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ABSTRACT
Gas shale is a fine grained clastic, fissile sedimentary rock of gray/black color formed by
consolidation of clays and silts. Successful petrophysical evaluation and stimulation treatments with
horizontal drilling and hydraulic fracturing enable economic shale gas production. Shale gas
development has contributed about 35 % of natural gas supply in US in 2013.
Detailed evaluation of gas shales before and after stimulation treatments is a prerequisite to optimize
gas production. Complex pore network in gas shales may result in inaccurate evaluation of
petrophysical properties with traditional petrophysical models. Therefore, in this research we
proposed a new methodology comprising a new understanding of evaluation of porosity, maturity
analysis, geomechanical properties and initial gas in place calculations of gas shale via well logs
and core analysis based on a new petrophysical model. We applied the methodology in a case study
to investigate a Marcellus shale well in evaluating maturity, porosity and geomechanical properties
to calculate initial gas in place and reserves and optimize stimulation designs. In the second part of
this study, we conducted acoustic travel time measurements of Green River shale samples parallel
and perpendicular to bedding plane before and after interaction with water to observe how shale
interacts with water at different interaction times and bedding planes by analyzing change in
acoustic velocity and mechanical properties before and after treatment to optimize stimulation
designs. X-Ray diffraction analysis, scanning electron microscope imaging and horizontal and
vertical permeability measurements of Green River shale samples using helium are conducted to
characterize the samples by observing mineralogy, pore network and how permeability changes at
different in-situ conditions. Therefore, the first and second parts of this research relate with
utilization of well logs and core analysis to evaluate petrophysical properties of different gas shale
formations.
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Maturity analysis, porosity evaluation and initial gas in place results of field case study of Marcellus
shale show that total organic carbon content directly relates with porosity and adsorbed gas in place
occupied in organic matter. Comparison of young’s modulus and minimum in-situ stress values
between Marcellus shale zone and adjacent boundaries are used for determination of stimulation
interval in Marcellus Formation. An effective hydraulic fracturing treatment can be applied within
the upper Marcellus Formation because of relatively higher minimum in-situ stress contrast
between Stafford Limestone and upper Marcellus Formation. Closer porosity results of Marcellus
shale when compared to that in literature and sufficient reserves suggest that density/resistivity
separation method is more reliable than sonic/resistivity separation method. X-Ray diffraction and
SEM images suggest that Green River Formation samples are dominantly comprised of carbonate
minerals. Permeability measurements indicate that Green River Formation samples having very low
permeability at various confining stresses needs to be stimulated effectively. Acoustic travel time
measurements of Green River shale before and after interaction with water show that compressional
and shear velocities increase as confining stress increases. Shear, young’s and bulk modulus of
Green River shale increase resulting in more rigid samples having more fracture conductivity as
confining stress increases. Compressional and shear velocities decrease as Green River shale is
exposed to water since minerals are dissolved by water solution and salinity of the samples decrease
so that shear, young’s and bulk modulus of the samples slightly decrease resulting in less rigid
samples having lower fracture conductivity.
The new methodology of petrophysical evaluation of gas shale based on the new petrophysical
model serves a new understanding of evaluation of maturity analysis, porosity and mechanical
properties and initial gas in place calculations of gas shale by utilizing well logs in field and core
analysis in laboratory.
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CHAPTER 1

INTRODUCTION

1.1. Shale
Shale is a fine grained fissile clastic sedimentary rock which is typically gray/black colored and
comprised of clay minerals and quartz grains as seen in Figure 1. The depositional environment of
shale is deep marine or reduced environment where there is no oxygenation reaction. Shale
represents source rock partition of a petroleum geo-system in which generation of hydrocarbons
occurs as seen in Figure 2. Hydrocarbon bearing shale can be productive at commercial rates if
effective stimulation treatment is applied. Oil and/or gas could have been generated in shale in
geological history forming shale gas and/or shale oil depending on level of organic maturity (LOM).
If there is no maturation or over maturation, shale does not bear any hydrocarbon.

Figure 1: Marcellus shale
outcrop (PRI, 2010)
Figure 2: Petroleum geo-system elements (Bati, 2010)

Shale gas and oil have been produced at commercial rates via drilling of vertical and horizontal
wells along with hydraulic fracture treatments from major shale plays in United States such as
Marcellus, Utica, Barnett and Eagle Ford. Marcellus shale is one of the formations in North-East
America which is situated close to high-demand markets along the East Coast of United States.
Major shale plays in North America can be seen in Figure 3 below.
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Figure 3: North American shale plays (Energy Information Administration, 2011)
Shale gas in US has been developed in order to meet increasing energy demand. Energy Information
Administration (EIA) states that shale gas, which grows by 113 percent from 2011 to 2040,
contributes to the largest fraction of growth in US natural gas supply and its share of total production
increases from 34 percent in 2011 to 50 percent in 2040. According to EIA Annual Energy Outlook
2013, dry gas production from shale gas is 7.85 TCF in 2011 and it tends to increase through 2040.
Therefore, 44 percent increase in total natural gas production from 2011 through 2040 results from
the fact that shale gas development has been increasing as seen in Figure 4. One will see similar
increase of shale gas production globally in coming decades. Recently, a large number of foreign
oil companies are interested in US to learn the shale technology and know how it will be brought
back to their home countries.
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Figure 4: Natural gas production by source, 1990-2040 (Trillion Cubic Feet) (Energy Information
Administration, 2013)
1.2. Geology of Marcellus Formation
Marcellus Formation is situated in North-East of United States and it is one of the major shale gas
plays in US. It covers five states of US; namely, Pennsylvania, New York, Ohio, Virginia and
Maryland as seen in Figure 5 (Lash & Engelder, 2011). Organically rich Middle Devonian (384
Ma) Marcellus Formation extends up to 8900 ft below earth’s surface starting from outcrops with
about 900 ft thickness in Appalachian Basin. Marcellus Formation consists of dark gray to black,
fissile, pyritic shale interbedded with dark-gray argillaceous limestone or calcareous shale
(Enomoto, Coleman, Haynes & Whitmeyer, 2012). It has TOC of 5-30 wt% and 6 % average
porosity (Glorioso & Rattia, 2012).
Marcellus Formation which is comprised of black organic rich shale is underlain by Onondaga
Limestone and is overlain by Mahantango Formation which is comprised of light-gray shale and
siltstone as seen in Figure 6 (Carter, Harper, Schmid & Kostelnik, 2011).
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Figure 5: Base map of the core region of Marcellus Formation Basin in New York, Pennsylvania,
eastern Ohio, western Maryland and northern West Virginia (Lash & Engelder, 2011)

Figure 6: Correlation diagram of middle and upper Devonian formations in western and northcentral Pennsylvania (Carter, Harper, Schmid & Kostelnik, 2011)
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Marcellus Formation is the oldest stratigraphic unit within the Middle Devonian Hamilton Group
in the central Appalachian Basin. Hamilton Group consists of Marcellus Formation and
Mahantango Formation, which is comprised of Skaneatales, Ludlowville and Moscow shale, from
older to younger. Marcellus shale can be subdivided into two parts: namely, Union Springs member
and Oatka Creek member. Both members consist of organically rich black shale which can be
productive at commercial rates as seen in Figure 7.

Figure 7: Standard terminology of Marcellus strata in western and central New York (Carter,
Harper, Schmid & Kostelnik, 2011)
In sequence stratigraphic point of view, Marcellus Formation is represented by transgressiveregressive (T-R) sequence. A T-R sequence is comprised of transgressive systems tract deposits,
which results in increasing accommodation space through rising of base level, overlained by
regressive systems tract deposits, which results in decreasing accommodation space during sea level
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fall in geological history (Lash & Engelder, 2011). In progradational parasequence set, thickness of
coastal deposits increases and that of marine deposits decreases from older to younger sections of
succession that is because rate of sediment supply to the basin is more than that of accommodation
through sea level fall. In retrogradational parasequence set, thickness of coastal deposits decreases
and that of marine deposits increases from older to younger sections of the succession that is
because the rate of sediment supply to the basin is less than that of accommodation through sea
level rise. Sea level of the world was relatively higher than the average in Devonian during which
gas prone source rock are formed through evolution of land plants. Appalachian Basin which
consists of Marcellus shale can be seen in Figure 8 in sequence stratigraphic description (Harper,
1999).

Figure 8: Devonian sediments thickened to the east as the basin subsided (Modified from Harper,
1999)
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Geographical area of Marcellus Formation covers approximately 95,000 mi2 within a variety of
states mentioned above. Discovery well of Marcellus Formation was drilled to 8470 ft depth where
there is Middle Silurian Rochester shale at 2003. In this drilling, relatively large amounts of gas
were found at depths of organically rich black shale bearing Marcellus Formation when compared
to deeper/older Oriskany Sandstone. In 2004 and 2005, stimulation was applied to Marcellus
Formation and this resulted in 300 MSCF/day production of gas. After that, number of permitted
and completed wells has increased. As of June 2011, there have been 6488 permitted Marcellus
wells (Carter, Harper, Schmid & Kostelnik, 2011).
Estimated recoverable gas from Marcellus Formation is about 500 and 700 TCF. It would provide
250,000 jobs to be created ultimately. Marcellus Formation resulted in impressive production via
horizontal wells in 2007 and 2008. Marcellus shale is the thickest formation with high pressure
gradients among Appalachian Basin. Shallow upper Devonian wells are located at central and
south-west of Pennsylvania. The most concentrated permit activity is in south-west and north-east
of Pennsylvania. High rate dry gas is found in north-east of Pennsylvania. Current production from
Marcellus is 8 BCFD and potential production would exceed 20 BCFD (Fustos, 2013).

1.3. Geology of Green River Formation
Green River Formation is situated in central part of United States and it is one of the major tight oil
deposits in the United States. It covers three states in the US; namely, north-western Colorado,
south-western Wyoming and north-eastern Utah. It is deposited in Green River, Uinta and Piceance
Basins as seen in Figure 9 below (Dyni, 2006).
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Figure 9: Areas underlain by Green River Formation in Colorado, Utah and Wyoming, US (Dyni,
2006)

Eocene (48-53 Ma) Green River Formation is deposited in fresh water lake/lacustrine environment
and the overall thickness of Green River Formation extends up to 3609 ft in northern central part
of the Piceance Basin as seen in Figure 10 (Sarg & Milkeviciene, 2012). Green River Formation
consists of dolomitic oil shales interbedded with carbonate rich marginal lacustrine mudstone with
oolitic limestones. Green River Formation is underlain by Wasatch Formation comprising
mudstone, sandstone and siltstone and is overlain by Uinta Formation which is comprised
volcanoclastic rocks in Piceance Basin as seen in Figure 11 (Self, Johnson, Brownfield & Mercier,
2010). Oil rich Green River shale gives high gamma ray responses in well logs.
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Figure 10: Lithostratigraphic subdivision of lower and upper Eocene deposits with kerogen poor
and kerogen rich zones in Piceance Basin (Sarg & Milkeviciene, 2012)

Figure 11: Stratigraphic column for the Piceance Basin, northwestern Colorado, showing the
Wasatch, Forth Union, Green River and Uinta Formations and associated members (Self,
Johnson, Brownfield & Mercier, 2010).
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Green River Formation has been known as one of the major tight oil formations since the early
1900’s. Initial investigations on Green River Formation had been made after 1900’s. During 1970’s,
further developments of oil shale activities occurred due to increase in oil prices after OPEC oil
embargo. US Bureau of Mines operated a mine at a depth of 2372 ft in Piceance Basin to work on
a research regarding oil shale deposits between 1977 and late 1980’s. In recent years, oil companies
have been working on experimental field project for oil shale recovery (Dyni, 2006).
Estimated resources of Green River oil shale deposits have been increased throughout the history
once Green River shale deposits became well known especially in Colorado. Estimated resources
have reached up to 1 trillion barrels in 1989. (Dyni, 2006) Green River shale is major deposit of
Piceance Basin which hosts the world’s largest oil shale deposits. The estimated resources of Green
River Formation is between 1.5 and 2.5 million barrels per acre (Williams, 2007).
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CHAPTER 2

LITERATURE REVIEW

In this chapter, a critical review of all publications in the area of formation evaluation of gas shale
and laboratory techniques will be documented into five topics: petrophysical evaluation methods of
shale, scanning electron microscope imaging, X-Ray diffraction analysis, permeability
measurements and acoustic travel time measurements.

2.1. Studies of Petrophysical Evaluation Methods of Shale
Passey et al. (1990) discussed the use of porosity and resistivity logs to calculate total organic
carbon content in hydrocarbon bearing rocks. They identified organic rich intervals using the
separation between porosity and resistivity curves in the zone of interest. The separation results in
the response of porosity logs on the organic matter and that of resistivity logs on formation fluid.
This method allows calculation of total organic carbon content of different formations depending
on level of organic maturity.
Jacobi et al. (2008) presented different formation evaluation techniques to identify mineralogy,
lithology, stratigraphy and depositional environment of zone of interests. The techniques consist of
density, neutron, sonic, nuclear magnetic resonance and geochemical logging. They stated also
benefits of image logs to identify natural fractures and uranium/thorium analysis to answer if the
formation is deposited under oxidizing or reducing conditions in geological history. Their aim is to
accurately select intervals for hydraulic stimulation treatments by distinguishing depositional
facies, organic rich intervals and fracture zones.
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Sondergeld et al. (2010) developed a methodology of petrophysical properties of shale gas using
laboratory core analysis and well logging. They pointed out the importance of assessment of
mineralogy, total organic carbon content, porosity, permeability and mechanical properties. They
stated analysis of petrophysical data obtained from well logs and laboratory measurements by
showing plots and tables discussing the relationship of such properties to calculate gas in place,
mechanical properties and flow capacity of shale gas reservoirs.
Passey et al. (2010) discussed factors on organic richness of shale and techniques to determine
petrophysical properties of shale. They stated that primary building blocks of organic rich intervals
are called as parasequences. Key controls on resultant organic matter are production, destruction
and dilution. They pointed out that type and level of organic matter preserved in the rock affect
generation of different type of hydrocarbons. According to them, porosity and gas saturation are
directly related with total organic carbon content. They also proposed a petrophysical model of
shale including matrix and different type of fluids in pore space.
Pitcher et al. (2012) proposed a methodology and workflow for shale exploration to find out level
of organic maturity, stimulation and horizontal drilling potentials. The workflow starts with
regional investigations under three main criteria; namely, surface, subsurface and economic. The
subsurface section consists of assessment of geology, organic maturity, porosity, permeability and
geomechanical properties by well logging and core analysis. Initial investigations are followed by
drilling of initial and sidetrack exploratory well. Once lithology is defined by gamma ray logging
in initial well drilling, the scale of investigation can be extended by sidetrack wells. Calibration of
core analysis with well logging gives better and accurate information on the zone of interest. Next
step is cased-hole evaluation in which there is cased-hole logging and perforation of lowest
productive zone starts to investigate stimulation of the shale zone. If needed, additional vertical
wells can be drilled to define potential of the field.
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Glorioso et al. (2012) presented methodologies on petrophysical evaluation of shale gas by defining
shale in geological and petrophysical point of view using laboratory analysis and well logging. They
proposed a petrophysical model in which matrix comprises kerogen and inorganic matter and fluids
comprises free gas, adsorbed gas, capillary and clay bound water. They stated how types of kerogen,
vitrinite reflectance and total organic carbon content relate with porosity on recent shale gas
reservoirs as examples. They also proposed methods to calculate adsorbed gas and free gas for
initial gas in place estimations. This paper is comprised of technical analysis to determine
petrophysical properties of shale from laboratory core analysis and well logs.

2.2. Studies of X – Ray Diffraction Analysis
Gibbs (1967) discussed fundamentals of quantitative mineral composition analysis using X-Ray
diffraction technique. Each mineral in a sample has different diffracting power so that X-Ray
diffraction analysis has been developed to overcome the challenge of mineralogy analysis of
different clay and non-clay bearing samples. Gibbs offered the extraction of each clay mineral from
the samples to be analyzed individually and use these clay minerals for further sample analyses.
Peaks obtained from the measurements of each mineral under X-Ray diffractometer were calibrated
with those of original sample so that each peak representing the highest amount of each mineral
were determined and used for further X-Ray diffraction analysis of different samples.
Ruessink and Harville (1992) compared X-Ray diffraction and Fourier transform infra-red
spectroscopy techniques for quantitative mineralogy analysis. In both techniques, sample
preparation is prerequisite to quantify minerals accurately. In X-Ray diffraction technique, pressure
applied during powdering of the sample can affect orientation of the sample and mineral
percentages could be overestimated due to abnormally high intensities of minerals. Crystallinity
and composition of minerals are the factors affecting their responses to each technique. XRD and
FTIR techniques have given accurate results for most of the minerals except clays. Quantification
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of clay minerals has been challenging since fine grained and platy clays are not fully separated from
coarser materials such as quartz so that the other minerals can be overestimated. Therefore, this
results in underestimation of clay minerals. X-Ray diffraction technique is advantageous when
compared to FTIR. However, XRD is more expensive than FTIR technique. XRD technique has
given mineral percentage results +/-5 wt. % from the actual concentrations.
Srodon et al. (2001) discussed quantitative mineral composition analysis of clay bearing rocks using
X-Ray diffraction technique. Variations in chemical composition and structure of fine grained clay
minerals create challenges in quantifying mineral composition accurately. They stated that
experimental procedure starts with sample splitting, grinding and loading and clay particle
orientation. This step includes crushing of the samples to get samples less than 0.4 mm. They
preferred Zincite (ZnO) as internal standard rather than Corundum (Al2O3) since Zincite’s
reflections are more suitable. They also compared XRD patterns from side loaded and front loaded
samples to overcome the problem of clay orientation. Then, they collected XRD data and quantified
clay and non-clay mineral percentages and checked the accuracy of results by doing tests on
artificial samples.
Dargahi et al. (2013) investigated clay mineral content of gas shale using X-Ray diffraction
technique. They grind shale samples with McCrone micronizing mill to prevent crystallites from
damaging due to heating. They used fluorite as internal standard to determine amorphous minerals.
They removed organic content by reacting the shale samples with hydrogen peroxide (H2O2).
Quantitative analysis is conducted using a Bruker D8 advance X-Ray diffractometer. The XRD
pattern for a shale sample can be seen in Figure 12.
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Figure 12: XRD pattern of a shale sample with identified phases (Dargahi et al, 2013)

2.3. Studies of Scanning Electron Microscope Imaging
Sondergeld et al. (2010) discussed mineral and pore structure of gas shale using scanning electron
microscope imaging techniques in micro and nano scales. Texture and fractures can be observed on
low magnifications SEM images; on the other hand, clay and non-clay minerals such as pyrite
framboids and spaces between grains can be analyzed on high magnification SEM images.
Therefore, depositional history of shale can be understood. Pores and organic matter can be
identified on SEM images of polished samples. They also used ion milling and dual beam imaging
techniques to improve the image quality and observed pore and organic matter network of shale on
3D images.
Curtis et al. (2010) observed structure of shale samples from 9 different formations in US using
scanning electron microscope imaging. Focused ion beam (FIB) milling technique is useful in

16
observing microstructural features on homogeneously polished surfaces. Experiments on organic
matter quantity also show that FIB milling does not alter organic matter in the samples. Therefore,
organic and inorganic structures including minerals of shale are observed in micro and nano scales.
They also observed porosity in various types and amounts; namely, crack-like, phyllosilicate and
organosilicate porosity in SEM images. They also constructed 3D images of shale by repeating
focused ion beam milling to calculate volume of kerogen and porosity.
Wu and Aguilera (2012) investigated shale gas in nano scale using scanning electron microscope
imaging. They stated that sample preparation is the most important step to get highly magnified
images. Before imaging, the samples are coated with gold to make them electric conductive. They
observed nano fractures and texture of clay and non-clay minerals from the images. They
constructed a model to find out water saturation of shale cores by calculating porosity, organic
matter porosity, total organic carbon content and clay and non-clay mineral percentages.
Camp (2013) proposed pseudocolor conversion technique to increase scanning electron microscopy
imaging quality of shale in gray scale by giving examples of Eagle Ford, Haynesville and Marcellus
Formations. Images are produced from electrons emitted from the sample once electrons are
scanned across the sample surface. Images are in gray scale varying from black to white depending
on intensity value. Pseudocolor technique is assigning synthetic colors to gray scale images to
obtain better information about mineralogy and organic content of the samples. Results show that
clay (kaolinite) and non-clay minerals (quartz, dolomite, calcite) and their chemical structure and
organic matter can be easily identified at different colors and contrasts.

