

Estimating the TPPME in multi-fractured horizontal wells (MFHws) is potentially gamechanging for shale and tight gas producers in the quest to identify innovative approaches
to meeting GHG emissions reduction requirements while achieving production targets. The
methodology adopted in this research can be applied to other Canadian and international
shale and tight reservoirs.

•

Incorporating geological heterogeneity (facies and petrophysical) into 3D tight reservoir
models can result in time (and potential cost) savings. In the initial Montney 3D model
built in this research, incorporating reservoir heterogeneity resulted is no tuning of matrix
parameters during the reservoir dynamic simulation to predict hydraulic fracture height
growth.

7.2. Limitations and Concluding Remarks
The methodologies developed in this research primarily rely on the use of well logs which are highfrequency dynamic datasets. An effort was therefore made during the research to incorporate other
complementary datasets (core, production, outcrop, and hydraulic fracturing data) as is demonstrated in
this dissertation. The cost and particularly the time required to collect a significant amount of data to
perform the variety of nano (pore) to macro (regional, multi-Township) scale multi-well synthesis
performed in this research would require a significantly longer time for data collection and analyses that
would defeat the objective of this thesis (to develop novel time and cost-saving geological characterization
techniques or unconventionals). It is therefore recommended that the workflows developed in this work
be complemented when possible with multi-scale supplementary datasets from detailed core analysis,
DFIT, and commercially acquired 3D pre-stack time migrated seismic data.
On the use of vertical wells for natural fracture and fracture zone prediction, it is noted that vertical
wells are subject sampling bias and under-sampling of the fracture intensity due to the greater likelihood
of vertical wells missing fracture swarms (Chopra, 2011). As demonstrated in the dissertation, an effort
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was made to corroborate and link the well interpretation to complementary datasets such as seismic and
observations from drilling.
One of the nagging challenges of performing the analyses completed in this thesis is the paucity of
well log data in the MFHw laterals. 3D geological modeling of fine-grained reservoirs is therefore
essential and can provide new insights such as the distribution of the dominant pore throat sizes at the full
field scale. The probable fracture zone (PFZ) prediction technique developed in this dissertation, having
been tested for consistency in fracture zone prediction with seismic data should be applicable in MFHws
as well as in other shale and tight plays, especially if seismic data is available to test the PFZ = f(RHOB,
AI, UCS) fracture zone prediction relation. As at the time of writing this dissertation I have been
collaborating with the University of Heidelberg Germany to transition the R-based data analytics tool to
generate SLAs in MFHws, similar to the SLA results presented in this dissertation for vertical wells.

7.3. Future Research Opportunities
Montney Formation, west-central Alberta
•

When available, commercially acquired 3D seismic data should be used to generate petroelastic and geomechanical properties in the study area to further calibrate the pseudoseismic attributes generated through well log inversion and assess uncertainties

•

The Montney regional petrophysical and geomechanical heterogeneities identified in the
study area should be further evaluated at the core scale through elemental and mineralogical
analysis to identify the potential fabric and post-depositional controls on reservoir
heterogeneity.

•

A multi-scale facies analysis that integrates core, petrophysical, log, geomechanical, and
particularly pore-facies is required to better understand the extent to which fabric control
affects static and produced fluid distributions in the study area. Such an analysis should
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incorporate the Total Organic Carbon (TOC) content to adequately account for free and
sorbed gas kinematics
•

A detailed parametric analysis of the components of the total drilling energy requirement
(TDER) equation is required to quantify the extent to which the geological units drilled
(reflected through the ROP) affects the TDER, along with other components of the TDER
relation

Middle Bakken Interval, SE Saskatchewan
•

Lateral, intra-facies reservoir and geomechanical heterogeneity in the Middle Bakken in the
area evaluated in this dissertation should be correlated to cross-plotted seismic inversion
attributes to assess the extent to which advanced seismic attribute analysis can assist in
mapping the newly defined (sub-seismic scale) Middle Bakken geomechanical units

•

Constructing a full-field discrete fracture network (DFN) model in the study area would
provide an opportunity to further evaluate the interactions between natural and hydraulic
fractures in MFHws; particularly how any observed relationships can be tied back to the
characteristics of Middle Bakken units, facies, and the newly defined geomechanical zones.