2.4. Studies of Permeability Measurements
Dicker and Smits (1988) discussed permeability measurements of tight rocks by pressure-pulse
decay method in laboratory. Experimental design is comprised of a vessel which connects with
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upstream and downstream reservoirs. The sample is placed into the vessel. They measure pressure
decay by providing the flow of gas from upstream to downstream reservoir. To do this, they assign
upstream pressure higher than downstream pressure. The volumes of upstream and downstream
reservoirs are taken equal and slightly higher than pore volume. They concluded that this method
enables fast and accurate permeability measurements for tight rocks having permeability less than
1 md.
Cui et al. (2009) investigated pulse decay technique and canister desorption test on crushed samples
to measure permeability of tight reservoir rocks. They take adsorption effect into account and
correct for it on pulse decay technique to measure permeability. They stated that if adsorption effect
is ignored even though there is adsorption effect, the permeability will be underestimated. They
utilized late time and early time pressure data to describe gas transport. They also discussed canister
desorption test to measure permeability even though that method does not give as accurate
permeability results as other methods. In canister desorption test, they measured cumulative volume
of released gas at atmospheric pressure from core sample placed in an incubator at reservoir
temperature. They concluded that permeability measurements of unconventional reservoirs such as
gas shale by using helium or nitrogen as pore fluid are not so sufficient due to sieving effects for
larger molecules like methane and interactions between gases and micro-pores and they recommend
late time method to determine gas permeability.
Metwally and Chesnokov (2010) discussed shale gas permeability tensor measurements using
quasi-steady flow technique. Experimental apparatus includes upstream and downstream reservoirs
both of which are connected to cylindrical core holder through which gas transport occurs. Pore
fluids used in the experiments are sorbing so that quasi-steady flow technique is used in order to
get rid of adsorption effects of pore fluids. Therefore, upstream reservoir pressure is kept constant.
Their aim is to calculate axial permeability for samples drilled parallel and perpendicular to bedding
plane. Ratio between vertical and horizontal permeability is called as anisotropy ratio. Results
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indicate that anisotropy ratio keeps constant as effective pressure increases and vertical permeability
is more than horizontal permeability. They also utilized cubic law to understand why permeability
is reduced as effective pressure increases and concluded that gas transport at low effective pressures
is provided by microcracks.
Metwally and Sondergeld (2011) discussed permeability measurements of gas sands and shales
using pressure transmission technique. They stated that pressure in upstream reservoir
exponentially decreases and pressure in downstream reservoir exponentially increases as flow goes
from upstream to downstream reservoir through sample. They also reported calculation of effective
porosity, ratio between pore volume and bulk volume via known pressures and corresponding
compressibility factors and volumes of different segments of system. They concluded that nitrogen
permeability decreases as effective pressure increases. This method enables calculation of liquid
and gas permeability and observes their relationship with effective pressure for low permeable
samples such as shale.
Tinni et al. (2012) discussed shale permeability measurements on plugs and crushed samples using
GRI technique. GRI technique on crushed samples is developed to get rid of fracture effects when
doing permeability tests with shale plugs. Their aim is to investigate GRI technique by doing
permeability measurements using crushed samples having different particle sizes. They also
measure permeability by filling sample cell at different volumes. As a result, permeability measured
at low pressure when 50 % of the sample cell is filled is lower than those when 75 % and 100 % of
the sample cell are filled. Permeability also increases as particle diameter of samples from different
formations increase. They also reported that permeability increases as equilibrium pressure
increases. They plotted graph showing that permeability measured by helium transport is higher
than that by nitrogen transport at specified equilibrium pressures.
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2.5. Studies of Acoustic Travel Time Measurements
Podio et al. (1968) discussed compressional and shear wave travel time measurements of Green
River shale samples in dry and water saturated conditions for various confining and axial stresses.
The shale samples are horizontal, deviated and perpendicular to bedding plane and velocity
measurements are conducted at x, y and z directions. Their goal is to observe how elastic properties
of shale change depending on P wave and S wave velocities under different stress levels,
propagation directions and dry and water saturations. Experimental apparatus includes shale sample
covered by a jacket to keep it from confining fluid, pistons providing connection between sample
and pore fluid reservoirs and transmitter and receiver providing travel of the signals through the
sample at both end of the sample. Before doing the measurements, they calibrated travel times by
measuring travel time through the material without sample at all confining and axial stresses so that
they aimed to calculate travel time of just sample by subtracting travel time without sample from
that of whole system. Once the measurements are done, they observed that P wave and S wave
velocities increase as uniform stress increases as seen in Figure 13.

Figure 13: P wave velocity and S wave velocity vs. confining stress in three mutually
perpendicular directions through samples of dry Green River shale (Podio et al., 1968)
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Difference between P wave and S wave velocities are small at different directions as confining
stress increases for dry samples. Shear wave velocity increase less than P wave velocity as confining
stress increases. Young’s modulus slightly changes with increasing confining stress at dry
conditions as seen in Figure 14. Poisson’s ratio; on the other hand, is more sensitive to changes in
confining stress. Compressional velocities increase with water saturation especially in low axial
stresses. Shear velocities in dry conditions are less than those in water saturated conditions at
various axial stresses. Shear velocities are more related with kerogen content rather than axial stress.

Figure 14: Modulus of elasticity vs. confining stress for dry Green River shale (Podio et al.,
1968)
Holt et al. (1996) investigated compressional travel time measurements of Tertiary Paleocene,
Miocene and Oligocene shales from North Sea Wells and Weald shale outcrops by injecting
different drilling fluids to observe how drilling fluids interacted with shale affect behavior of
acoustic wave propagation. They also discussed interaction type of shale and fluids such as water
and ionic transport with ionic exchange, fluid’s impermeable and semi-permeable behavior to rock
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determining interaction between rock and fluid. Acoustic measurements are conducted by
ultrasonic pulse transmission technique on a triaxial apparatus under atmospheric conditions and
725 psi effective stress and 80 °C. The saturant fluids are fresh water, brines with KCI and CaCl 2
concentrations from 1 to 20 wt %. For outcrop samples, P wave velocity decreases during 16 days
of interaction with fresh water at atmospheric conditions. They observed 3% decrease in P wave
velocity during interaction with fresh water and about 1% increase during interaction with 10% and
20% KCl at atmospheric conditions for shales from boreholes. They also observed swelling of the
samples. P wave velocity decreased with low CaCl2 concentrations and increased with high CaCl2
concentrations at atmospheric conditions. At 725 psi effective stress and 80 °C, P wave velocity
increases in long term as 20 % KCl is interacted with rock. Low concentrations of KCl, on the other
hand, slightly affect P wave velocity. CaCl2 concentrations do not affect the velocity significantly
at downhole conditions. They concluded that small samples should be used to spend less time for
saturation of the samples and the experiments to be conducted at elevated stress and temperature
conditions. They also stated that ionic exchange caused ionic and water transport during interaction
time is the mechanism for shale and brine interaction.
Zhang et al. (2005) discussed acoustic velocity and compressive strength measurements on Pierre
and Arco shales to observe water based drilling fluid effects on wellbore stability. The acoustic
velocity test is conducted by ultrasonic propagation system which comprises pulser-receiver and
oscilloscope. NaCl, CaCl2 and KCl salt concentrations are used as saturants on Pierre shale during
acoustic velocity measurements. Results show that acoustic velocity of Pierre shale increases as
weight % of salt solutions increases. According to the authors, this implies that salt concentrations
cause pore fluid to release and dehydration of shale. On the other hand, acoustic velocity of Arco
shale decreases as weight % of salt solutions increases; however, decrease in acoustic velocities is
less when saturation level of salt solutions is high. The authors stated that reduction in acoustic
velocity on Arco shale is due to alteration of petrophysical properties as a result of water and ion
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movements. The authors suggested to use acoustic logging during the formation is exposed to water
based drilling fluids which causes alterations in shale fabric.
Blum et al. (2012) discussed P wave anisotropy measurements of Montana shale samples from
outcrop using laser ultrasonic technique to obtain information on elastic constants. Their goal is to
see P wave anisotropy as a function of angle of P wave propagation with layer of the rock using
analytical equations. Laboratory equipment is comprised of a high energy pulsed laser which
eventually generates ultrasonic waves to be propagated within the rock. They obtained P wave
velocity for different angles by plotting amplitude vs time graphs and picking P wave arrival time
and converting it into P wave velocity as seen in Figure 15.

Figure 15: P wave transducer ultrasonic waveforms for Montana shale (Blum et al., 2012)
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Nakamula et al. (2007) proposed a new method of automatic compressional and shear wave arrival
time detection which enables exact pickings of arrival times. They stated that manual picking
methods of arrival times have resulted in inaccurate interpretations of seismic velocities; therefore,
they developed an algorithm of their method to pick the seismic wave arrivals automatically. Figure
16 shows how P wave and S wave arrival times are picked based on the method. The results show
that P waves are picked at the first deflection in amplitude and S waves are picked at the start of
waves relatively having higher amplitude and lower frequency.

Figure 16: P wave and S wave arrival detection (Nakamula et al., 2007)
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2.6. Statement of Problem and Methodology
Oil and gas bearing shale has been a target of exploration and development as horizontal drilling
and multi-stage hydraulic fracture treatments have been successfully applied. Detailed
petrophysical evaluation of shale is prerequisite of stimulation techniques to extract resources at
economical rates. The petrophysical, geochemical and geomechanical properties of shale are
evaluated by well logging in field and core analysis in laboratory.
Gas shales have low porosity and permeability and complex pore network. Well-developed
petrophysical evaluation before and after stimulation and optimized stimulation with horizontal
drilling and hydraulic fracturing are essential to enhance gas production and reserves. Current
petrophysical models would not work in gas shale and advanced gas shale models are needed.
The goal of this research is to develop a new methodology and petrophysical model to evaluate
petrophysical properties of gas shales before stimulation treatments to optimize gas production. The
methodology is comprised of applications in field studies and core analysis. Field studies include
evaluation of mechanical and petrophysical properties of gas shale using well logs and core to log
calibration. On the other hand, core analysis include laboratory evaluations to evaluate mineralogy,
pore network, petrophysical and mechanical properties of gas shale.
The new methodology is applied for a field case study of Marcellus shale well to evaluate vitrinite
reflectance, total organic carbon, porosity, geomechanical properties and initial gas in place for the
zone of interest using sonic, density and resistivity well logs. Therefore this case study attempts to
determine potential of Marcellus shale and if further stimulation design is necessary using well logs.
We also applied the new methodology on laboratory evaluation of Green River shale comprising
XRD mineralogy analysis, SEM imaging, permeability measurements in dry conditions and
acoustic travel time measurements at different confining stresses and pore pressures before and after
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interaction with water to observe changes in mechanical and petrophysical properties of Green
River shale to optimize stimulation designs.
The primary benefits of this study include:



Evaluation of petrophysical properties of gas shale via a new methodology with a
petrophysical model and its application on both field and laboratory analysis.



Observations on how initial gas in place and reserve of gas shale change with
geomechanical and petrophysical properties such as maturity level, TOC and porosity of
formation by developing a new method which utilizes well logs to determine producibility
of gas shales.



Observations on how mineralogy and pore network of gas shale play role on petrophysical
and geomechanical analysis in core analysis via X-Ray diffraction and SEM.



Observations on how geomechanical and petrophysical properties of gas shale change at
different in-situ conditions created in laboratory and decide if stimulation is necessary.



Observations on how water will interact with gas shale at different in-situ conditions,
interaction times and bedding planes by observing acoustic velocity and mechanical
properties to optimize stimulation designs.
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CHAPTER 3

DEVELOPMENT OF A NEW METHODOLOGY FOR EVALUATING GAS SHALE
RESERVOIRS

This chapter discusses petrophysical models of shale gas to evaluate petrophysical, geochemical
and geomechanical properties before stimulation. These properties are evaluated in three main
subsections; namely, well logging, core analysis and core to log calibration. A petrophysical model
is initially developed to determine amount of gas existing in shale by the methods. At the end of
this chapter, a case study regarding thermal maturity, total organic carbon content, porosity
evaluation, geomechanical properties and initial gas in place calculations of a Marcellus shale well
is discussed based on the methodology. A new flow chart can be found in Appendix.
Petrophysical properties of shale can be evaluated with different types of well logs and core analysis
in laboratory. Well logs are mainly comprised of lithology, resistivity and porosity logs. Gamma
ray and spontaneous potential logs determine lithology of the zone of interest. Neutron, sonic,
density and nuclear magnetic resonance logging evaluate porosity of different partitions of shale
gas so that the porosity of shale can be evaluated by the corporation of different kinds of porosity
logs. Dual Induction – Spherically Focused Log and Dual Laterolog measure deep, medium and
shallow resistivity of formation. Petrophysical properties such as mineralogy, porosity,
permeability, capillary pressure, water saturation and grain density are evaluated in laboratory by
core analysis. Permeability of shale can also be obtained by petrophysical core analysis using steady
state or pressure transient methods. Capillary pressure can be measured via core analysis including,
mercury injection capillary pressure method. Nuclear magnetic resonance analysis provides pore
size distribution for core samples by measuring T1 and T2 relaxation times. Grain density and water
saturation are the other petrophysical properties which can be measured by core analysis.
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Geochemical properties of shale gas are mineral content, level of organic maturity, vitrinite
reflectance, kerogen, total organic carbon content (TOC) and langmuir and canister gas contents.
Mineral content of formation rock is analyzed through thin section, scanning electron microscopy
(SEM) and X-Ray diffraction (XRD) on core samples. Total organic carbon content (wt. %) can be
calculated by Passey method using sonic, density and resistivity logs. Maturity of organic matter
can be estimated using empirical equations derived from laboratory analysis of vitrinite reflectance
and level of organic maturity parameters. Once the geochemical properties are evaluated using well
logs and laboratory core analysis, adsorbed gas in place can be calculated.
Geomechanical properties of shale gas such as poisson’s ratio, shear modulus, bulk modulus and
young’s modulus can be calculated once compressional and shear travel times of sound waves in
different partitions of shale are evaluated by sonic logging and core analysis in laboratory. Pulse
transmission technique is conducted to measure acoustic travel time of shale cores at various
confining stresses and pore fluids. Comparison of geomechanical properties in shale gas zone and
adjacent formations enables determination of fracturing intervals.
Once petrophysical properties are measured in laboratory core analysis, the results of log analysis
are calibrated with those obtained in the laboratory core analysis so that the consistency of log
results and core results can give information about accuracy of log results such as maturity of shale
formation.
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3.1. Petrophysical Model
In petrophysical point of view, shale gas is comprised of solid materials and pore space filled by
fluids. Solid materials are comprised of clay minerals, non-clay minerals (matrix) and organic
matter. Adsorbed gas is accumulated on the surface of organic matter. On the other hand, clay bound
water, capillary bound water and mobile water and free gas occupy the pore space of shale as seen
in Figure 17. Algebraic expressions for volumetric fractions of clay, non-clay (matrix) and organic
matter represented in schematic petrophysical model of shale gas are as follows:
𝑉𝐶𝑙𝑎𝑦 = 𝑉𝐵 + 𝑉𝐷 … 𝐸𝑞𝑛. 1
𝑉𝑀𝑎𝑡𝑟𝑖𝑥 = 𝑉𝐴 + 𝑉𝐹 + 𝑉𝐸 … 𝐸𝑞𝑛. 2
𝑉𝑇𝑂𝐶 = 𝑉𝐶 + 𝑉𝐺 … 𝐸𝑞𝑛. 3
Shale gas can also be divided into organic and inorganic partitions. Organic partition consists of
organic matter, adsorbed gas and free gas. Organic partition of shale can give high resistivity and
low density responses in resistivity and density logs so that shaly zones can be detected using well
logs. On the other hand, inorganic partition consists of clay minerals, non-clay minerals and water.
Non clay minerals of matrix are mainly quartz, feldspar, carbonates and iron oxide minerals. Clay
minerals, on the other hand, are mainly illite, kaolinite, smectite and montmorillonite. Organic
material of shale gas is comprised of kerogen, bitumen, pyrobitumen and char (Passey et al., 2013).
Porosity of clay minerals is ineffective porosity which does not have connections and clay porosity
is occupied by clay bound water. Inorganic non-clay minerals contain also water due to capillary
effects which is called as capillary bound water and mobile water. Gas which is adsorbed on the
walls of solid organic matter is called as adsorbed gas. On the other hand, free gas occupies the pore
space of clay and non-clay minerals. The pore space of organic matter is left as void space after the
hydrocarbons are generated and expelled at high thermal maturity conditions.

Figure 17: Schematic petrophysical model of gas shale reservoirs
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3.2. Vitrinite Reflectance/Level of Organic Maturity
Vitrinite is a type of maceral which is organic component of kerogen. Wood or cortex tissue
originated type III kerogen consists of vitrinite. Vitrinite is a measure of thermal maturity of source
rock. Vitrinite reflectance of vitrinite macerals (Ro) increases with thermal maturity during thermal
maturation of source rock. Ro cannot be measured in rocks lacking vitrinite. Vitrinite is derived
from land plants which are evolved in Devonian so that rocks older than Devonian do not consist
of vitrinite. Percentage of incident light reflected from vitrinite under oil immersion is measured to
obtain vitrinite reflectance in laboratory on formation samples.
Vitrinite reflectance is one of level of organic maturity parameters. LOM parameters such as
vitrinite reflectance, thermal alteration index (TAI), hydrogen index (HI), oxygen index (OI), free
hydrocarbons (S1), hydrocarbons generated by thermal cracking (S2), CO2 released by kerogen
(S3) can be calibrated based on different core sample analysis. Figure 18 shows relationship LOM
and vitrinite reflectance to find out vitrinite reflectance and LOM of shale gas.