•

A fracture network model (with populated fracture properties) should be constructed to gain
initial insights into the potential sources (the overlying Lodgepole Formation or underlying
Torquay/Three Formation Forks?) of the water produced from the Middle Bakken interval.
The fracture studies should be complemented with water sampling and laboratory analyses.
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Appendix 4: Montney Energy and Emissions Predictive Modeling: Supplementary Well Data Table
Table A1.
Data

Definition

E1

E2

E3

E4

E5

E6

E7

E8

Inclination angle O at k
curved section
Inclination angle O at k-1
curved section
Inclination angle O at
straight section

89 (45 – 95)

89 (47 – 93)

89 (47 – 93)

86 (46 – 92)

86 (49 – 92)

86 (46 – 94)

87 (46 – 93)

87 (46 – 92)

25 (0 – 45)

11 (0 – 42)

10 (0 – 42)

6 (0 – 45)

21 (2 – 45)

7 (0 – 45)

7 (0 – 44)

16 (3 – 44)

1 (0 – 2)

1 (0 – 2)

1 (0 – 2)

1 (0 – 2)

1 (0 – 2)

1 (0 – 2)

2 (0 – 3)

1 (0 – 2)

2 (0 – 16)

2 (0 – 17)

2 (0 – 14)

2 (0 – 11)

2 (0 – 11)

3 (0 – 14)

2 (0 – 11)

2 (0 – 12)

DRILLING

𝜶𝒌
𝜶𝒌−𝟏
𝜶
𝜽
𝐟𝑺𝑺𝑽
𝐟𝑺𝑺𝑯
𝐟𝑪𝑺
β
𝑾𝑩𝑰𝑻,𝑺𝑺𝑯
𝑾𝑩𝑰𝑻,𝑪𝑺
𝑾𝑩𝑰𝑻,𝑺𝑺𝑽,𝟐
𝑾𝑩𝑰𝑻,𝑺𝑺𝑽,𝟏
𝝎𝑫𝑪
𝝎𝑫𝑷
𝒓𝑫𝑪,𝒊

Dogleg (deg/30m)
*Friction coefficient at
Straight section vertical
*Friction coefficient at
Straight section
horizontal
*Friction coefficient at
curved section
Buoyancy factor
Weight of bit at straight
section horizontal (SSH)
Weight of bit at curved
section (CS)
Weight of bit at straight
section vertical, 2 (SSV,
2)
Weight of bit at straight
section vertical, 1
(SSV,1)
Weight per unit length of
drill collar (kN/m)
Weight per unit length of
drill pipe (kN/m)
Drill collar internal
radius (m)

0.2
0.3
0.3
0.839

0.834

0.849

0.847

0.84

0.839

0.866

0.854

156 N

156 N

196 N

156 N

196 N

196 N

196 N

196 N

156 N

156 N

196 N

156 N

196 N

196 N

196 N

196 N

333 N

598 N
1.58

1.58

1.488

1.45

1.37

1.34

1.64

1.35

0.24

0.24

0.23

0.26

0.26

0.24

0.29

0.11

0.038

0.043

0.043

0.039

0.035

0.034

0.036

0.035
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∆𝒍𝑫𝑪

Drill collar outer
diameter (m)
Drill pipe internal radius
(m)
***Length of each drill
column (m)

∆𝒍𝑩𝑰𝑻

Length of bit (m)

∆𝒍𝑫𝑷

∆𝒍𝑪𝑺

Length of drill pipe (m),
(10 m each)
Length of the straight
section vertical (m)
Length of the straight
section horizontal (m)
Length of the curved
section (m)

𝝆𝑴𝑼𝑫,𝑺𝑺𝑽

Mud density kg/m3, SSV

1040

1010

1080

1080

1210

1070

1100

1110

𝝆𝑴𝑼𝑫,𝑺𝑺𝑯

Mud density kg/m3, SSH

1260

1300

1190

1200

1250

1260

1050

1145

𝝆𝑴𝑼𝑫,𝑪𝑺

Mud density kg/m3, CS

1140

1100

1060

1225

1270

1290

1060

1210

𝝆𝑷𝑰𝑷𝑬

Density of the drill pipe
(kg/m3)
Diameter (based on bit
size at this section)
Diameter (based on bit
size at this section)
Diameter (based on bit
size at this section)
Diameter (based on bit
size at this section)
Rate of penetration at
this section (m/sec)
Rate of penetration at
this section (m/sec)
Rate of penetration at
this section (m/sec)
Revolution per time
(minute) at this section
(rpm)
Revolution per time
(minute) at this section
(rpm)