Figure 18: LOM vs. vitrinite reflectance (LeCompte & Hursan, 2010)
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3.3. Organic Matter – Kerogen
Primary organic matter is produced by phytoplanktons and benthic algaes which are plants living
in photic zone of the marine environment via photosynthesis. The primary organic matter
production depends on the rate of photosynthesis and hence the quality and quantity of light. 90 %
of organic matter is consumed by aerobic bacterias, zooplanktons and animals in the photic zone
and 10 % of organic matter reaches sea floor where there is no effect of sun light. The rate of organic
matter consumption by anaerobic bacterias in aphotic zone is lower than that by aerobic ones in the
photic zone. Therefore, the remaining organic matter takes place in the sediments being deposited
in deep ocean environment.
Fine grained sediments and clay sized particles are separated from sand sized particles by wave and
current actions in shallow, high energy environments and are deposited in low energy deep marine
environments. Organic matter is not also stable in high energy environments hosting oxidation
reactions. In reducing environments in which oxidation reactions are being prevented, clay particles
having large surface areas adsorb organic matter and provide transportation of organic matter into
the sediments deposited in the reducing environment. As sedimentation rate in deep marine
environment increases, the preservation of organic matter in the sediments increases since the
contact between organic matter and oxygen decreases. Shale deposited under reducing conditions
can host organic matter more than sandstone or carbonate.
Organic matter sinking through the water column and in the sediments is not in equilibrium
conditions. Organic matter is consumed by aerobic and anaerobic bacterias and other living
organisms in the photic and aphotic zones at different levels. Organic matter in the sediments also
faces biological and chemical changes in unstable conditions. The process which refers to biological
and chemical changes in organic matter in unstable conditions to approach equilibrium conditions
is called as diagenesis process.
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Organic material is comprised of macerals, kerogen, bitumen, pyrobitumen, char and solidified oil
(dead oil), along with retained liquid hydrocarbons (Passey et al., 2013). Kerogen is final product
of diagenesis process. Kerogen comprises insoluble portion of organic matter of sedimentary rocks.
Soluble fraction of organic matter is called as bitumen. Kerogen would release oil and/or gas
depending on temperature and pressure conditions kerogen faces. Kerogen forms shale oil if it is
not sufficiently heated to certain temperatures. At higher thermal maturities, some pore space is left
within kerogen after hydrocarbons are generated and expelled (Passey et al., 2013).
There are four types of kerogen in geochemistry. Type I is rich in algal and amorphous organic
matter. It generates liquid hydrocarbons. Type II is rich in algae and herbaceous matter. It generates
oil and gas. Type III is rich in wood and humic matter. It generates only gas. Type IV is rich in
decomposed organic matter. It does not capable of generating hydrocarbons as seen in Figure 19.
Volume of kerogen is estimated through log and laboratory analysis to estimate adsorbed gas
content and porosity.

Figure 19: Principle types of kerogen (Glorioso & Rattia, 2012)
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Organic matter or kerogen bearing shale formations give lower bulk density response in density log
when compared to conventional formations so that calculation of density of kerogen is important
in maturity analysis and initial gas in place calculations. Density of kerogen for a specific formation
can be calculated once maturity analysis is conducted on core samples in laboratory to establish
correlation between vitrinite reflectance and density of kerogen as studied in Ward 2010 for
Marcellus shale core samples. Figure 20 shows relationship between kerogen density and vitrinite
reflectance for Marcellus shale core samples.

Figure 20: Correlation of kerogen density (g/cc) and vitrinite reflectance from Marcellus shale
core data (Ward 2010)

3.4. Total Organic Carbon Content
Total organic carbon is the amount of carbon contained in organic compounds of source rock and
its estimation is one of the most important steps in petrophysical characterization of shale reservoirs
since TOC of shale reservoirs relates with quantification of porosity and bulk volume of gas. TOC
can be subdivided into extractable, convertible and residual fractions. Correlations between TOC
and uranium content are carried out to estimate TOC content of shale formation. Uranium bearing
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shale samples show radioactivity when gamma ray penetrates into the sample. Acoustic and NMR
derived TOC would also verify TOC gathered from geochemical analysis. LOM is obtained from
sample analysis. If LOM is not correctly estimated, TOC values would be erroneous. LOM of shale
can be established through Gamma Ray vs. Uranium and Uranium vs. TOC plots once vitrinite
reflectance is found out. TOC can be derived from correlations performed with other kinds of logs
such as resistivity, sonic, density and neutron logs as discussed below in Passey 1990.
Passey discusses resistivity separation (∆logR) method to calculate TOC in wt %. Evaluation of
resistivity logs with density, sonic and neutron logs are conducted to calculate ∆logR. ∆logR is
resistivity separation between sonic/density/neutron and resistivity logs in organic rich intervals.
Inorganic intervals do not exhibit resistivity separation so that baseline value for sonic, density and
neutron logs can be read from inorganic intervals. Figure 21 from Passey 1990 shows ∆logR
separation and baseline interval using resistivity and sonic/density/neutron logs.

Figure 21: Sonic-Density-Neutron/Resistivity overlays (from left to right) showing ∆logR in
organic rich intervals (Passey et. al, 1990)
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The algebraic expressions for ∆logR calculation using resistivity/sonic, density, neutron overlays
are as follows:
ΔlogR from sonic/resistivity overlay;
𝛥𝑙𝑜𝑔𝑅𝑆𝑜𝑛𝑖𝑐 = log10(𝑅⁄𝑅𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) + 0.02 × (𝛥𝑡 − 𝛥𝑡𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) … . . 𝐸𝑞𝑛. 4
ΔlogR from neutron/resistivity overlay;
𝛥𝑙𝑜𝑔𝑅𝑁𝑒𝑢 = log10 (𝑅⁄𝑅𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) + 4.0 × (𝜙𝑁 − 𝜙𝑁−𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) … . . 𝐸𝑞𝑛. 5
ΔlogR from density/resistivity overlay;
𝛥𝑙𝑜𝑔𝑅𝐷𝑒𝑛 = log10(𝑅⁄𝑅𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) − 2.50 × (𝜌𝑏 − 𝜌𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) … . . 𝐸𝑞𝑛. 6
Where;
ΔlogR : Curve separation measured in logarithmic resistivity cycles
R

: Resistivity measured by the logging tool, ohm.m

RBaseline : Resistivity on Δt Baseline when curves are baselined in clay rich rocks, ohm.m
Δt

: Measured compressional transit time, µsec/ft

ΔtBaseline : Compressional transit time in inorganic baseline interval, µsec/ft
Φ

: Neutron porosity, fractional

ϕN-Baseline : Neutron porosity baseline value, fractional
ρb

: Density value of source rock, g/cc

ρBaseline

: Density value of baseline interval, g/cc

36
Total organic carbon in shale formations can be calculated using ΔlogR from the algebraic
expression below:
𝑇𝑂𝐶𝑆,𝐷,𝑁 = 𝑆𝐹1𝑆,𝐷,𝑁 × (𝛥𝑙𝑜𝑔𝑅𝑆,𝐷,𝑁 × 10(2.297−0.1688×𝐿𝑂𝑀) ) + 𝑆𝑂1𝑆,𝐷,𝑁 … . . 𝐸𝑞𝑛. 7
Where;
TOCS, D, N : Total organic carbon from resistivity and porosity log overlays, wt %
SF1S, D, N : Scale offset to calibrate to lab values of TOC for sonic, density and neutron logs
SO1S, D, N : Scale factor to calibrate to lab values of TOC for sonic, density and neutron logs
LOM

: Level of Organic Maturity

Volumetric percentage of TOC can be calculated using bulk density values from density log and
density of organic matter (kerogen) or TOC as seen in algebraic expression below:
𝑉𝑇𝑂𝐶 = 𝜌𝑏𝑢𝑙𝑘 × 𝑇𝑂𝐶 ⁄𝜌 𝑇𝑂𝐶 … . . 𝐸𝑞𝑛. 8
Where;
VTOC : Volumetric fraction of TOC
ρBulk : Bulk density, g/cc
ρTOC : Density of TOC, g/cc
TOC : Total organic carbon in wt. fraction
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3.5. Porosity Evaluation
There are four types of tools measuring porosity; namely density, sonic, neutron and NMR. These
tools respond to different partitions of shale so that we have derived algebraic expressions for
porosity of different partitions of shale using these tools based on the schematic petrophysical model
of shale gas as in Figure 22. The pore space can be subdivided into three; namely, clay porosity,
effective (matrix) porosity and porosity of organic matter or TOC as expressed in the following
algebraic expressions. Table 1 summarizes methods to obtain the petrophysical parameters in the
algebraic expressions of shale gas porosity evaluation via density, sonic and neutron logging.

Figure 22: Schematic petrophysical model of gas shale reservoirs
𝑇𝑜𝑡𝑎𝑙 𝑃𝑜𝑟𝑜𝑠𝑖𝑡𝑦 = 𝜙 𝑇𝑜𝑡𝑎𝑙 = 𝜙𝐶𝑙𝑎𝑦 × 𝑉𝐶𝑙𝑎𝑦 + 𝜙𝐸 + 𝜙 𝑇𝑂𝐶 × 𝑉𝑇𝑂𝐶 … . . 𝐸𝑞𝑛. 9

𝜙𝐶𝑙𝑎𝑦 =

𝑉𝑃𝑜𝑟𝑒,𝐶𝑙𝑎𝑦
𝑉𝐷
=
… . . 𝐸𝑞𝑛. 10
𝑉𝐶𝑙𝑎𝑦
𝑉𝐷 + 𝑉𝐵

𝜙 𝑇𝑂𝐶 =

𝑉𝑃𝑜𝑟𝑒,𝑇𝑂𝐶
𝑉𝐺
=
… . . 𝐸𝑞𝑛. 11
𝑉𝑇𝑂𝐶
𝑉𝐶 + 𝑉𝐺

𝜙𝐸 = 𝜙 𝑇𝑜𝑡𝑎𝑙 − 𝜙𝐶𝑙𝑎𝑦 × 𝑉𝐶𝑙𝑎𝑦 − 𝜙 𝑇𝑂𝐶 × 𝑉𝑇𝑂𝐶 =

𝑉𝐸 + 𝑉𝐹
… . . 𝐸𝑞𝑛. 12
𝑉𝐴 + 𝑉𝐸 + 𝑉𝐹
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Table 1: Methods to obtain the petrophysical parameters for shale gas porosity evaluation
Petrophysical Parameter
VClay: Volume of Clay Minerals
ΦClay: Clay porosity
VPore, Clay: Pore Volume of Clay Minerals

Methods
1) Gamma Ray Log, SP Log and DensityNeutron Difference Method
2) XRD, SEM, Image Logs
1) Passey method using overlay of resistivity and

VTOC: Volume of Organic Matter (TOC)
VPore, TOC: Pore Volume of Organic Matter
(TOC)
ΦTOC: Porosity of Organic Matter (TOC)

ρMatrix: Matrix Density, g/cc

porosity curves such as density/sonic/neutron
2) Laboratory Measurements: Leco TOC, Rock
Eval Pyrolsis
3) Geological Maps
4) Image Logs

1) Density Log in clean zones
1) Determine gas composition at well head and

ρFluid: Fluid density, g/cc

then measure average density of fluid at different
depths using gradiomanometer

ρClay: Clay Mineral Density, g/cc

1) Density Log in shaly zones
1) Empirical relationship between kerogen
density and vitrinite reflectance (Ward

ρTOC: Density of Organic Matter (TOC),
g/cc

2010)
2) Measure mass of 1 cm3 kerogen after
removal of carbonate and silicate
minerals, depyritization and
characterizing its composition

ΔtFluid: Sonic Log Reading in Fluids
Δtclay: Sonic Log Reading in Clay Minerals

1) Laboratory Measurements: Ultrasonic

ΔtTOC: Sonic Log Reading in Organic

transmission technique on different artificial

Matter or TOC

samples containing clay, non-clay minerals,

ΔtMatrix: Sonic Log Reading in Matrix

organic matter and fluid

(µsec/ft)
ΦE: Effective Porosity

1) Density and Neutron Porosity Correction in
Shaly Zone containing gas
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3.5.1. Density Logging
Density logging tool evaluates porosity of the formation depending on bulk density of zone of
interest. Bulk density and density porosity can be calculated by the following equations:
𝜌𝐵𝑢𝑙𝑘 = 𝜌𝑙𝑜𝑔 = 𝜙𝐸 × 𝜌𝐹𝑙𝑢𝑖𝑑 + 𝑉𝑇𝑂𝐶 × 𝜌𝑇𝑂𝐶 + 𝑉𝐶𝑙𝑎𝑦 × 𝜌𝐶𝑙𝑎𝑦 + (1 − 𝑉𝐶𝑙𝑎𝑦 − 𝑉 𝑇𝑂𝐶 − 𝜙𝐸 )
× 𝜌𝑀𝑎𝑡𝑟𝑖𝑥 … . . 𝐸𝑞𝑛. 13

𝜙𝐸 =

𝜌𝑀𝑎𝑡𝑟𝑖𝑥 − 𝜌𝑏𝑢𝑙𝑘 + 𝑉𝑇𝑂𝐶 × (𝜌𝑇𝑂𝐶 − 𝜌𝑀𝑎𝑡𝑟𝑖𝑥 ) + 𝑉𝑐𝑙𝑎𝑦 × (𝜌𝑐𝑙𝑎𝑦 − 𝜌𝑀𝑎𝑡𝑟𝑖𝑥 )
… . . 𝐸𝑞𝑛. 14
𝜌𝑀𝑎𝑡𝑟𝑖𝑥 − 𝜌𝑓𝑙𝑢𝑖𝑑

Where;
ρBulk : Bulk density, g/cc
ΦE

: Density Porosity, fractional

ρMatrix : Density of Matrix, g/cc
ρFluid : Fluid density, g/cc
VTOC : Volume of Organic Matter (TOC), fractional
ρTOC : Density of Organic Matter (TOC), g/cc
VClay : Volume of Clay Minerals, fractional
ρClay : Density of Clay Minerals, g/cc
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3.5.2. Sonic Logging
Sonic logging tool measures the velocity of sound waves in formations penetrated by the borehole.
Sonic logging tool is comprised of transmitters and receivers with spacing between transmitter and
receiver and span between receivers. Sound waves travel in the regions of borehole, mud filtrate
and formation respectively.
Six different waves travelling up and down the hole are generated when transmitter faces voltage
or current. Compressional and shear waves are refracted waves via formation. Pseudo Rayleigh and
Stoneley waves are surface waves along the borehole wall. There are also two direct waves along
the sonde and in the mud.
Compressional and shear waves are those primarily measured via sonic logging tool. Compressional
waves vibrate particles in the medium at the same direction during propagation of energy and hence
they are travelling parallel to the borehole axis. Compressional waves travel faster than the others
in a medium and compressional travel times can be detected at the first deflection of amplitude of
waves in amplitude vs. time graphs. Shear waves, on the other hand, vibrate particles in the medium
in a direction perpendicular to energy propagation so that they are travelling perpendicular to the
borehole axis. Shear waves arrive later than compressional waves.
As sonic waves travel within the shale formation, they face different partitions in the rock so that
travel time and sonic porosity of different partitions can be calculated by the following equations:
𝛥𝑡 = 𝛥𝑡𝑓𝑙𝑢𝑖𝑑 × 𝜙 + 𝛥𝑡𝑐𝑙𝑎𝑦 × 𝑉𝑐𝑙𝑎𝑦 + 𝛥𝑡𝑇𝑂𝐶 × 𝑉𝑂𝑀 + (1 − 𝑉𝑐𝑙𝑎𝑦 − 𝑉𝑇𝑂𝐶 − 𝜙𝐸 )
× 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥 … . . 𝐸𝑞𝑛. 15

𝜙𝐸 =

𝛥𝑡 − 𝑉𝑐𝑙𝑎𝑦 × (𝛥𝑡𝑐𝑙𝑎𝑦 − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥 ) − 𝑉𝑇𝑂𝐶 × (𝛥𝑡𝑇𝑂𝐶 − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥 ) − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥
… . . 𝐸𝑞𝑛. 16
𝛥𝑡𝑓𝑙𝑢𝑖𝑑 − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥
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Where;
ΦE

: Sonic Porosity, fractional

Δt

: Sonic Log Reading, µsec/ft

ΔtFluid : Sonic Log Reading in Fluids, µsec/ft
Δtclay : Sonic Log Reading in Clay Minerals, µsec/ft
ΔtTOC : Sonic Log Reading in Organic Matter (TOC), µsec/ft
ΔtMatrix : Sonic Log Reading in Matrix, µsec/ft
VClay : Volume of Clay Minerals, fractional
VTOC : Volume of Organic Matter (TOC), fractional

3.5.3. Neutron Logging
Neutron logging tool responds to clay bound water, capillary bound and mobile water, free gas and
organic matter partitions of shale gas since these partitions consist of hydrogen elements in their
chemical composition. Neutron tool sends neutron into the formation to respond to hydrogen atoms
in the formation and it eventually estimates porosity of the formation. After neutrons are sent into
the formation, the neutrons slow down and are absorbed after they collide with hydrogen atoms for
multiple times in the formation.
The time for slowing down and absorption would be less as more hydrogen atoms with which the
neutrons collide exist in the formation. Neutrons can’t travel further within the formation as they
slow down and are absorbed. There are three main processes in the neutron logging; namely,
neutron emission, neutron scattering and neutron absorption.
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Neutrons consisting of alpha and beryllium-9 elements are emitted from a radioactive source. This
process is called as neutron emission. When neutrons are scattered within the formation, they are
going to react with all elements in the formation. As they interact with the elements, they transfer
their energy to the elements and then slow down. The energy transfer occurs most effectively when
the interacting atoms have same mass so that the energy transfer is going to be the most efficient
between neutron and hydrogen atoms having same masses when they interact. This process is called
as neutron scattering. Neutrons are absorbed by the nuclei of formation. Absorption of neutrons
occurs mostly after they interact with hydrogen and chloride atoms. This process is called as neutron
absorption.
Schematic of compensated neutron tool is comprised of a fast neutron source located near the
bottom of the tool and two thermal neutron detectors above the neutron source. The pulse rates
between the source and two detectors are measured and ratio of them is calibrated to neutron
porosity. Laboratory measurements for different formations regarding relationship between the
ratio of pulse rates and neutron porosity suggest that the ratio increases with porosity. Number of
hydrogen atoms with which the neutrons collide increases as hydrogen bearing organic matterkerogen comes into the picture in shale gas formations. The ratio of pulse rates depends primarily
on porosity. On the other hand, lithology of the formation must be known. Laboratory
measurements for particular gas shales can be conducted for the calibration of the ratio of pulse
rates to neutron porosity in shale gas formations.
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3.5.4. NMR Logging
NMR relaxation measurements of fluids in rock pores provide determination of porosity, pore size
distribution, capillary pressure, bound water and permeability. There are two types of relaxation;
namely, longitudinal (T1) and transverse (T2) relaxation. Magnetic interactions between protons
results in T1 and T2 relaxations. T1 relaxation occurs when a precessing proton system transfers
energy to its surroundings. T2 relaxation is also contributed by this transfer. However, there is no
transfer of energy to surroundings for the case of dephasing contribution to T 2 relaxation.
State of fluids and magnetic field gradient are factors controlling the relationship between T 1 and
T2 relaxations. T2 is less than T1 except for the fact that the fluid is in a homogeneous static magnetic
field which results in equal T1 and T2 relaxations.
There are three relaxation mechanisms for fluids in rock pores:


Bulk fluid processes: It affects both T1 and T2 relaxations.



Surface relaxation: It affects both T1 and T2 relaxations.



Diffusion in the presence of magnetic field gradients: It affects only T2 relaxation.

These mechanisms can be described by the following algebraic expressions:
1
1
1
1
=
+
+
… . . 𝐸𝑞𝑛. 17
𝑇2 𝑇2𝑏𝑢𝑙𝑘 𝑇2𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑇2𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
1
1
1
=
+
… . . 𝐸𝑞𝑛. 18
𝑇1 𝑇1𝑏𝑢𝑙𝑘 𝑇1𝑠𝑢𝑟𝑓𝑎𝑐𝑒
Where
T2

: Transverse relaxation time of the pore fluid as measured by a CPMG sequence, μsec

T2bulk

: T2 relaxation time of the pore fluid as measured in a large container, μsec
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T2surface

: T2 surface relaxation time of the pore fluid, μsec

T2diffusion : T2 diffusion relaxation time of the pore fluid in the magnetic field gradient, μsec
T1

: Longitudinal relaxation time of the pore fluid, μsec

T1bulk

: T1 relaxation time of the pore fluid as measured in a large container, μsec

T1surface

: T1 surface relaxation time of the pore fluid, μsec

Viscosity and chemical composition of fluid are the factors controlling bulk relaxation. Surface
relaxation occurs at the fluid-solid interface depending on mineralogy. Clay minerals have greater
surface so that they produce greater surface relaxivity (Martinez, Davis & Davis, 2000). Diffusion
induced relaxation is caused by magnetic field in which fluid exhibits and be subjected to Carr,
Purcell, Meiboom and Gill (CPMG) sequence with long inter-echo spacing. Diffusion coefficient
of fluid bulk and fluid at surface between fluid and rock grain differ due to restriction of molecular
movement of fluids at interface between rock grains and fluids. As magnetic susceptibility
difference between pore fluid and rock grains increases, diffusional relaxation increases.
T2 of a pore is proportional to surface volume ratio of pore. Pore size distribution can be determined
via T2 of all pores in rock. Mercury injection capillary pressure compared with T 2 distribution in
different lithologies helps to provide pore size distribution for 100 % water saturation in sandstone
and carbonates so that one can eventually come up with depositional environment and reservoir
quality of zone of interest (Coates et al., 1999).
T1 and T2 relaxations provide information about type of fluid in pore space, pore size and pore
geometry. It is faster to obtain T2 relaxations than T1 today. Porosity is measured by comparing the
total magnetization of the sample with that of a known volume of fluid. Porosity measurement
allows estimation of capillary pressure, permeability and water saturation.
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Magnetic susceptibility of the sample is measured for evaluating the proportion of paramagnetic
components. These paramagnetic components would affect relaxations. CPMG sequence
minimizes the effects of diffusion in field gradients. T2 relaxations are run using CPMG sequence.
T1 relaxations are run by inversion recovery experiment. When samples are saturated with distilled
water, the magnetization increases indicating presence of water. Shale displays shorter relaxation
times than sandstones. NMR derived porosity for shales is greater than that derived in laboratory
(Martinez & Davis, 2000).
NMR is a tool whose sensitivity to density of solids is relatively less that prevents uncertainty
regarding porosity estimation. NMR tool responds to fluid partition of shale gas which includes
clay bound water, capillary bound water and free gas as seen in the following algebraic expression.
𝜙𝑁𝑀𝑅 = 𝜙𝑐𝑏𝑤 + 𝜙𝑐𝑎𝑝𝑏𝑤 + 𝜙𝑓𝑟𝑒𝑒 𝑔𝑎𝑠 … . . 𝐸𝑞𝑛. 19
Where;
ΦNMR : NMR porosity, frac
Φcbw

: Porosity of clay bound water, frac

ϕcapbw : Porosity of capillary bound water, frac
ϕfree gas : Porosity of free gas, frac
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3.6. Compressibility Factor
Compressibility factor defines the behavior of a real gas when compared to that of an ideal gas. The
compressibility factor of a gas is the ratio of actual molar volume of the gas to molar volume of an
ideal gas at specific temperature and pressure conditions as in the following algebraic expression.

𝑍=

𝑃 × 𝑉𝑚
… . . 𝐸𝑞𝑛. 20
𝑅×𝑇

Where;
P

: Reservoir Pressure, psi

Vm : Molar Volume, ft3/lbmol
R : Universal Gas constant=10.73 (ft3×psi)/(R×lbmol)
T : Reservoir Temperature, °R
The compressibility factor for typical Marcellus shale gas can be calculated as in the following
algebraic expression. Values of the parameters in the expression are obtained from Marcellus shale
case study which will be discussed at the end of the methodology section.

𝑍=

2509.37 × 2.1062
= 0.8611 … . . 𝐸𝑞𝑛. 21
10.73 × 572.012

3.7. Formation Volume Factor
Formation volume factor is defined as the ratio of volume of a fluid at reservoir conditions to that
at surface conditions as seen in the following algebraic expression.

𝐵𝑔 = 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑎𝑐𝑡𝑜𝑟,

𝑅𝐶𝐹 𝑃𝑠𝑐 𝑍 × 𝑇
=
×
… . . 𝐸𝑞𝑛. 22
𝑆𝐶𝐹 𝑇𝑠𝑐
𝑃
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Where;
Psc : Pressure in standard conditions, psi
Tsc : Temperature in standard conditions,°R
Psc : 14.7 psi
Tsc : 520 °R
T : Formation temperature,°R
P : Reservoir pressure, psi
Z : Gas compressibility factor
The formation volume factor for typical Marcellus shale gas can be calculated as in the following
algebraic expression. Values of the parameters in the expression are obtained from Marcellus shale
case study which will be discussed at the end of the methodology section.

𝐵𝑔 =

14.7 0.8611 × 572.012
𝑅𝐶𝐹
×
= 0.00555
. . 𝐸𝑞𝑛. 23
520
2509.37
𝑆𝐶𝐹

3.8. Geomechanical Properties
There are several mechanical properties of rocks such as poisson’s ratio, young’s modulus, shear
modulus and bulk modulus. Once compressional (∆tc) and shear slowness (∆ts) and bulk density
(ρb) are known, these properties can be calculated. Minimum in situ stress is calculated with
poisson’s ratio, overburden (σob) and pore pressure (Pr), biot’s constant and tectonic stress (σtectonics).
Table 2 shows algebraic expressions for the geomechanical properties.
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When a material is extended in one direction, it responses by contraction in other two directions or
when a material is compressed in one direction, it tends to extend in other two directions. The
response acted by the material as a result of expansion or compression activity is called as Poisson
effect. Strain is defined as the ratio of the change in one dimension to initial dimension of the
material when there is compression or expansion. Expansion or compression in one dimension
results in change in other dimensions of the material, called as lateral strain. Poisson’s ratio is the
ratio of lateral strain to the linear strain which is the change in the dimension of expansion or
compression in the body. Shear modulus is the ratio of shear stress to shear strain and also called
as rigidity. Shear modulus deals with ability of material to resist against deformations. Young’s
modulus is the ratio of stress to strain in the direction of force applied to the material. Young’s
modulus defines stiffness and response of material to the applied force. Bulk modulus defines the
response of material under uniform compression and is the ratio of increase in pressure to decrease
in volume of body. The volume of material tends to decrease when there is pressure applied at all
directions. Minimum in-situ stress is the minimum stress within the formation that is necessary for
a fracture to be kept open.
The aim of evaluating geomechanical properties is to optimize further hydraulic fracturing
strategies. Young’s modulus and minimum insitu stress are especially factors on fracture’s vertical
height growth depending on relationship between values at upper and lower boundary and inside
the zone of interest. The fracture would propagate or stop growing depending on values of
geomechanical properties in the zone of interest.
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Table 2: Algebraic expressions for geomechanical properties
Name

Symbol

Algebraic Expression

Compressional to Shear Slowness Ratio

Rv

𝑣𝑐 ∆𝑡𝑠
=
𝑣𝑠 ∆𝑡𝑐

Poisson's Ratio

v

0.5 × 𝑅𝑣2 − 1
𝑅𝑣2 − 1

Shear Modulus, psi

G

Young Modulus, psi

E

2 × 𝐺 × (1 + 𝑣)

Bulk Modulus, psi

K

1
4
1.34 × 1010 × 𝜌𝑏 × ( 2 −
)
∆𝑡𝑐
3 × ∆𝑡𝑠 2

Minimum In Situ Stress, psi

σmin

𝑣
× (𝜎𝑜𝑏 − Pr ) + Pr + 𝜎𝑡𝑒𝑐𝑡𝑜𝑛𝑖𝑐𝑠
1−𝑣

Where;
∆tc: Compressional slowness, μsec/ft
∆ts: Shear slowness, μsec/ft
ρb: Bulk density, g/cc
σob: Overburden stress, psi
Pr: Pore pressure, psi
σtectonics: Tectonic stress, psi

1.34 × 1010 ×

𝜌𝑏
∆𝑡𝑠 2
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3.9. Initial Gas In Place
Initial gas in place (IGIP) for a shale gas formation is subdivided into three; namely, free gas,
adsorbed gas and dissolved gas. Gas dissolved into hydrocarbons and formation water is in minor
amount so that dissolved gas would be negligible in initial gas in place calculations. Once porosity,
water saturation, thickness, areal extent and volume factor of formation are known, free gas can be
calculated. Adsorbed gas can be calculated using area, thickness, bulk density and adsorbed gas
content which is the adsorbed gas content in organic matter. Adsorbed gas content via Langmuir
isotherm needs to be corrected based on total organic carbon content in weight fraction as seen in
equation 26 since it is occupied in organic matter. Reserves, economically recoverable portion of
initial gas can also be calculated with a recovery factor.

𝐼𝐺𝐼𝑃 (𝑆𝐶𝐹) = 𝐺𝑓𝑟𝑒𝑒 + 𝐺𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 + 𝐺𝑑𝑖𝑠𝑠𝑜𝑙𝑣𝑒𝑑 … 𝐸𝑞𝑛. 24
𝐺𝑓𝑟𝑒𝑒 = 43560 × 𝐴 × ℎ × 𝜙 × (1 − 𝑆𝑤 )/𝐵𝑔 … . . 𝐸𝑞𝑛. 25
𝐺𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 = 1359.65 × 𝐴 × ℎ × 𝜌𝑙𝑜𝑔 × 𝐺𝑐 × 𝑇𝑂𝐶 … . . 𝐸𝑞𝑛. 26
𝐼𝐺𝐼𝑃 (𝑆𝐶𝐹) = 43560 × 𝐴 × ℎ × 𝜙 × (1 − 𝑆𝑤 )/𝐵𝑔 + 1359.65 × 𝐴 × ℎ × 𝜌𝑙𝑜𝑔 × 𝐺𝑐
× 𝑇𝑂𝐶 … . . 𝐸𝑞𝑛. 27
𝑅𝑒𝑠𝑒𝑟𝑣𝑒 𝐼𝑛 𝑃𝑙𝑎𝑐𝑒, 𝑆𝐶𝐹 = 𝐼𝐺𝐼𝑃 × 𝑅. 𝐹 … 𝐸𝑞𝑛. 28
Where:
Gfree

: Free Gas, SCF

Gadsorbed : Adsorbed Gas, SCF
Gdissolved : Dissolved Gas, SCF
Bg

: Formation Volume Factor
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A

: Area, acre

h

: Thickness, ft

ϕ

: Porosity (Vvoid/Vbulk)

Sw

: Water Saturation (Vwater/Vvoid)

1- Sw

: Gas Saturation, Sg (Vgas/Vvoid)

ϕ×(1- Sw) : Vgas / Vbulk , Bulk Volume of Gas
Gc

: Adsorbed Gas content, scf/ton of organic matter

ρbulk

: Bulk density, g/cc

TOC

: Total Organic Carbon Content, wt. frac

Adsorbed gas storage of shale is quantified by Langmuir isotherms derived from crushed rock
samples. Figure 23 shows langmuir isotherms and gas storage capacity as a function of pore
pressure. Langmuir volume is red line, theoretical limit for gas adsorption at infinite pressure and
langmuir pressure (blue line) is the pressure at half of the Langmuir volume. Adsorbed gas content
can be calculated by the following expression:

𝐺𝑐 =

𝑉𝐿 × 𝑃
… 𝐸𝑞𝑛. 29
𝑃 + 𝑃𝐿

Where;
Gc : Adsorbed Gas content, scf/ton of organic matter
VL : Langmuir Volume, scf/ton
P : Reservoir Pressure, psi
PL : Langmuir Pressure, psi
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Adsorbed gas content for typical Marcellus shale at 2509.37 psi average reservoir pressure can be
calculated as in the following expression. Langmuir volume and pressure of Marcellus shale are
200 scf/ton and 500 psi respectively (Yu et. al, 2013).

𝐺𝑐 =

𝑉𝐿 × 𝑃 200 × 2509.37
𝑠𝑐𝑓
=
= 167.5
… 𝐸𝑞𝑛. 30
𝑃 + 𝑃𝐿 500 + 2509.37
𝑡𝑜𝑛 𝑜𝑓 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑚𝑎𝑡𝑡𝑒𝑟

Total gas, adsorbed gas and free gas in place can be calculated using the Langmuir isotherms. At
low pressures, adsorption is an effective gas storage mechanism. At high pressures, the amount of
free gas occupied in pores are more than adsorbed gas occupied in organic matter as seen in Figure
24.

Figure 23: Langmuir isotherms and gas storage capacity as a function of pore pressure
(Alexander et. al, 2011)
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Figure 24: Free, adsorbed and total gas contents as a function of reservoir pressure (Alexander et.
al, 2011)
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3.10. Summary of Procedures in Evaluation of Shale Gas
Evaluation of shale gas by the developed methodology based on the new petrophysical model is
comprised of maturity analysis, porosity evaluation, calculation of compressibility factor and
formation volume factor, analysis of mechanical properties and initial gas in place calculations.
Following steps can be applied for the evaluation of shale gas:
1. Vitrinite reflectance (Ro) from geological mapping, resistivity correlations,
neutron-density separations and its correlation with level of organic maturity.
2. Total organic carbon content in weight percentage determined from overlay of
porosity logs with resistivity log (Passey et. al, 1990) or Rock Eval pyrolysis.
3. ρTOC determined as a function of vitrinite reflectance based on core analysis of
different shale gas formations such as Marcellus shale or spectral neutron tool
𝑔
𝜌𝑇𝑂𝐶 ( ) = 0.342 ∗ 𝑅𝑜 (%) + 0.972 … 𝐸𝑞𝑛. 31
𝑐𝑐
4. VTOC= ρBulk* TOC/ ρTOC
5. Porosity evaluation by using density, sonic, neutron and NMR tools

𝜙𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =

𝜙𝑆𝑜𝑛𝑖𝑐 =

𝜌𝑀𝑎𝑡𝑟𝑖𝑥 − 𝜌𝑏𝑢𝑙𝑘 + 𝑉𝑇𝑂𝐶 × (𝜌𝑇𝑂𝐶 − 𝜌𝑀𝑎𝑡𝑟𝑖𝑥 ) + 𝑉𝑐𝑙𝑎𝑦 × (𝜌𝑐𝑙𝑎𝑦 − 𝜌𝑀𝑎𝑡𝑟𝑖𝑥 )
… 𝐸𝑞𝑛. 32
𝜌𝑀𝑎𝑡𝑟𝑖𝑥 − 𝜌𝑓𝑙𝑢𝑖𝑑

𝛥𝑡 − 𝑉𝑐𝑙𝑎𝑦 × (𝛥𝑡𝑐𝑙𝑎𝑦 − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥 ) − 𝑉𝑇𝑂𝐶 × (𝛥𝑡𝑇𝑂𝐶 − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥 ) − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥
… 𝐸𝑞𝑛. 33
𝛥𝑡𝑓𝑙𝑢𝑖𝑑 − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥
6. Compressibility Factor

𝑍=

𝑃 × 𝑉𝑚
… 𝐸𝑞𝑛. 34
𝑅×𝑇

7. Formation Volume Factor
𝐵𝑔 =

𝑃𝑠𝑐 𝑍 × 𝑇
×
… 𝐸𝑞𝑛. 35
𝑇𝑠𝑐
𝑃
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8. Evaluation of geomechanical properties via sonic logging or core analysis of
ultrasonic pulse transmission technique with following expressions in Table 3.
Table 3: Algebraic expressions for geomechanical properties
Name

Symbol

Algebraic Expression

Compressional to Shear Slowness Ratio

Rv

𝑣𝑐 ∆𝑡𝑠
=
𝑣𝑠 ∆𝑡𝑐

Poisson's Ratio

v

0.5 × 𝑅𝑣2 − 1
𝑅𝑣2 − 1

Shear Modulus, psi

G

Young Modulus, psi

E

2 × 𝐺 × (1 + 𝑣)

Bulk Modulus, psi

K

1
4
1.34 × 1010 × 𝜌𝑏 × ( 2 −
)
∆𝑡𝑐
3 × ∆𝑡𝑠 2

Minimum In Situ Stress, psi

σmin

𝑣
× (𝜎𝑜𝑏 − Pr ) + Pr + 𝜎𝑡𝑒𝑐𝑡𝑜𝑛𝑖𝑐𝑠
1−𝑣

1.34 × 1010 ×

𝜌𝑏
∆𝑡𝑠 2

9. Adsorbed Gas Content based on Langmuir volume and pressure
𝐺𝑐 =

𝑉𝐿 × 𝑃
… 𝐸𝑞𝑛. 36
𝑃 + 𝑃𝐿

10. Initial Gas In Place
𝐼𝐺𝐼𝑃 (𝑆𝐶𝐹) = 43560 × 𝐴 × ℎ × 𝜙 ×

1 − 𝑆𝑤
+ 1359.65 × 𝐴 × ℎ × 𝜌𝑙𝑜𝑔 × 𝐺𝑐
𝐵𝑔

× 𝑇𝑂𝐶 … 𝐸𝑞𝑛. 37
11. Reserve In Place
𝑅𝑒𝑠𝑒𝑟𝑣𝑒 , 𝑆𝐶𝐹 = 𝐼𝐺𝐼𝑃 × 𝑅. 𝐹. … 𝐸𝑞𝑛. 38
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3.11. Marcellus Shale Case Study
3.11.1. Properties of Zone of Interest
A field case study was carried to estimate petrophysical and geomechanical properties and initial
gas in place of a Marcellus shale well based on well logs by using the methodology of petrophysical
evaluation of shale gas above. Well crosses Stafford Limestone between 5340 and 5347 ft, Upper
Marcellus/Oatka Creek and Lower Marcellus/Union Springs members between 5347 and 5446.5 ft
and Basal Member between 5446.5 and 5470 ft depth. Table 4 summarizes properties of the
Marcellus shale well.
Table 4: Summary of Marcellus shale well
Zone of interest, ft

5340 – 5470

Total thickness, ft

130

Well spacing, acre

640

Gas in the Reservoir

100 % Methane

Overburden Stress Gradient, psi/ft

0.96

Average Reservoir Pressure Gradient, psi/ft

0.465

Reservoir Pressure, psi

2483-2543

Biot’s Poroelastic Constant

1

Figure 25 shows gamma ray and porosity log section of various zones that well crosses including
Marcellus shale intervals. Marcellus shale intervals give higher gamma ray responses when
compared to adjacent intervals such as Stafford Limestone, Basal Member and Onondaga
Limestone.
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Figure 25: Log section of various zones of the well including upper and lower Marcellus shale
members. Higher gamma ray responses of Marcellus shale (Vatsa, 2011)

Overburden stress and reservoir pore pressure for each layer in the zone of interest and average
reservoir temperature are calculated by the following algebraic expressions:

𝑂𝑣𝑒𝑟𝑏𝑢𝑟𝑑𝑒𝑛 𝑆𝑡𝑟𝑒𝑠𝑠, 𝑝𝑠𝑖 = 𝐷𝑒𝑝𝑡ℎ (𝑓𝑡) × 𝑂𝑣𝑒𝑟𝑏𝑢𝑟𝑑𝑒𝑛 𝑆𝑡𝑟𝑒𝑠𝑠 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 (

𝑝𝑠𝑖
) … . . 𝐸𝑞𝑛. 39
𝑓𝑡
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𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, °𝑅
= 𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 × 𝑅𝑒𝑑𝑢𝑐𝑒𝑑 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 … . . 𝐸𝑞𝑛. 40
𝑃𝑜𝑟𝑒 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒, 𝑝𝑠𝑖
𝑝𝑠𝑖
= 𝐷𝑒𝑝𝑡ℎ (𝑓𝑡) × 𝑃𝑜𝑟𝑒 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 ( ) × 𝐵𝑖𝑜𝑡 ′ 𝑠 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡. . 𝐸𝑞𝑛. 41
𝑓𝑡
Hydrocarbon which fills the pore space in the reservoir is assumed to be as 100 % methane.
Thermophysical properties of Methane at reservoir pressure and temperature conditions can be seen
in Table 5 based on NIST Chemistry Web-book.
Table 5: Thermophysical properties of methane at reservoir pressure and temperature conditions
Reduced Temperature

1.6676

Critical Pressure, psi

667

Critical Temperature, ᵒR

343.015

Average Density, lbm/ft3

7.61235

Molar Mass, g/mol

16.04

Molar Volume, ft3/lbmol

2.1062

Compressional Slowness, μsec/ft

606.357

Compressibility factor in the zone of interest is calculated by the following algebraic expression
discussed in the methodology and the average compressibility factor is 0.8611 in the zone of
interest.
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𝑍=

𝑃 × 𝑉𝑚
… . . 𝐸𝑞𝑛. 42
𝑅×𝑇

Where;
Z : Compressibility Factor
P : Average Reservoir Pressure, psi
Vm: Molar Volume, ft3/lbmol
R : Universal Gas constant, 10.73 (ft3×psi)/(R×lbmol)
T : Reservoir Temperature, °R
Formation volume factor in the zone of interest is calculated by the following algebraic expression
discussed in the methodology and it is equal to 0.00555 RCF/SCF.