5945

5580

5050

4050

5000

6700

7945

7905

𝑫𝑫𝑪
𝒓𝑫𝑷

∆𝒍𝑺𝑺𝑽
∆𝒍𝑺𝑺𝑯

𝑫𝑺𝑺𝑽,𝟏
𝑫𝑺𝑺𝑽,𝟐
𝑫𝑺𝑺𝑯
𝑫𝑪𝑺
𝑹𝑶𝑷𝑺𝑺𝑽
𝑹𝑶𝑷𝑺𝑺𝑯
𝑹𝑶𝑷𝑪𝑺
𝑹𝑷𝑴𝑺𝑺𝑽
𝑹𝑷𝑴𝑺𝑺𝑯

0.135

0.154

0.152

0.152

0.124

0.120

0.119

0.125

0.057

0.054

0.052

0.049

0.049

0.031

0.033

0.032

630 m
(10 m each)

760 m
(10 m each)

750 m
(10 m each)

738 m
(9 m each)

740 m
(10 m each)

600 m
(10 m each)

540 m
(10 m each)

495 m
(9 m each)

0.15

0.20

0.21

0.21

0.20

0.23

0.20

0.24

4820

6240

6560

6400

5120

4480

4200

5130

2920

309

207

548

2750

870

790

1085

2335

3030

3230

3105

1780

1515

1350

2375

830

2887

3125

2711

2430

2090

2040

1810

12 ¼ inch
7 ½ inch
6 1/8 inch
6 1/8 inch
0.019

0.016

0.018

0.014

0.015

0.017

0.008

0.013

0.003

0.003

0.003

0.004

0.004

0.003

0.002

0.005

0.004

0.001

0.005

0.002

0.002

0.004

0.001

0.003

35

50

30

60

55

45

60

40

40

50

70

60

230

60

40

45
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𝑹𝑷𝑴𝑪𝑺
ℵ
𝜼

Revolution per time
(minute) at this section
(rpm)
*Carbon content
(kgCO2/GJ Diesel)

40

40

168

35

30

35

25

30

6, each 0.4''
diameter

6, each 0.5''
diameter

6, each 0.4''
diameter

6, each 0.5''
diameter

400 (SSV)
250 (CS)
325 (SSH)

420 (SSV)
260 (CS)
305 (SSH)

390 (SSV)
265 (CS)
267 (SSH)

410 (SSV)
270 (CS)
320 (SSH)

30 (0.030)

18 (0.018)

30 (0.030)

2.3 (1 – 7.9)

4.3 (1 – 9.8)

4.1 (1 – 9.5)

1740

1540

2495

69.4
0.4 (0.35 – 0.45)

*Efficiency

FLUID
CIRCULATION

𝑪𝒅

*Coefficient of discharge

𝑨𝒕

Area, # of nozzles

𝒒𝒋

Flow rate (gpm)

𝒗𝒋

Average velocity

𝛍𝑴𝑼𝑫,𝒋
𝝉𝒋

Viscosity cp (Pa.s)

0.95
6, each 0.5'' diameter
435 (SSV),
265 (CS and
SSH)

740 (SSV)
423 (CS)
264 (SSH)

6, each 0.37'' diameter
423 (SSV)
264 (CS)
300 (SSH)

425 (SSV)
260 (CS)
310 (SSH)

𝒒𝒋/𝑨𝒊𝒑,𝒊
31 (0.031)

31 (0.031)

23 (0.023)

30 (0.030)

30 (0.030)

15 lbf/100 ft2 (7.182 N/m2)

*Shear stress

𝑫𝒊𝒑,𝒊

Diameter (pipe internal)

Based on DP and DC inner diameters

𝑫𝒐𝒑,𝒊

Diameter (Outer pipe)