𝐵𝑔 = 𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑎𝑐𝑡𝑜𝑟, 𝑅𝐶𝐹/𝑆𝐶𝐹 =

Where;
Psc : Pressure in standard conditions, psi
Tsc : Temperature in standard conditions, °R
Psc : 14.7 psi
Tsc : 520 °R
T : Formation temperature, °R
P

: Average Reservoir pressure, psi

Z : Gas compressibility factor

𝑃𝑠𝑐 𝑍 × 𝑇
×
… . . 𝐸𝑞𝑛. 43
𝑇𝑠𝑐
𝑃
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3.11.2. Maturity Analysis
Organic rich source rocks exhibit level of organic maturity greater than 6. Average level of organic
maturity for the zone of interest is assumed as 10.5 based on Passey et al. 2010. Level of organic
maturity is greater than 11 for very high mature reservoirs such as Marcellus shale. Level of organic
maturity greater than 10.5 results in very low TOC values so that calibration limit for level of
organic maturity is taken as 10.5 to obtain reasonable TOC values. Therefore, level of organic
maturity is assumed to be 10.5 in this case study as seen in Figure 26.

Figure 26: Resistivity separation vs. TOC at various levels of organic maturity (Passey et. al,
2010)
Vitrinite reflectance is estimated by using the algebraic expression below. Vitrinite reflectance
relates with level of organic maturity. When LOM is taken as 10.5, vitrinite reflectance is calculated
as 1.0015125 %.
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𝑅𝑜 = −0.0039 × 10.53 + 0.1494 × 10.52 − 1.5688 × 10.5 + 5.5173
= 1.0015125 % … . . 𝐸𝑞𝑛. 44
Passey method in Passey et. al (1990) is used to estimate TOC in the zone of interest based on
resistivity, sonic and density logs. Passey states that resistivity, sonic and density baseline values
are read in inorganic intervals where there is no resistivity separation between resistivity curve and
sonic and density curves. For Marcellus shale case study, resistivity curve did not accurately overlap
with density and sonic porosity curves so that relatively low resistivity, high bulk density and low
compressional travel time values representing characteristics of inorganic intervals are assigned as
baseline values as seen in Figure 27, 28 and 29. Baseline values and scale factor and scale offset to
calibrate lab values of TOC can be seen in Table 6.

Resistivity (ohm.m)

5340.0
5360.0

Depth (ft)

5380.0
5400.0
5420.0
5440.0
5460.0

52

100

Basal

5320.0

10

Lower/Upper Marcellus Stafford

1

5480.0

Figure 27: Depth (ft) vs. Resistivity (ohm.m)

1000
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5340

2.4

Stafford

2.3
5320

2.5

2.6
2.58

Bulk density (g/cc)
2.7
2.8

2.9

3

3.1

3.2

5380
5400
5420

Lower/Upper
Marcellus

Depth (ft)

5360

5460

Basal

5440

5480

Figure 28: Depth (ft) vs. Bulk Density (g/cc)

Compressional Travel Time (μsec/ft)
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Figure 29: Depth (ft) vs. Compressional Travel Time (μsec/ft)
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Table 6: Baseline and scale factor and offset values for TOC calculation
R Baseline, ohm.m

52

∆t Baseline, μsec/ft

75

ρ Baseline, g/cc

2.58

SF1s,d,n

8

SO1s,d,n

0

Sonic and density resistivity separations in organic rich intervals of Marcellus shale are calculated
using the following expressions based on resistivity, sonic and density logs.
ΔlogR from sonic/resistivity overlay:
𝛥𝑙𝑜𝑔𝑅𝑆𝑜𝑛𝑖𝑐 = log10(𝑅⁄𝑅𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) + 0.02 × (𝛥𝑡 − 𝛥𝑡𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) … . . 𝐸𝑞𝑛. 45
ΔlogR from density/resistivity overlay:
𝛥𝑙𝑜𝑔𝑅𝐷𝑒𝑛 = log10 (𝑅⁄𝑅𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) − 2.50 × (𝜌𝑏 − 𝜌𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 ) … . . 𝐸𝑞𝑛. 46
Where;
ΔlogR : Curve separation measured in logarithmic resistivity cycles
R

: Resistivity measured by the logging tool, ohm.m

RBaseline : Resistivity on ΔtBaseline when curves are baselined in clay rich rocks
Δt

: Measured compressional transit time, µsec/ft

ΔtBaseline : Compressional transit time in inorganic baseline interval, µsec/ft
ρb

: Density value of source rock, g/cc

ρBaseline

: Density value of baseline interval, g/cc

64
Then, total organic carbon content in weight percentage is calculated based on sonic and density
resistivity separation values. Total organic carbon in shale formations can be calculated using
ΔlogR from the algebraic expression below:
𝑇𝑂𝐶𝑆,𝐷 = 𝑆𝐹1𝑆,𝐷 × (𝛥𝑙𝑜𝑔𝑅𝑆,𝐷 × 10(2.297−0.1688×𝐿𝑂𝑀) ) + 𝑆𝑂1𝑆,𝐷 … . . 𝐸𝑞𝑛. 47
Where;
TOCS, D: Total organic carbon from resistivity and sonic and density log overlays, wt %
SF1S, D : Scale offset to calibrate to lab values of TOC for sonic and density logs
SO1S, D : Scale factor to calibrate to lab values of TOC for sonic and density logs
LOM : Level of Organic Maturity
TOC in (wt. frac.) is calculated by multiplying TOC (wt. %) with 0.01 since TOC (wt. %) represents
weight of TOC in shale out of 100 parts and TOC (wt. frac) represents weight of TOC in shale out
of 1 part. TOC (wt. frac) is plugged in expressions of porosity evaluation of Marcellus shale.
Figure 30 & 31 show weight percentage of TOC vs. depth for different intervals using density/sonic
curves and resistivity curve overlay methods. Average TOC in weight percentage calculated by
sonic/density and resistivity curve overlay methods for Marcellus shale, Stafford Limestone and
Basal Member can be seen in Table 7.
Table 7: Average TOC (wt. %) via sonic/density and resistivity curve overlay methods for different
intervals
TOC (wt. %)

Density/Resistivity Overlay

Sonic/Resistivity Overlay

Stafford Limestone

0

0

Marcellus Shale

6.32

9.73

Basal Member

15.51

14.76
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Figure 30: Organic Matter (wt %) vs. Depth (ft) for different intervals based on sonic travel time
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Figure 31: Organic Matter (wt %) vs. Depth (ft) for different intervals based on bulk density
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Volumetric fraction of TOC is calculated based on kerogen density using the algebraic expression
below. Average vol. fraction of TOC via sonic logging is 18.95 and that via density logging is 2.04.
𝑉𝑇𝑂𝐶 = 𝜌𝑏𝑢𝑙𝑘 × 𝑇𝑂𝐶 ⁄𝜌 𝑇𝑂𝐶 … . . 𝐸𝑞𝑛. 48
Where;
VTOC : Volume of TOC, fractional
TOC : Total Organic Carbon Content in wt. frac.
ρBulk : Bulk density, g/cc
ρTOC : Density of kerogen/TOC, g/cc
Density of kerogen is calculated by an algebraic expression derived in Ward 2010 which discusses
kerogen density in Marcellus shale. Kerogen is taken as reference to calculate density of TOC in
Marcellus Formation since both TOC and kerogen relate with organic matter of Marcellus shale.
Equation 49 in Ward 2010 is derived based on core analysis in laboratory to obtain relationship
between kerogen density and vitrinite reflectance. Since vitrinite reflectance is 1.0015125 %,
density of kerogen is estimated as 1.315 g/cc for the zone of interest by using algebraic expression:
𝐾𝑒𝑟𝑜𝑔𝑒𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔/𝑐𝑐) = 0.342 ∗ 𝑉𝑖𝑡𝑟𝑖𝑛𝑖𝑡𝑒 𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 (%) + 0.972 … . . 𝐸𝑞𝑛. 49
Average reservoir rock properties in the zone of interest are calculated using thickness weighted
averaging technique. Zone of interest is divided into a number of intervals. The algebraic expression
used for calculating the average properties is as follows:
𝑖=𝑛

𝑖=𝑛

∑(𝑘𝑖 × ℎ𝑖)/ ∑ ℎ𝑖 … 𝐸𝑞𝑛. 50
𝑖=1

𝑖=1

Where;
ki : Rock property in the zone of interest
hi : Thickness of each layer in the zone of interest
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3.11.3. Porosity Evaluation by Density and Sonic Logging
Figure 32 shows density porosity vs. depth for different intervals. For Marcellus shale, average
density porosity is 6.25 %. Density porosity is calculated by algebraic expression below which
comprises bulk density, volume and density of clay, non-clay minerals, organic matter and fluid.
𝜙𝐷𝑒𝑛𝑠𝑖𝑡𝑦
=

𝜌𝑀𝑎𝑡𝑟𝑖𝑥 − 𝜌𝑏𝑢𝑙𝑘 + 𝑉𝑇𝑂𝐶 × (𝜌𝑇𝑂𝐶 − 𝜌𝑀𝑎𝑡𝑟𝑖𝑥 ) + 𝑉𝑐𝑙𝑎𝑦 × (𝜌𝑐𝑙𝑎𝑦 − 𝜌𝑀𝑎𝑡𝑟𝑖𝑥 )
… . . 𝐸𝑞𝑛. 51
𝜌𝑀𝑎𝑡𝑟𝑖𝑥 − 𝜌𝑓𝑙𝑢𝑖𝑑

Figure 33 shows sonic porosity vs. depth for different intervals. For Marcellus shale, average sonic
porosity is 3.46 %. Sonic porosity is calculated by algebraic expression below which comprises
compressional travel time of clay and non-clay minerals, organic matter and fluid.
𝜙𝑆𝑜𝑛𝑖𝑐
=

𝛥𝑡 − 𝑉𝑐𝑙𝑎𝑦 × (𝛥𝑡𝑐𝑙𝑎𝑦 − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥 ) − 𝑉𝑇𝑂𝐶 × (𝛥𝑡𝑇𝑂𝐶 − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥 ) − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥
… . . 𝐸𝑞𝑛. 52
𝛥𝑡𝑓𝑙𝑢𝑖𝑑 − 𝛥𝑡𝑀𝑎𝑡𝑟𝑖𝑥

Density and sonic transit time values of clay, non-clay, organic matter and fluid partitions of
Marcellus shale are collected from various references and can be seen in Table 8. Sonic and density
porosities are calculated using these references. Matrix density of Stafford Limestone and Basal
Members which is siliciclastics are assumed as 2.71 g/cc and 2.65 g/cc based on matrix densities of
limestone and sandstone in Dewan 1983. Average density porosity value, 6.25 % is close to porosity
of Marcellus shale in literature which is 6 % whereas sonic porosity 3.46 % is lower than porosity
of Marcellus shale in literature. Therefore, density logging gives more reliable porosity value when
compared to sonic logging.
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Figure 32: Density Porosity vs. Depth for different intervals
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Figure 33: Sonic Porosity vs. Depth for different intervals
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Table 8: Density and sonic transit time values of different partitions of Marcellus shale
Avg. Sonic
Avg.
Density, Sonic Transit

Transit
Density,

Material
g/cc

Time, μsec/ft

References
Time,

g/cc
μsec/ft
Montmorillonite
2.45

68.44
(Dewan, 1983) &

CLAY

(Katahara, 1996)
Illite

2.65

52.37

MINERALS

NON-CLAY

2.6375
Chlorite

2.8

51.40

Kaolinite

2.65

55.32

Quartz

2.653

49.56

Albite

2.615

48.38

Orthoclase

2.563

54.42

Pyrite

5.01

38.10

MINERALS

56.8825

& (Mondol et al.,
2008)

Log Data &
2.8

47.615
(Ji, Wang & Xia,
2002)
(Ward 2010) &

ORGANIC

150.00Kerogen (TOC)

1.315

MATTER

1.315

167.5

(Fertl and

185.00
Chlllger 1988)
NIST Chemistry

FLUID

Methane Gas

0.121992

606.36

0.122

606.36
Webbook
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3.11.4. Results of Geomechanical Properties and Discussions
Algebraic expressions in Table 2 are used to calculate mechanical properties for different intervals
such as poisson’s ratio, shear modulus, young modulus, bulk modulus and minimum in-situ stress
as seen in the Figures 34, 35, 36, 37 and 38. We assume there is no tectonic activity which may
result in tectonic stresses.
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Figure 34: Poisson's Ratio vs. Depth (ft)
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The average mechanical properties of Marcellus shale and adjacent formations, Basal Member and
Stafford Limestone are calculated using the thickness weighted averaging technique discussed in
section 3.10.2. Table 9 shows the calculated Marcellus Formation geomechanical properties along
with those of adjacent formations. After that, we compared geomechanical properties of Marcellus
shale with those of adjacent formations especially for young’s modulus and minimum insitu stress
having effect on fracture height growth to predict future behavior of hydraulic fracturing strategies.
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Table 9: Average calculated mechanical properties of Marcellus Formation and adjacent
Formations
Minimum
Rock
Formation

Depth
(ft)

Shear

Young’s

Bulk

Modulus

Modulus (E)

Modulus (K)

Poisson’s

Insitu

Ratio (v)

Stress
(G) (Mpsi)

(Mpsi)

(Mpsi)
(Psi)

Stafford

5200-

Limestone

5347

0.248

1.84

4.61

3.10

3360.21

0.213

1.50

3.64

2.13

3244.29

0.208

1.66

3.99

2.28

3251.62

Upper/Lower
5347Marcellus
5446
Shale
Basal

5446-

Member

5469

Minimum insitu stress is the most important factor controlling height of fracture in the zone of
interest as verified by theoretical, laboratory and field data. The insitu stress is dependent on other
elastic properties such as bulk modulus, shear modulus or poisson’s ratio and tectonic boundary
stresses and pore fluid pressure. The minimum insitu stress contrast between the zone of interest
and adjacent boundaries results in the fact that the adjacent boundaries act as a barrier to prevent
unwanted growth of the fracture. Unwanted fracture growth at the adjacent boundaries as a result
of small amount of insitu stress contrast would lead to ineffective stimulation treatments or
unwanted gas/water production. As seen in Table 9, minimum insitu stress contrast between
Stafford Limestone and Marcellus Formation is higher than that between Basal Member and
Marcellus Formation.
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Young’s modulus is another important controlling factor on height of fracture in the zone of interest
besides minimum in-situ stress especially when the net treating pressure is comparable with the insitu stress contrast. The growth of fracture can be stopped in the cases such as there is relatively
higher or lower young’s modulus at the adjacent formations. If the fracture is approaching to the
boundary, higher modulus adjacent formations hinder the fracture growth. If the fracture is inside
the zone of interest, lower modulus adjacent formations hinder the fracture growth. In Table 9, we
can see that young’s modulus of Marcellus Formation is lower than those of adjacent formations;
therefore, the growth of fracture which would be created closer to the Stafford-Marcellus boundary
can be hindered.
As a result, a fracturing treatment seems to be applicable between 5346 ft and 5400 ft since both
young’s modulus and minimum in-situ stress results suggest that the growth of fracture can be
hindered at the Marcellus-Stafford boundary to treat an effective stimulation.

3.11.5. Gas In Place Results and Discussions for Marcellus Shale Well
3.11.5.1. Free Gas In Place
Free gas in Marcellus Formation is calculated by algebraic expression below based on areal extent,
thickness, porosity, water saturation and formation volume factor of the zone of interest. Water
saturation for zone of interest is zero since there is no free water in Marcellus Formation. Amount
of free gas calculated based on density and sonic logs can be seen in Table 10.

𝐹𝑟𝑒𝑒 𝐺𝑎𝑠, 𝑆𝐶𝐹 = 43560 × 𝐴 × ℎ × 𝜙 ×

1 − 𝑆𝑤
… . . 𝐸𝑞𝑛. 53
𝐵𝑔
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3.11.5.2. Adsorbed Gas In Place
Adsorbed gas in Marcellus Formation is calculated by algebraic expression below based on areal
extent, thickness, bulk density, adsorbed gas content and TOC (wt. frac) for the zone of interest.
Average adsorbed gas content via Langmuir isotherms for density and sonic log is 167.45 scf/ton
of organic matter for the zone of interest. Then, it is corrected by multiplying it with TOC (wt. frac)
since uncorrected adsorbed gas content is occupied in organic matter. Average corrected adsorbed
gas content for density and sonic logs in Marcellus shale well are 10.59 scf/ton and 16.30 scf/ton.
Amount of adsorbed gas calculated based on density and sonic logs can be seen in Table 10.

𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝐺𝑎𝑠, 𝑆𝐶𝐹 = 1359.65 × 𝐴 × ℎ × 𝜌𝑙𝑜𝑔 × 𝐺𝑐 × 𝑇𝑂𝐶 … . . 𝐸𝑞𝑛. 54
3.11.5.3. Initial Gas In Place
Initial gas in place (IGIP) in Marcellus Formation is calculated by summing free and adsorbed gas
by equation 55. Initial gas in place, free gas percentage and reserve in place with 10 % recovery
factor (R.F.) (Lee et al, 2011) via density and sonic logs can be seen in Table 10, Figure 39 & 40.
𝐼𝐺𝐼𝑃, 𝑆𝐶𝐹 = 43560 × 𝐴 × ℎ × 𝜙 × (1 − 𝑆𝑤 )/𝐵𝑔 + 1359.65 × 𝐴 × ℎ × 𝜌𝑙𝑜𝑔 × 𝐺𝑐
× 𝑇𝑂𝐶 … . . 𝐸𝑞𝑛. 55
𝑅𝑒𝑠𝑒𝑟𝑣𝑒 𝐼𝑛 𝑃𝑙𝑎𝑐𝑒, 𝑆𝐶𝐹 = 𝐼𝐺𝐼𝑃 × 𝑅. 𝐹 … 𝐸𝑞𝑛. 56
Table 10: Gas in place results using resistivity and sonic/density curve overlay methods for the
Marcellus shale well
Sonic Logging

Density Logging

Free Gas In Place, BCF

22.88

50.01

Adsorbed Gas In Place, BCF

4.87

1.28

Initial Gas In Place, BCF

27.7

51.28

Free Gas %

82.4

97.5

Reserve In Place, BCF

2.77

5.13
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Figure 39: Initial Gas In Place vs. Depth for different intervals based on sonic travel time
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Figure 40: Initial Gas In Place vs. Depth for different intervals based on bulk density
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Gas in place results show that free gas amount is more than adsorbed gas amount for density and
sonic logging. This indicates that adsorption mechanism is not so effective at corresponding
reservoir pressure levels which are between 2483 psi and 2543 psi based especially on bulk density
of the zone of interest. At this reservoir pressure range, the amount of free gas is more than that of
adsorbed gas as illustrated in Figure 24 before.
In addition, free gas percentage of density log is more than that of sonic log so that adsorbed gas in
place in sonic log is more than that of density log. Maturity analysis has shown that total organic
carbon content calculated using sonic logging is more than that calculated using density logging.
Therefore, the fact that sonic logging gives higher percentage of total organic carbon content causes
higher percentage of adsorbed gas in place results when compared to those calculated by density
logging. In fact, TOC is directly related to adsorbed gas in place in shale reservoirs.
Density log gives closer porosity results than sonic log when compared to literature review. The
facts that density log gives more free gas percentage and closer porosity results make
density/resistivity separation method more reliable when compared to sonic/resistivity separation
method for this particular case study.
Sonic and density logging suggest 2.77 BCF and 5.13 BCF technically and economically
recoverable reserves with 10 % recovery factor assumption. Figure 39 and 40 show that interval
between 5346 ft and 5400 ft depths has relatively more potential of gas in place when compared to
lower depths; therefore, if an effective fracturing treatment between 5346 ft and 5400 ft depths is
applied as discussed in mechanical properties section of the case study the recovery factor would
increase leading to more reserve in place results.
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3.12. Summary, Conclusions and Recommendations
Detailed petrophysical evaluation of shale gas reservoirs is always an indispensable step before
stimulation designs to optimize production. The goal of this research was to evaluate petrophysical
and geomechanical properties of unconventional shale gas formations by developing a methodology
and to apply it on a case study regarding petrophysical evaluation of Marcellus shale well. A
petrophysical model is developed illustrating different partitions of shale gas such as matrix, clay
minerals, organic matter and pore space occupied by free gas, clay bound water and adsorbed gas.
The methodology of shale gas petrophysical evaluation is comprised of maturity analysis, porosity
evaluation and initial gas in place and elastic property calculations using various well logs. The
case study on corresponding petrophysical properties of a Marcellus formation well is discussed
based on the methodology developed.
Passey method using resistivity, sonic and density logs is included in the methodology and used in
Marcellus shale case study. Total organic carbon content is calculated via resistivity separation
method once vitrinite reflectance and level of organic maturity of Marcellus shale are obtained.
TOC is an important parameter in maturity analysis since it directly relates with porosity. Porosity
of Marcellus shale interval is calculated using sonic and density logs using density and sonic
properties of different partitions of Marcellus shale. Elastic properties and minimum insitu stress of
the zone of interest are calculated using compressional and shear travel times obtained by sonic
logging. Finally, initial gas in place and reserve in place are calculated using porosity, areal extent,
water saturation and adsorbed gas content.
Following conclusions were gathered from field case study of Marcellus shale;
1. Marcellus shale case study shows that total organic carbon content directly relates with
porosity and initial gas in place. Free gas in place is more than adsorbed gas in place
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meaning that effectiveness of adsorption mechanism decreases as reservoir pressure level
increases. Percentage of free and adsorbed gas are consistent with the reservoir pressure.
2. TOC calculated via density logging is less than that calculated via sonic logging. Adsorbed
gas percentage in density logging is less than that in sonic logging meaning that TOC
directly relates with gas in place calculations.
3. Density porosity of Marcellus shale which is 6.25 % is closer to porosity in literature which
indicates that density logging gives more accurate results than sonic logging.
Sonic/Resistivity separation method gives lower porosity results of Marcellus shale when
compared to density/resistivity separation method since sonic logging can’t evaluate
natural fractures.
4. Adsorbed gas contents of Marcellus Formation via sonic and density logging are 16.30
scf/ton and 10.59 scf/ton; therefore, adsorption mechanism at the zone of interest is not so
effective which results in low percentage of adsorbed gas in place results.
5. Resistivity and total organic carbon content as a function of depth depict that organic matter
and adsorbed gas are relatively high at the boundary between Marcellus shale and Basal
Member because of high resistivity values.
6. Initial gas in place and recoverable reserves of Marcellus shale well seems to be low when
sonic logging is applied. On the other hand, density logging results in sufficient reserves
which is another reason of reliability of density logging.
7. Minimum in-situ stress and young’s modulus results of Marcellus shale and adjacent
formations show that a fracturing operation within upper Marcellus interval would be more
effective as upper Stafford-Marcellus boundary will act as a boundary because of the insitu stress contrast.
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The future work field case study will be evaluation of Marcellus shale well based on
neutron/resistivity separation method to compare maturity and gas in place results with those
obtained in this case study. Laboratory measurements such as XRD, SEM, acoustic travel time and
permeability experiments at the in-situ conditions of samples from different depths of the well lead
to a better understanding of Marcellus shale petrophysical evaluation.
In conclusion, this research leads to a better understanding of petrophysical evaluation of gas shale
with a new methodology and petrophysical model which can be applied in both field studies and
laboratory analysis to optimize stimulation treatments for economic shale gas production.
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CHAPTER 4

LABORATORY EVALUATION OF CHANGE OF PETROPHYSICAL PROPERTIES OF
GREEN RIVER SHALE AFTER INTERACTION WITH WATER

This chapter discusses laboratory experiments on Green River shale core samples such as X-Ray
diffraction analysis for qualitative and semi-quantitative mineralogy observations, scanning
electron microscope imaging to observe mineralogy and pore network of shale in high magnified
images, permeability measurements at various confining stresses using helium and acoustic
compressional and shear travel time measurements before and after interaction with water to
observe changes in geomechanical properties and porosity of Green River shale at different in-situ
conditions, interaction times and bedding planes and optimize stimulation designs.

4.1. X-Ray Diffraction Analyses
The mineral composition of three samples of Green River shale was identified by x-ray diffraction
(XRD). A PANalytical Empyrean diffractometer equipped with Cu K-alpha radiation was used to
collect the data. Qualitative phase identification, and semi-quantitative composition analysis was
performed using Jade 2010 software from Materials Data, Inc., of Livermore CA. Both qualitative
phase identification and semi-quantitative composition analysis utilized reference files from the
International Center for Diffraction Data (ICDD). Whole pattern fitting analysis was used for semiquantitative mineralogical analysis.
4.1.1. Sample Preparation
Green River Formation samples are outcrop samples from Grand Junction, Colorado. The analysis
of powders is one of the most common XRD applications. Three Green River shale samples from
one block of outcrop were prepared by grinding with a mortar and pestle to approximately 40
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micron as seen in Figure 41. The resulting powder was then placed into the cavity of a silicon low
background holder using a back-fill mount technique.

Figure 41: Green River shale sample (right) and powders (left) after the sample is prepared

4.1.2. Experimental Setup
The Empyrean is a multipurpose diffractometer which can be used to investigate and characterize
the microstructure of a sample (PANalytical, 2014). Figure 42 illustrates the configuration of the
diffractometer. Powder samples are placed onto the multi-purpose sample stage as shown in Figure
42 and sample height is set using a dial gauge. An incident x-ray from the source is diffracted by
the sample; the diffracted beam is collected by the detector.
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Figure 42: Configuration of Empyrean Diffractometer

4.1.3. Experimental Measurements
Data was collected on a PANalytical Empyrean θ/ θ diffractometer equipped with Cu radiation,
fixed slits and a PIXcel solid state detector from 5-70° 2θ with a step size equivalent to 0.02° and a
count time of 100 s. Figure 43 illustrates incident x-rays from the source diffracting from planes of
atoms with interatomic spacing, d, of the sample that are parallel to the surface. In accordance with
Bragg’s Law, each mineral species in the powder sample will contain sets of planes of varying dvalue that diffract at specific incidence angles, θ, for that mineral. These sets of diffraction angles
can be used to identify mineral phases present in a sample via a process known as qualitative phase
identification. By rotating both source and detector simultaneously at equal angles, the θ/θ
diffractometer allows all possible orientations of a mineral’s crystallites to be investigated.
Additionally, information regarding the mineral composition (wt. %) can be determined by whole
pattern fitting.
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Figure 43: Schematic of a powder diffractometer
Bragg’s law is expressed by the following algebraic expression;
𝑛 × 𝜆 = 2 × 𝑑 × 𝑠𝑖𝑛𝜃 … 𝐸𝑞𝑛. 57
Where;
n=1
𝜆 = 1.540 Ȧ;
θ = angle of incidence
d = Inter-planar spacing between planes of atoms in the unit cell
Figure 44 shows diffracted Intensities vs. 2θ for three Green River shale samples via whole pattern
fitting and intensities of each mineral in the sample are expressed in different colors.
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1’

Figure 44: Diffracted Intensities vs. 2θ for three Green River shale samples

4.1.4. Qualitative/Semi-Quantitative Mineralogy Results of Green River Shale Samples
Phase identification and whole pattern fitting semi-quantitative analysis of the diffraction patterns
indicate that the mineralogy of the three Green River shale samples are very similar. This is to be
expected as all of them are extracted from same block of outcrop. All three samples are dominantly
dolomite and calcium carbonate as seen in Figure 45, 46 & 47. The percentages shown in each
figure represents the (wt. %) of minerals present in that sample.
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Figure 45: Mineral content of Green River shale sample 1

Figure 46: Mineral content of Green River shale sample 2

Figure 47: Mineral content of Green River shale sample 3
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4.2. Scanning Electron Microscope Imaging Analyses
Scanning electron microscope images of Green River Formation is illustrated and interpreted to
observe distribution and structure of minerals and pore network in high magnified grayscale images.
The experimental procedure includes sample preparation, imaging process and interpretation of the
images. Field emission scanning electron microscope (FESEM), LEO1530, along with Gemini field
emission column is used to obtain the images of Green River shale sample.

4.2.1. Sample Preparation
Green River shale block from Grand Junction outcrop is extracted and broken into irregular shaped
little pieces up to approaching to the size about 0.2 inch which can fit with LEO1530. Then, the
sample is glued, placed and taped onto sample stub with Cu and placed into FESEM.
4.2.2. Experimental Setup
Scanning electron microscope used to image Green River shale sample is LEO1530 with Gemini
field emission column. It is capable of imaging materials in nanoscale at various magnifications.
Figure 48 shows setup of FESEM (Liu, B., 2014). Electron gun sends beam of electrons through
the FESEM up to the sample. The electron gun applies a field through a sharp needle for electrons
to come out of the tip so that the electrons are already condensed before arriving to condenser lens.
Beam of electrons passes aperture, a hole between electron gun and condenser. There are five
different sized apertures in the FESEM ranging between 10 and 120 micron. After electrons pass
the aperture, they are condensed via condenser lens to obtain images in high resolution. Then, two
sets of scan coils reflect the beam of electrons onto a grid fashion. Finally, the beam of electrons is
focused onto the sample. Figure 49 shows the picture of FESEM used in the imaging of Green River
shale sample.
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Figure 48: Setup of LEO1530 with Gemini (Liu, B., 2014)

Figure 49: LEO1530 with Gemini

89
4.2.3. Experimental Measurements
Images of Green River shale sample are obtained by imaging method through LEO1530. The
electrons sent from the electron gun passed through the components and scanned across surface of
the Green River shale sample. Interaction between incident beam of electrons with atoms of the
Green River shale sample produces various types of electrons such as elastically and inelastically
transmitted, backscattered, secondary, auger and X-Rays as seen in Figure 50. Backscattered
electrons consist of high energy electrons that are reflected out of the sample. Secondary electrons
consists of low energy electrons of the sample produced due to interaction of incident beam of
electrons and those of the sample which results in lowering of their energy. X-rays and auger
electrons are produced when incident beam of electrons hit core level electrons of the atoms of the
sample.

Figure 50: Products of interaction between incident beam of electrons and sample
Mapping of Green River shale images are constructed through area (image) scanning method. The
measurements of whole sample are conducted as the electron beam is moved along the sample in
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order to scan the sample in x-y coordinate and the radiation products are recorded by the detectors
of FESEM. Meanwhile, corresponding set of electron beams are scanned in cathode ray tube in the
same x-y coordinate as in Figure 51.

Figure 51: Green River shale image construction
Magnification of the images is controlled by the ratio between lengths of scan on cathode ray tube
and sample as expressed in the algebraic expression below. In fact, magnification can be changed
by adjusting the length of scan on sample at constant length of scan on CRT.

𝑀=

𝐿𝐶𝑅𝑇
𝐿𝑆𝑝𝑒𝑐𝑖𝑚𝑒𝑛

Where;
M

: Magnification

LCRT

: Length of scan on cathode ray tube

LSample : Length of sample

… 𝐸𝑞𝑛. 58
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4.2.4. Scanning Electron Microscope Images of Green River Sample and Discussion
Green River shale sample is imaged at various magnifications to observe distribution and structure
of minerals and pore space in gray scale. Magnification of the images varies between 1.15 kX and
10.99 kX. Mineral grains and matrix are labeled in the following SEM images (Figure 52, 53, 54 &
55) based on morphology of minerals stated in Table 11. Fine crystalline subhedral calcite grains,
well developed, coarse crystalline euhedral dolomite grains, fine grained trigonal quartz crystals
and sub-angular fine grained striated orthoclase are observed.
Table 11: Minerals and their properties in Green River shale sample (Webmineral Database)
Mineral

Chemical
Composition

Crystal
System

Property

Dolomite

CaMg(CO3)2

Trigonal,
Rhombohedral

Carbonate mineral. Blocky, crystalline and
massive form. White and gray colored.

Calcite

CaCO3

Trigonal,
Hexagonal

Carbonate mineral. Sedimentary, igneous
and metamorphic rocks. Crystalline and
massive form. Colorless to white and pink.

Quartz

SiO2

Trigonal

Wide range of colors. Conchoidal and
crystalline form. Sedimentary, metamorphic
and igneous rocks.

Monoclinic

Tectosilicate or K-feldspar. Igneous and
metamorphic rocks. Uneven, blocky and
massive form. Colorless to white and
yellow.

Triclinic

Plagioclase feldspar mineral. Magmatic and
pegmatitic rocks. White and gray colored.
Blocky, granular and striated form.

Triclinic

Tectosilicate mineral. Euhedral, granular or
massive form. White colored, transparent to
translucent. Igneous rocks.

Orthoclase

Albite

Analcime

KAlSi3O8

NaAlSi3O8

NaAlSi2O6·H2O
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Figure 52: Scanning electron microscope image of Green River shale

Figure 53: SEM image of Green River shale. Dominant carbonate minerals are observed.
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Figure 54: SEM images of Green River shale showing structure of minerals at different
magnifications

Figure 55: SEM images of Green River shale showing striated orthoclase crystals
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Figure 56 shows pore network of Green River shale in highly magnified SEM images. Two types
of porous media are observed; namely, natural fracture and intragranular pore.

Figure 56: SEM images of Green River shale showing natural fracture and intragranular pore

The geological history of Green River Formation is comprised of lake level rises and falls along
with effects of tectonics and climate change in Eocene. In addition to clay and kerogen rich oil shale
deposits, carbonate deposits having dolomite and calcite had formed in the geological evolution of
Green River Formation. Green River Formation samples having no clay content indicate that the
samples could belong to Parachute Creek Member which is dominantly comprised of kerogen-rich
and kerogen-poor dolomite and other stated minerals and at the upper levels of Green River
Formation. Reason for carbonate rich Green River Formation sample is that carbonate sediments
along with siliciclastics would be transported via fluvial environment such as braided or meandering
rivers connected with deltaic environment or along with deltaic deposits into the lacustrine
environment. After carbonate sediments are deposited in the lake environment, they overlain clay
rich deposits which have already deposited before carbonates. Mineral and fossil content of
carbonates would vary depending on lake level rises and falls as different materials would
transported and find accommodations in lacustrine environment during each parasequence sets.
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4.3. Permeability Experiments
Permeability measurements are conducted for two Green River Formation samples; one is parallel
and the other is perpendicular to bedding plane to observe how permeability changes as a function
of confining stress and pore pressure in dry conditions at room temperature and to determine if
further stimulation designs are necessary to extract gas at economical rates. Firstly, samples are
prepared with respect to experimental setup. Then, experimental measurements are conducted using
pressure transient method and finally permeability evolution of Green River Formation samples is
observed as confining stresses and pore pressures change.

4.3.1. Sample Preparation
Two Green River Formation samples from Grand Junction outcrops are drilled; one is parallel and
the other is perpendicular to bedding plane as seen in Figure 57. The samples are drilled to obtain
cylindrical shaped core plugs. Samples parallel and perpendicular to bedding plane are 1 inch in
diameter and 2.09 and 1.84 inch in length respectively. XRD and SEM confirm that Green River
shale samples are comprised of dolomite, calcite, quartz, analcime, orthoclase and albite minerals.
The structure of samples is analogous to that of gas shale.

Figure 57: Green River shale block and samples drilled parallel and perpendicular to bedding plane
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4.3.2. Experimental Setup
The experimental apparatus used for permeability measurements is a triaxial core holder as seen in
Figure 58 & 59 and Table 12. The triaxial core holder enables experiments on cylindrical samples
1 inch in diameter and up to 4 inch in length. Uniform confining stress up to 5076 psi can be applied
using dual cylinder syringe pump in radial and axial directions using water. Pore fluid pressure up
to 2465 psi can be applied using another dual cylinder syringe pump through upstream and
downstream reservoirs. Pore fluid tank can be used for the case that extra pore fluid to be injected
into the pump is needed. Pressure transducers on upstream and downstream reservoirs monitor pore
fluid pressure by Labview software panel, Ulx data acquisition.
The cylindrical sample between 2 pore fluid distribution plugs and triaxial pistons is installed within
a polyvinyl chloride (PVC) rubber jacket into the core holder. The rubber jacket’s function is to
isolate the materials inside it from the confining fluid. Volume of confining and pore fluids in the
pumps and those injected into the core holder, confining stress, pore fluid pressure and flow rates
are controlled using labview software panel for two pumps.