Based on DP and DC outer diameters

𝑫𝒉𝒐𝒍𝒆,𝒋

Diameter (borehole)

𝜼𝒑𝒖𝒎𝒑

*Pump efficiency

𝝆𝑴𝑼𝑫

Mud density

Based on bit size
0.8
Depends on the section being drilled

MUD GAS

𝝓

Reservoir Porosity (%)

𝑺𝒍

**Liquid saturation

𝑩𝒈

Length of borehole in
pay zone (m)
*Gas formation volume
factor

𝑫𝑪𝑺/𝑺𝑺𝑯

Hole diameter (inches)

∆𝒍𝑪𝑺+𝑺𝑺𝑯

3.7 (1 – 8.9)

4.4 (1 – 11.6)

4.5 (1 – 13.3)

4.7 (1 – 9.2)

4 (1 – 7.8)

0.021 (0 – 0.211)
2495

3320

3492

3340

2165

1.63 (0.12 – 4)
6 1/8

324

𝝆𝑵𝑮
𝝃
𝜺

Mud gas density (kg/m3)
*Global warming
potential (GWP)
Methane content of
natural gas (%)

0.658

0.707

0.685

0.676

0.676

0.685

0.672

0.760

85

83

85

68

2 (1.5 – 4)

5.5 (4 – 8.5)

5 (3 – 7)

22

20

32

154000

284200

326700

0.685

0.672

0.760

36 (21 – 36)
85.3

80.3

83

83

HYDRAULIC
FRACTURING

𝑷𝒓𝒆𝒇

Hydrostatic pressure

𝒒

Frac fluid volumetric
injection flow rate
(m3/min)

𝒕 − 𝒕𝒊
𝒏
𝒄
𝜼𝒑𝒖𝒎𝒑
𝜼𝒑𝒓𝒊𝒎𝒆−𝒎𝒐𝒗𝒆𝒓
ℵ
𝒔
𝑫𝒄𝒂𝒔𝒊𝒏𝒈

8 (6.7 – 9.5)

7.8 (4.8 – 9.7)

7.5 (6 – 9)

9.2 (5.5 – 11.2)

*Empirical model
parameter
*Empirical model
parameter for matching P
and t

N=0.25 (0.13 – 0.3)
18.43 (where P = Pressure in MPa and t = Time in mins)

*Pump efficiency

0.8

*Prime-mover fuel
efficiency
*Carbon content (kg
CO2/GJ Diesel)
Number of stages

0.4
69.4
29

30

27

Casing diameter (inches)
Frac fluid density
(kg/m3)

𝝁𝒇𝒓𝒂𝒄

Frac fluid viscosity

8.5 (6 – 10)

225 (220 – 235)

*Delta t (min)

𝝆𝒇𝒓𝒂𝒄

𝒆

𝒉𝝆𝒇𝒓𝒂𝒄𝒈, where h=TVD

38

38
4.5 (0.114 m)
1030.51

1 cp (0.001 Pa.s)

*Pipe roughness (for
estimating friction loss)

0.00008

FLOWBACK

𝒒𝒈,𝒑𝒆𝒂𝒌

Peak flow rate (m3/day)

𝝀

*Empirical model
flowback rate parameter
*Global warming
potential
Flow back gas density
(kg/m3)

𝝃
𝝆𝑵𝑮−𝒇𝒃

245846

102151

155191

340136

284005

0.75 (0.6 – 1)
36 (21 – 36)
0.658

0.800

0.685

0.676

0.676

325

𝜺

Methane content (%)

85.3

80.3

83.0

83.0

85.0

83.0

85.0

68.0

45075691

36627218

69101544

31328372

11842790

97649683

27633589

PRODUCTION

𝑬𝑼𝑹

Expected Ultimate
Recovery (m3)

60478725
18

*Reference data from Umeozor et al. (2018)
**Liquid saturation (𝑆𝑙 ) = 1 – Mud gas saturation
***For the bottom-hole assembly, excluding the drill bit

18

Umeozor, E.C., Gates, I.D., 2018. Predictive Modeling of Energy and Emissions from Shale Gas Development. Environ. Sci. Technol. 52, 14547–14555.
https://doi.org/10.1021/acs.est.8b05562
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