Figure 58: Triaxial transient pulse test permeability measurement set-up at G3 center at Penn
State University
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Figure 59: Experimental apparatus; triaxial core holder
Table 12: Components of triaxial core holder
ITEM
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17 (not shown)

QUANTITY
1
1
2
1
2
1
1
1
6
1
1
2
1
1
2
2
4

DESCRIPTION
BODY
END CAP
DISTRIBUTION PLUG 1”
RETAINER
FERRULE
TRIAXIAL CYLINDER
RUBBER JACKET
1” TRIAXIAL PISTON
SCREW RETAINER
O RING
O RING
O RING
BACK-UP RING
BACK-UP RING
BACK-UP RING
PZT SENSOR
1” SPACER 1” DIA.
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Helium leak check is first conducted to make sure that there is no leakage in the system before
starting gas permeability experiments. Pressure transducers at each reservoir record pressure in
voltage; therefore, calibration is done to convert voltage into pressure by assigning 5 different
pressure levels into the reservoirs as in Figure 60 & 61. Reservoir pressures are equal at each step
of calibration.
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Figure 60: Calibration of pressure transducer at downstream reservoir
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Figure 61: Calibration of pressure transducer at upstream reservoir
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4.3.3. Experimental Measurements
Permeability measurements are conducted for 2 Green River Formation samples, parallel and
perpendicular to bedding plane at various confining stresses and pore pressures. Samples are placed
in an oven under 40 ᵒC under vacuum for 24 hr before they installed to the core holder. The system
is also vacuum desaturated to evacuate air from the system. Pressure transient method is used to
measure permeability of Green River shale samples. In pressure transient method, pore fluid is
injected from upstream and downstream reservoirs at different pressure levels. Pressure of upstream
reservoir is higher than that of downstream so that pore fluid can flow from upstream to downstream
reservoir through core sample.
As pore fluid flows from upstream to downstream reservoir through core sample the pressure of
upstream reservoir decreases and that of downstream reservoir increases. At some point the
pressures of upstream and downstream reservoir reach equilibrium pressure which is called as pore
pressure as in Figure 62. The time to reach equilibrium pressure is relatively more for shale samples
and it also depends on apparatus, amount of pore fluid injected into the sample and upstream and
downstream pressure level. This method is called as pressure transient method. Helium is used as
pore fluid in permeability experiments since helium is non-sorbing gas. The volume of helium is
kept low by assembling downstream and upstream reservoirs at low volumes since shale’s
permeability is relatively lower than conventional reservoirs. The volumes of upstream and
downstream reservoir are 0.503 cm3 and 0.6 cm3 respectively.
In pressure transient method, there would be relatively small pressure difference between upstream
and downstream reservoirs when compared to steady state method whose downstream reservoir is
open to atmosphere. Pressure transient method would provide conditions closer to in-situ conditions
than steady state method. Pressure transient method would give less erroneous results than steady
state method. More exact results would be obtained by pressure transient method. Therefore,
pressure transient method is used in permeability experiments.
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Figure 62: Equilibrium process in pressure transient method

After equilibrium/pore pressure is obtained via pressure transient method, permeability is calculated
by using algebraic expressions below;
𝑒 −𝛼𝑡

𝑃𝑢𝑝 (𝑡) − 𝑃𝑑𝑛 (𝑡) = (𝑃𝑢𝑝 (𝑡0 ) − 𝑃𝑑𝑛 (𝑡0 ))

… 𝐸𝑞𝑛. 59

𝑘𝐴
1
1
∝= (
)(
+
) … 𝐸𝑞𝑛. 60
µ𝛽𝐿 𝑉𝑢𝑝 𝑉𝑑𝑛

Pup(t)-Pdn(t) is the pressure difference between upstream and downstream reservoirs at time t. Pup(t0)Pdn(t0) is the initial pressure difference between upstream and downstream reservoirs at time t 0. ∝
is the slope of the line of pressure difference between the reservoirs vs. log time plot as seen in
Figure 63. Fuzzy behavior of slope indicates that the experiments has been approaching to
equilibrium conditions. A and L are the cross sectional area and length of the sample. µ, β, Vup and
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Vdn are the dynamic viscosity, compressibility of the gas and volume of upstream and downstream
reservoirs (Wang, Elsworth & Liu, 2011).

Figure 63: Semi logarithmic slope vs. time (sec) plot

Permeability experiments on Green River Formation samples parallel and perpendicular to bedding
plane are conducted at 870.2 psi, 1740.5 psi and 2610.7 psi confining stresses at constant 461.22
psi pore pressure and 170.42 psi, 461.22 psi and 605.53 psi pore pressures at constant 870.2 psi
confining stresses to observe how permeability changes as confining stresses and pore pressure
increase. Firstly, a pressure increment is applied from confining fluid pump into the vessel in order
to assign confining stress. Then, pore fluid pump is used to inject helium into upstream and
downstream reservoirs at desired pressure levels and finally valves connecting the reservoirs and
the vessel are opened to let the gas flow from upstream to downstream reservoir through the vessel.
Higher upstream pressure is assigned so that the direction of flow is from upstream to downstream
reservoir through triaxial core holder.
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In each experiment, upstream and downstream pressures show constant pressure behavior after 1
day of experiment without approaching to equilibrium pressure which indicates that helium could
not pass through the sample because of the fact that sample has very low permeability as in Figure
64. Therefore, an equilibrium/pore pressure is assumed by taking the average of initial upstream
and downstream reservoirs just after the experiment started by opening valves of upstream and
downstream reservoirs.

Figure 64: Pressure (psi) vs. Time (Sec). Constant upstream and downstream pressures after 1
day of experiment
Slope is in the order of 10-7 based on upstream and downstream pressure behavior which indicates
that permeability of Green River Formation samples are very low as seen in Figure 65. Dynamic
viscosity and compressibility of helium at room temperature and pore pressure conditions are
obtained using NIST Chemistry Web-book as seen in Table 13.
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Figure 65: Semi Logarithmic Slope vs. Time. Slope is in the order of 10-7 indicating samples’
being very low permeable

Table 13: Dynamic viscosity and compressibility of helium at room temperature and pore pressures
Pore Pressure
170.42 psi

461.22 psi

605.53 psi

Dynamic Viscosity of Helium (cP)

0.019838

0.019909

0.019943

Compressibility of Helium (ft2/lbf)

0.0022743123

0.00084051885

0.00064015612
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4.3.4. Experimental Results and Discussions
Permeability of Green River shale samples parallel and perpendicular to bedding plane at various
confining stresses and pore pressures are calculated. Permeability of Green River shale varies in the
order of 10-7 millidarcy for which parallel to bedding plane and 10-8 millidarcy for which
perpendicular to bedding plane.
Permeability of Green River shale samples parallel and perpendicular to bedding plane as a function
of confining stress at constant pore pressure is shown in Figure 66. Horizontal permeability reduces
by half order of magnitude at 10-7 millidarcy as confining stress increases from 870.2 psi to 2610.7
psi for helium. On the other hand, vertical permeability is less than horizontal permeability and it
reduces by half order of magnitude at 10-8 millidarcy as confining stress increases from 870.2 psi
to 2610.7 psi for helium.
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Figure 66: Permeability evolution as a function of applied confining stress at 461.22 psi pore
pressure
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Permeability of Green River shale sample parallel and perpendicular to bedding plane as a function
of pore pressure at constant confining stress is shown in Figure 67. Horizontal permeability of
helium show an increase less than half order of magnitude 10-7 millidarcy as pore pressure increases
from 170.42 psi to 605.53 psi. On the other hand, vertical permeability is less than horizontal
permeability and it show an increase less than half order of magnitude 10-8 millidarcy as pore
pressure increases from 170.42 psi to 605.53 psi.
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Figure 67: Permeability evolution as a function of applied pore pressure at 870.2 psi confining
stress
Permeability values of Green River Formation samples prove that further stimulation designs are
necessary in order to achieve production at commercial rates. Permeability is one of those factors
affecting fracture growth in the zone of interest. If the permeability of upper and lower formations
are lower than that of Green River Formation, the adjacent formations act as a barrier against
fracture growth after hydraulic fracturing treatment is applied to the zone of Green River Formation
samples. If the permeability of adjacent zones is higher than that of Green River Formation samples,
it would cause fracture fluid leakoff leading to growth of tip of fracture beyond upper and lower
boundary between Green River Formation and adjacent zones.
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4.4. Acoustic Travel Time Experiments
Compressional and shear travel time measurements are conducted for four Green River shale
samples; two are parallel and two are perpendicular to bedding plane. The purpose of acoustic travel
time experiments is to observe behavior of acoustic travel times, mechanical properties and porosity
at various confining stresses using tap water at different interaction times and bedding planes to
optimize stimulation designs based on how tap water interact with shale. Firstly, samples are
prepared with respect to experimental setup. Then, experimental measurements are conducted and
finally the results of acoustic travel time, mechanical properties are interpreted and discussed.

4.4.1. Sample Preparation
Four Green River Formation samples from Grand Junction outcrops are used in acoustic travel time
measurements. The samples are drilled parallel and perpendicular to bedding plane to obtain
cylindrical shaped core plugs as in Figure 68. All samples are 1 inch in diameter and sample #1 and
#3 are parallel to bedding plane and 2.03 inch and 2.09 inch in length and sample #2 and #4 are
perpendicular to bedding plane and 1.97 inch and 1.84 inch in length. XRD and SEM confirm that
Green River shale samples are comprised of dolomite, calcite, quartz, analcime, orthoclase and
albite minerals. The structure of samples is analogous to that of gas shale.

Figure 68: Green River shale and samples drilled parallel and perpendicular to bedding plane
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4.4.2. Experimental Setup
The experimental apparatus used for acoustic travel time measurements is a triaxial core holder
along with ultrasonic pulser-receiver as seen in Figure 69 & 70. The triaxial core holder enables
experiments on cylindrical samples 1 inch in diameter and up to 2.3 inch in length. Confining
stresses up to 9427 psi can be applied using Teledyne Isco d-series pump in radial and axial
directions using oil. Pore fluid pressure up to 10 % of the confining stress can be applied using GDS
pumps through upstream and downstream reservoirs. Pressure transducers are installed within GDS
pumps on upstream and downstream reservoirs and pore fluid pressure can be adjusted using the
pumps. Distilled water can be used as pore fluid within the pumps.
The cylindrical sample between 2 pore fluid distribution plugs, triaxial cylinder and end cap is
installed within a polyvinyl chloride (PVC) rubber jacket into the core holder. The rubber jacket’s
function is to isolate the materials inside it from the confining fluid. Volume of confining and pore
fluids in the pumps and those injected into the core holder, confining stresses and pore fluid pressure
and flow rates are controlled using GDS instrument lab software panel for two pumps.
Olympus Panametrics Model 5058PR ultrasonic pulser-receiver is attached to the triaxial core
holder from two ends using tubes of distribution end caps with PZT sensors to send sound waves
through the sample after confining stress are assigned. The function of the ultrasonic pulser-receiver
is to measure energy of waves in sound attenuating mediums at various sampling rates, records to
stacks and samples. The sampling rate of sound waves and number of records to stacks during the
transmission are controlled using labview software panel. After sound waves went through sample
between PZT sensors and energy of wave recordings are completed, a plot of energy of
wave/amplitude versus time from which P wave and S wave arrival times are picked is generated
using labview software panel located on top of the ultrasonic pulser-receiver as seen in Figure 70.
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Figure 69: Schematic of triaxial core holder with ultrasonic pulser-receiver

Core Holder

Ultrasonic Pulser-Receiver
Figure 70: Triaxial core holder (left) with ultrasonic pulser-receiver and labview panel (right)
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4.4.3. Experimental Measurements
Compressional and shear travel time measurements on Green River Formation samples parallel and
perpendicular to bedding plane are conducted at 3 confining stresses at constant pore fluid pressure
before and after interaction with tap water. The system is vacuum desaturated to evacuate air from
the system before experiments. As different confining stresses are applied during the experiments,
the samples are deformed plastically and elastically. Displacement of sample comprises
unrecoverable and recoverable displacements. Axial displacement measured at each confining
stress during the experiments is comprised of displacement of sample, porous disks and gap
displacement. Unrecoverable displacement due to plastic deformation is weight difference of the
samples before and after experiments. Gap displacement can be observed due to the fact that minor
gaps can occur between pieces of the experimental setup. Sum of gap and unrecoverable
displacements can be observed at the end of experiments when confining stress is released from the
system. Sample displacement at each confining stress is calculated when gap and porous disk
displacements are subtracted from the measured axial displacements. Figure 71 shows axial
displacement of sample #4 measured during experiments before interaction with tap water.

Figure 71: Axial Displacement vs. Time for sample #4 during initial experiments
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Displacement of samples is calculated based on following algebraic expressions:
∆𝐿𝑚 = ∆𝐿𝑠 + ∆𝐿𝑝𝑑 + ∆𝐿𝑔 … 𝐸𝑞𝑛. 61
∆𝐿𝑔 = 𝐼 − ∆𝐿𝑢 … 𝐸𝑞𝑛. 62
∆𝐿𝑠 = ∆𝐿𝑚 − ∆𝐿𝑝𝑑 − ∆𝐿𝑔 … 𝐸𝑞𝑛. 63
Where;
∆Lm : Measured axial displacement at each confining stress, ft
∆Ls : Sample displacement, ft
∆Lg : Gap Displacement, ft
∆Lu : Unrecoverable displacement due to plastic deformation, ft
I

: Interval observed at the end of the experiment, ft

Lengths, masses and bulk densities of samples are recorded before initial experiments. When the
experiments are completed, final lengths and masses of the samples are recorded as in Table 14.
Table 14: Length, mass and bulk density of samples before/after initial acoustic travel time
measurements before interaction with water
SAMPLE #1

SAMPLE #2

SAMPLE #3

SAMPLE #4

Initial Length (ft)

0.169029

0.164271

0.174737

0.153608

Initial Diameter (ft)

0.083333

0.083333

0.083333

0.083333

Initial Mass (gr)

58.64

57.25

61.04

53.99

Final Mass (gr)

58.65

57.26

61.04

53.97

Final Height (ft)

0.168143

0.162402

0.173195

0.153084

Final Diameter (ft)

0.083235

0.083277

0.083235

0.083268

Bulk Density (g/cc)

2.256312833

2.264092204

2.273078425

2.282940884
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Table 15, 16 and 17 shows measured axial displacements and those of porous disks, Plastic
deformation and gap displacement of the samples and sample displacements during acoustic travel
time measurements before interaction with tap water.
Table 15: Measured axial displacements and those of porous disks at confining stresses during
acoustic travel time measurements before interaction with tap water

Confining
Stress (psi)
870.23
1740.45
2610.68

Measured Axial Displacement (ft)
SAMPLE SAMPLE SAMPLE SAMPLE
#1
#2
#3
#4
0.00072
0.00081
0.00069
0.00080
0.00114
0.00124
0.00119
0.00114
0.00145
0.00154
0.00155
0.00138

Axial displacement of 2
Porous disks (ft)
0.00007
0.00022
0.00035

Table 16: Plastic deformation and gap displacement of the samples during acoustic travel time
measurements before interaction with tap water
SAMPLE #1

SAMPLE #2

SAMPLE #3 SAMPLE #4

Plastic Deformation (ft)

0.00039

0.00033

0.00052

0.00036

Interval (ft)

0.00057

0.00059

0.00064

0.00059

Gap Displacement (ft)

0.00018

0.00026

0.00012

0.00022

Table 17: Sample displacement during acoustic travel time measurements before interaction with
tap water
Sample Displacement (ft)
Confining Stress (psi)

SAMPLE #1

SAMPLE #2

SAMPLE #3

SAMPLE #4

870.23

0.00047

0.00048

0.00050

0.00051

1740.45

0.00074

0.00076

0.00085

0.00070

2610.68

0.00092

0.00092

0.00108

0.00081
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For example, the axial displacement of sample #4 perpendicular to bedding plane at 2610.7 psi
confining stress can be calculated as:
∆𝐿𝑠 = ∆𝐿𝑚 − ∆𝐿𝑝𝑑 − ∆𝐿𝑔 = 0.00138 − 0.00035 − 0.00022 = 0.00081𝑓𝑡 … 𝐸𝑞𝑛. 64
Ultrasonic pulse transmission method is applied during the travel time measurements. When the
samples achieve assigned confining stress, the pulser-receiver is attached to the core holder and
then sound waves are sent between PZT sensors of end caps at both ends of the sample at 25 and
50 MHz sampling rates for experiments before and after interaction with water respectively. Energy
of waves at different confining stresses for the samples is recorded and stacked for 100 times
resulting in 100 waveforms as the sound waves are transmitted within the sample for 100 times.
Amplitude of waves during the transmission are plotted based on the energy of waves recorded by
the pulser-receiver. Compressional and shear travel time at different confining stresses are picked
on the amplitude vs. time plots as seen in Figure 72.

Figure 72: Amplitude vs. time plot for sample #4 perpendicular to bedding plane at 2610.7 psi
confining stress
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P wave arrival time is picked at the first deflection in energy of waves. P waves travel faster than S
waves so that S wave arrival time is greater than P wave arrival time. Continuous high frequent P
waves representing P wave coda interfere with S waves so that it is challenging to accurately pick
first S wave arrival time. First S wave arrival time is picked at relatively larger amplitude and lower
frequency wave coming after P wave coda.
Ultrasonic pulser-receiver transmits sound waves at distance between PZT sensors of endcaps
including sample, 2 porous disk and fraction of 2 endcaps. The length of 2 porous disks and 2
endcaps are totally 1 inch. Therefore, travel times through porous disks and end caps (zero travel
times) are subtracted from picked (total) travel times as seen in the following expression. This is
called as travel time calibration.
𝑝,𝑠

𝑡𝑐

𝑝,𝑠

𝑝,𝑠

= 𝑡𝑡 − 𝑡0

… 𝐸𝑞𝑛. 65

Where;
𝑝,𝑠

𝑡𝑐 : Calibrated travel time, µsec
𝑝,𝑠

𝑡𝑡 : Total travel time, µsec
𝑝,𝑠

𝑡0 : Zero travel time, µsec

Zero P wave travel times are obtained by conducting pulse transmission experiments on two
endcaps and two porous disks at various confining stresses as shown in Figure 73. Zero P wave
travel times at 870.2, 1740.5 and 2610.7 psi confining stresses are calculated using equation
obtained via zero P wave travel time vs. confining stress plot.
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Figure 73: Zero P Wave Travel Time (μsec) vs. Confining Stress (psi)
For 2610.7 psi, zero P wave travel time can be calculated as:
𝑝

𝑡0 = −3.4 × 10−5 × 2610.7 + 4.8 = 4.70 𝜇𝑠𝑒𝑐 … 𝐸𝑞𝑛. 66
Zero S wave travel times at the corresponding confining stresses are calculated by taking poisson
ratio of stainless steel endcap and porous disk 0.29 as stated in Dupen, 2012. For 2610.7 psi, zero
S wave travel time can be calculated as:

𝑅𝑣 =

𝑣 = 0.29 =

𝑡0𝑠

𝑝

𝑡0

=

𝑡0𝑠
… 𝐸𝑞𝑛. 67
4.70 𝜇𝑠𝑒𝑐

𝑡𝑠
0.5 × (4.70 0𝜇𝑠𝑒𝑐 )2 − 1
𝑡𝑠
(4.70 0𝜇𝑠𝑒𝑐 )2 − 1

𝑡0𝑠 = 8.64 𝜇𝑠𝑒𝑐 … 𝐸𝑞𝑛. 69

… 𝐸𝑞𝑛. 68
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After zero P wave and S wave travel times are calculated, the calibrated travel times of sample #4
perpendicular to bedding plane for 2610.7 psi are calculated by the following expressions:
𝑝

𝑝

𝑝

𝑡𝑐 , 𝜇𝑠𝑒𝑐 = 𝑡𝑡 , 𝜇𝑠𝑒𝑐 − 𝑡0 , 𝜇𝑠𝑒𝑐 = 16.12 − 4.70 … 𝐸𝑞𝑛. 70
𝑝

𝑡𝑐 = 11.42 𝜇𝑠𝑒𝑐 … 𝐸𝑞𝑛. 71
𝑡𝑐𝑠 , 𝜇𝑠𝑒𝑐 = 𝑡𝑡𝑠 , 𝜇𝑠𝑒𝑐 − 𝑡0𝑠 , 𝜇𝑠𝑒𝑐 = 33.60 − 8.64 … 𝐸𝑞𝑛. 72
𝑡𝑐𝑠 = 24.96 𝜇𝑠𝑒𝑐 … 𝐸𝑞𝑛. 73
p

t c and t sc : Calibrated P wave and S wave travel times, μsec
p

t t and t st : Total (Picked) P wave and S wave travel times, μsec
p

t 0 and t s0 : Zero P wave and S wave travel times, μsec
Compressional and shear wave velocities are calculated by dividing the length of core sample into
travel times while the measurements are being conducted as seen in the following expression. The
length of core sample is calculated by subtracting axial displacement from the initial length of core
sample. The axial displacement measured during the experiments is sum of those of sample and
porous disks. The axial displacement of sample equals to difference between those of measured and
porous disks. The axial displacement of porous disks at various confining stresses in Table 15 are
obtained by conducting triaxial tests on the porous disks.

𝑉𝑝,𝑠 =

𝐿𝑖 − ∆𝐿𝑠
𝑝,𝑠

𝑡𝑐

Where;
Vp,s : Compressional and shear Velocity, ft/μsec
Li : Initial length of core sample, ft

… 𝐸𝑞𝑛. 74
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𝑝,𝑠

𝑡𝑐 : Compressional and shear Travel Time, μsec
∆Ls: Axial displacement of sample, ft

Compressional and shear wave velocities on sample #4 perpendicular to bedding plane for 2610.7
psi confining stress can be calculated as:

𝑉𝑝 =

𝐿𝑖 − ∆𝐿𝑠
𝑝
𝑡𝑐

=

0.1536 − 0.00081
= 0.013360 𝑓𝑡/𝜇𝑠𝑒𝑐 … 𝐸𝑞𝑛. 75
11.42
𝑉𝑝 = 13380.11𝑓𝑡/𝑠𝑒𝑐 … 𝐸𝑞𝑛. 76

𝑉𝑠 =

𝐿𝑖 − ∆𝐿𝑠 0.1536 − 0.00081
=
= 0.006113 𝑓𝑡/𝜇𝑠𝑒𝑐 … 𝐸𝑞𝑛. 77
𝑡𝑐𝑠
24.96
𝑉𝑠 = 6122.33 𝑓𝑡/𝑠𝑒𝑐 … 𝐸𝑞𝑛. 78

Porosity of Green River shale samples is interpreted using compressional travel time results of
initial experiments. Algebraic expression of porosity via Wyllie relation below is used to calculate
porosity at various confining pressures. Since the samples are comprised dominantly by dolomite
mineral and there is no clay content, compressional travel time through matrix is taken to be that of
dolomite mineral. The travel time measurements are conducted using water as pore fluid; however,
water could not flow through the samples as volume of water coming out of upstream and
downstream reservoirs as a function of time before travel time measurements indicates. Therefore,
travel time of fluid is taken as that of air. It is assumed that outcrop samples belong to kerogen-poor
sequences of Green River Formation; therefore TOC is neglected in porosity calculation.
𝝓 = (𝑡 − 𝑡𝑚𝑎 )/(𝑡𝑓 − 𝑡𝑚𝑎 ) … 𝐸𝑞𝑛. 79
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Where;
t = Compressional travel time, μsec /ft
tma = Compressional travel time through matrix, 43.5 μsec /ft (Smolen, 1996)
tf = Compressional travel time through air, 888.89 μsec /ft (Zitzawitz, 1995)
Porosity of Green River shale ranges from 0.03 to 0.04 for the samples parallel and perpendicular
to bedding plane as seen in Figure 74. Average calculated porosities for samples parallel and
perpendicular to bedding plane are 3.1% and 3.7%. The porosity values obtained via acoustic travel
time measurements can be compared with those obtained via sonic logging to correlate the porosity
of Green River Formation and check the accuracy of the values.
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Figure 74: Porosity vs. Confining Stress (psi)
After the initial experiments, samples are saturated with tap water in containers at atmospheric
conditions to observe interaction of tap water with shale at different times and bedding planes as
seen in Figure 75.
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Figure 75: Saturation of sample #1 with tap water

Figure 76 shows change of concentration level of chemical elements in tap water used to saturate
samples after 120 days of interaction obtained by Inductively Coupled Plasma Atomic Emission
Spectrometry. Ionic exchange between water and minerals in samples result in increase in Si
concentration and decrease in Ca and Mg concentration.
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Figure 76: Change of concentration level of chemical elements in tap water used to saturate
samples after 120 days of interaction
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Table 18 shows weight of the samples before and after interaction with water at different interaction
times.
Table 18: Initial and final weight of samples before and after interaction with tap water
Sample

Interaction Time (day)

Initial Weight (gr)

Final Weight (gr)

#1 Parallel

0

58.64

58.64

#2 Perpendicular

0

57.25

57.25

#3 Parallel

0

61.04

61.04

#4 Perpendicular

0

53.99

53.99

#1 Parallel

35

58.63

58.87

#2 Perpendicular

35

57.22

57.52

#3 Parallel

120

60.97

61.27

#4 Perpendicular

35

53.81

54.09

Water saturations after interaction of samples with water are calculated by the following algebraic
expression and shown in Table 19:
𝑊𝑓 − 𝑊𝑖
⁄𝜌
𝑉𝑤
𝑤
𝑆𝑤 =
=
… 𝐸𝑞𝑛. 80
Φ × 𝑉𝑏𝑢𝑙𝑘
Φ × 𝑉𝑏𝑢𝑙𝑘
Where;
ϕ

: Porosity, frac

Sw : Water Saturation (Vwater/Vvoid), frac
Vbulk: Bulk volume, cc
Wf : Final Weight, gr
Wi : Initial Weight, gr
ρw : Water density, g/cc
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Vw : Volume of water, cc
Water saturation of sample #4 perpendicular to bedding plane after 35 days of saturation is
calculated as:
(54.09 − 53.81)𝑔𝑟
⁄1𝑔𝑟/𝑐𝑐
𝑆𝑤 =
= 0.3172 … 𝐸𝑞𝑛. 81
0.031 × 23.49𝑐𝑐
Table 19: Water saturation of samples after interaction with water
Sample

#1 Parallel

#2 Perpendicular

#3 Parallel

#4 Perpendicular

Sw, frac

0.3221

0.3332

0.3556

0.3172

Figure 77 shows saturation levels of samples before and after interaction with tap water.
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Figure 77: Saturation levels of samples before and after interaction with water
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After samples are saturated with tap water, acoustic travel time experiments are conducted. Lengths,
masses and bulk densities of samples are recorded before the experiments. When the experiments
are completed, final lengths and masses of the samples are recorded as in Table 20.
Table 20: Length, mass and bulk density of samples before/after initial acoustic travel time
measurements before interaction with water

Initial Length (ft)
Initial Diameter (ft)
Initial Mass (gr)
Final Mass (gr)
Final Height (ft)
Final Diameter (ft)
Bulk Density (g/cc)

SAMPLE #1
0.167979003
0.083234908
58.87
58.74
0.167585302
0.083103675
2.273931981

SAMPLE #2
0.161975066
0.083267717
57.52
57.54
0.161811024
0.083267717
2.30514848

SAMPLE #3
0.174048556
0.083234908
61.17
61.19
0.173884514
0.083234908
2.282963666

SAMPLE #4
0.152296588
0.083267717
54.03
54.03
0.152296588
0.083267717
2.299756984

Axial displacement of samples and compressional and shear velocities at different confining
stresses are calculated using the same procedure discussed for the initial acoustic travel time
experiments. Table 21, 22 and 23 shows measured axial displacements and those of porous disks,
plastic deformation and gap displacement of the samples and sample displacements during acoustic
travel time measurements after interaction with tap water.
Table 21: Measured axial displacements and those of porous disks at confining stresses during
acoustic travel time measurements after interaction with tap water

Confining Stress
(psi)
870.23
1740.45
2610.68

Measured Axial Displacement (ft)
SAMPLE SAMPLE SAMPLE SAMPLE
#1
#2
#3
#4
0.00112
0.00098
0.00053
0.00077
0.00161
0.00146
0.00092
0.00118
0.00193
0.00180
0.00118
0.00145

2 Fritz axial
displacement (ft)
0.00007
0.00022
0.00035
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Table 22: Plastic deformation and gap displacement of the samples during acoustic travel time
measurements after interaction with tap water

Plastic Deformation (ft)
Interval (ft)
Gap Displacement (ft)

SAMPLE #1
0.00039
0.00097
0.00058

SAMPLE #2
0.00016
0.00063
0.00047

SAMPLE #3 SAMPLE #4
0.00016
0.00000
0.00023
0.00043
0.00007
0.00043

Table 23: Sample displacement during acoustic travel time measurements before interaction with
tap water

Confining Stress (psi)
870.23
1740.45
2610.68

SAMPLE #1
0.00047
0.00081
0.00100

Sample Displacement (ft)
SAMPLE #2
SAMPLE #3
0.00044
0.00039
0.00077
0.00064
0.00098
0.00076

SAMPLE #4
0.00027
0.00054
0.00067
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4.4.4. Acoustic Travel Time Experimental Results, Interpretations and Discussions
4.4.4.1. Effect of Confining Stress on Acoustic Velocity and Mechanical Properties
After compressional and shear wave arrivals are picked and calibrations are done for P and S wave
travel times, the results for compressional and shear travel times at various confining stresses of
initial measurements are listed in Table 24. Compressional and shear travel times decrease as
confining stress increases.
Table 24: Compressional and shear travel time and velocity results of initial experiments at various
confining stresses

Sample

#1 Parallel

#2
Perpendicular

#3 Parallel

#4
Perpendicular

Confining
Stress
(Psi)
870.2

P-Wave
Travel Time
(μsec)
11.52

S-Wave
Travel Time
(μsec)
24.89

P-Wave
Velocity
(ft/sec)
14631.92

S-Wave
Velocity
(ft/sec)
6772.84

1740.5

11.43

24.82

14723.28

6779.54

2610.7

11.30

24.72

14877.04

6801.16

870.2

12.40

25.33

13208.61

6466.73

1740.5

11.99

25.26

13636.94

6472.25

2610.7

11.90

25.16

13726.68

6492.88

870.2

12.32

26.29

14142.31

6627.96

1740.5

12.15

26.14

14311.67

6651.43

2610.7

12.10

26.08

14351.72

6659.11

870.2

11.64

25.05

13152.87

6112.34

1740.5

11.47

24.98

13331.37

6120.65

2610.7

11.42

24.96

13380.11

6122.33
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Figure 78 and 79 show P wave and S wave velocity at different confining stresses for Green River
shale samples parallel and perpendicular to bedding plane before interaction with water. Figures
state that longitudinal waves are travelling faster than shear waves and longitudinal and shear wave
velocities increase as confining stress increases.
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Figure 78: P Wave Velocity vs. Confining Stress
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Figure 79: S Wave Velocity vs. Confining Stress
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Figure 80 shows poisson ratio at different confining stresses for Green River shale samples parallel
and perpendicular to bedding plane before interaction with water. Poisson ratio ranges between
0.358 and 0.375.
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Figure 80: Poisson Ratio vs. Confining Stress
Figure 81 shows shear modulus at different confining stresses for Green River shale samples
parallel and perpendicular to bedding plane before interaction with water. Shear modulus or
resistance of Green River shale samples against shear stress increases as confining stress increases.
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Figure 81: Shear Modulus vs. Confining Stress
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Figure 82 shows young’s modulus at different confining stresses for Green River shale samples
parallel and perpendicular to bedding plane before interaction with water. Young’s modulus or
resistance of Green River shale samples against applied stress in one direction increases as
confining stress increases.
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Figure 82: Young's Modulus vs. Confining Stress
Figure 83 shows bulk modulus at different confining stresses for Green River shale samples parallel
and perpendicular to bedding plane before interaction with water. Bulk modulus or resistance of
Green River shale samples against uniform compression increases as confining stress increases.
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Figure 83: Bulk Modulus vs. Confining Stress
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4.4.4.2. Effect of Interaction Time with Tap Water on Acoustic Velocity, Porosity, and
Mechanical Properties
After samples are interacted with tap water compressional and shear travel times and velocities are
calculated and recorded in Table 25.
Table 25: Compressional and shear travel time and velocity results of experiments after interaction
with water at various confining stresses
SampleInteraction Time

#1 Parallel
35 Days

#2
Perpendicular
35 Days

#3 Parallel
120 Days

#4
Perpendicular
35 Days

870.2

P-Wave
Travel
Time
(μsec)
11.62

1740.5

11.53

24.54

14498.32

6811.20

2610.7

11.36

24.36

14699.29

6855.42

870.2

12.90

25.45

12521.95

6347.67

1740.5

12.63

25.36

12763.77

6356.02

2610.7

12.42

25.26

12962.96

6374.23

870.2

12.86

25.87

13503.59

6713.27

1740.5

12.65

25.78

13708.33

6725.82

2610.7

12.46

25.70

13907.76

6743.37

870.2

11.68

24.83

13015.95

6123.27

1740.5

11.49

24.70

13208.08

6143.47

2610.7

11.32

24.62

13394.99

6159.38

Confining
Stress
(Psi)

S-Wave
Travel Time
(μsec)

P-Wave
Velocity
(ft/sec)

S-Wave
Velocity
(ft/sec)

24.83

14415.42

6746.81

Changes in compressional and shear wave velocities, mechanical properties and porosity of Green
River shale samples before and after interaction with tap water are plotted and discussed as a
function of interaction time at 870.2 psi confining stress in the following figures.
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Figure 84 shows compressional and shear wave velocity change as a function of interaction time
with tap water in Green River shale samples parallel and perpendicular to bedding plane.
Compressional and shear wave velocities decrease during long term exposure of Green River shale
to tap water. As sample is exposed to water solution, minerals are dissolved by dominant chemical
elements as a result of water and ion movements and salinity of the sample has decreased resulting
in lower compressional and shear velocities.
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Figure 84: Compressional and Shear velocity vs. Interaction Time
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Figure 85 shows change of porosity as a function of interaction time with tap water in Green River
shale samples parallel and perpendicular to bedding plane. Porosity of samples increases as the
samples are exposed to water solution.
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Figure 85: Porosity vs. Interaction Time
Figure 86 shows change of shear modulus as a function of interaction time with tap water in Green
River shale samples parallel and perpendicular to bedding plane. Shear modulus slightly decreases
during long term exposure of Green River shale samples to tap water. Therefore, the resistance of
Green River shale to shear stress slightly decreases as it interacts with tap water.
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Figure 86: Shear Modulus vs. Interaction Time
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Figure 87 shows change of young’s modulus as a function of interaction time with tap water in
Green River shale samples parallel and perpendicular to bedding plane. Young’s modulus, the
resistance of Green River shale to applied stress in one direction, slightly decreases during long
term exposure of the samples to tap water. Therefore, sample tends to be less rigid resulting in
having lower fracture conductivity.
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Figure 87: Young's Modulus vs. Interaction Time
Figure 88 shows change of bulk modulus as a function of interaction time with tap water in Green
River shale samples parallel and perpendicular to bedding plane. Bulk modulus, resistance of Green
River shale samples against uniform compression, slightly decreases during long term exposure of
the samples to tap water.
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4.5. Summary, Conclusions and Recommendations
Laboratory evaluation of Green River Formation samples parallel and perpendicular to bedding
plane is comprised of X-Ray Diffraction analysis, scanning electron microscope imaging,
permeability measurements and acoustic travel time experiments.
X-ray diffraction and scanning electron microscope imaging analysis are conducted to observe
qualitative and semi-quantitative mineralogy and pore network of Green River Formation samples.
Permeability measurements are conducted to observe helium permeability evolution at different
confining stresses and pore pressures before stimulation treatments. Acoustic travel time
measurements are conducted to observe changes in longitudinal and shear wave velocities and
geomechanical properties at different confining stresses before and after interaction with water.
Therefore, this study attempted to optimize stimulation designs of Green River Formation to
optimize gas production.
Following conclusions were gathered from Laboratory evaluation of Green River shale;
1. X-Ray diffraction confirm that Green River Formation outcrop samples are comprised
dominantly of carbonate minerals which relates with transportation and deposition of
carbonate sediments along with siliciclastics controlled by tectonics and climate in
depositional history of Green River Formation. The samples would belong to carbonate
rich Parachute Creek Member of Green River Formation.
2. SEM images confirm that Green River Formation samples have minor intragranular
pore space and natural fractures.
3. Permeability of Green River Formation samples increases in less than half order as pore
pressure increases.
4. Permeability of Green River Formation samples decreases in half order as confining
stress increases.
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5. Horizontal permeability is more than vertical permeability with an order of magnitude.
6. As permeability measurements results in very low permeable Green River Formation
samples, further stimulation designs such as hydraulic fracturing for Green River
Formation is necessary to increase the permeability using different fracturing fluids at
different saturation levels and interaction times.
7. Compressional and shear wave velocities of Green River Formation increase as
confining stress increases.
8. Shear, young’s and bulk modulus of Green River Formation before interaction with
water increase as confining stress increases resulting in more rigid samples so that
fracture conductivity of the samples increases.
9. Compressional and shear velocities of Green River Formation decrease as the samples
are exposed to water since minerals are dissolved by water and salinity of formation
decreases resulting in lower compressional and shear velocities.
10. Shear, young’s and bulk modulus of Green River Formation after interaction with water
decrease as samples are exposed to water resulting in less rigid samples so that fracture
conductivity of the samples decreases.
11. Green River shale can’t be fully saturated at atmospheric conditions.
The future work for laboratory evaluation of Green River Formation samples will be application of
causal filter to eliminate P waves in the amplitude vs. time plots of acoustic travel time
measurements so that first S wave arrival times can be accurately picked. Better plots in which P
and S waves can be distinguished can be generated if longer samples are used. To transmit more
frequent waves could lead shorter P wave coda which would not interfere first S wave arrival.
Frequency of P waves and S waves can be calculated to determine ratio of P wave and S wave
velocities.
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The Green River Formation samples can be saturated with different fracturing fluids such as slick
water and linear gels, hydrochloric acid at different saturation levels, temperatures, elevated stresses
and interaction times along with different proppants which keep the fractures open. This allows to
observe changes in permeability, acoustic velocities and geomechanical properties with different
fracturing fluids, interaction times, temperatures and saturation levels. Therefore, an effective
stimulation design would be optimized for Green River Formation.
In conclusion, we applied the new methodology and petrophysical model for laboratory evaluation
of Green River shale before and after samples are exposed to water to observe change in
petrophysical and mechanical properties to optimize stimulation designs.
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CHAPTER 5

CONCLUSIONS
We developed a new methodology of petrophysical evaluation of gas shale reservoirs along with a
new petrophysical model. We applied our methodology and model in a field case study of Marcellus
shale and laboratory analysis of Green River shale.
Following conclusions were gathered from this research:
1. Total organic carbon content is directly related with porosity and adsorbed gas in place of
gas shale as it is observed in field case study of Marcellus shale.
2. Sonic/Resistivity separation method gives lower porosity results of Marcellus shale when
compared to density/resistivity separation method since sonic logging can’t evaluate
natural fractures.
3. Minimum in-situ stress and young’s modulus contrast at the upper boundary of Marcellus
shale is more than those at the lower boundary so that upper boundary of Marcellus shale
would act as a barrier to hinder fracture growth when stimulation treatments are applied.
4. Adsorption mechanism is not so effective at Marcellus shale zone based on adsorbed gas
content and percentage of adsorbed gas in place when porosity/resistivity curve overlay
methods are applied.
5. Density/resistivity separation method gives higher reserve in place than sonic/resistivity
separation method.
6. Green River shale samples extracted from Grand Junction outcrop are dominantly
comprised of carbonate minerals as confirmed by XRD and SEM analysis. This indicates
that the samples would belong to Parachute Creek Member of Green River Formation at
younger successions.
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7. Green River shale has low horizontal and vertical permeability as samples could not fully
saturated with helium at elevated confining stresses and room temperature conditions by
pressure transient method.

8. Permeability of Green River shale decreases as confining stress increases and the
permeability increases as pore pressure increases.

9. Evaluation of mechanical properties of Green River shale via acoustic travel time
measurements indicate that samples became more rigid as confining stress increases so they
would have higher fracture conductivity as young’s modulus increases.

10. Green River shale samples became less rigid as young’s modulus decreases as samples are
exposed to water solution resulting in dissolution of minerals so samples would have lower
fracture conductivity after the samples are interacted with water.

This research leads to a better understanding of petrophysical evaluation of gas shale reservoirs
before and after stimulation to optimize stimulation designs to produce shale gas economically via
new developed methodology and petrophysical model.
Laboratory evaluation of Marcellus shale via core analysis section of the methodology can be
conducted to complete evaluation of Marcellus shale by calibrating the results of well logs with
those of core analysis. On the other hand, Green River shale samples can be saturated with different
fracturing fluids at elevated temperature and pressure conditions to observe how petrophysical
properties change to optimize fracture treatments.
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