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Permeability and Rigidity
of Green River Shale Before
and After Exposure to Water
Acoustic travel times through Green River shale samples both parallel and perpendicular to
bedding are measured to investigate water interactions with Green River shale and the
impact of pertinent factors including exposure durations, pore pressure, effective stress,
and anisotropy. To assist these analyses, X-ray diffraction (XRD) and permeability are
also measured. Understanding petrophysical and rock properties before and after exposure
to water is essential to optimize stimulation design in shale reservoirs. The XRD shows that
the samples are clay-poor and mainly consist of carbonate minerals. Bedding-parallel and
bedding-perpendicular permeability to non-sorbing He are measured before exposure to
tap water to analyze permeability evolution under different stress conditions using the pres-
sure transient method. The samples record very low permeabilities at recreated confining
stresses, indicating that the shale requires stimulation. The permeability decreases as con-
fining stress increases, while the permeability increases with increasing pore pressure.
Acoustic travel time measurements show that compressional and shear wave velocities,
and elastic moduli of the samples increase as confining stress increases before samples
are exposed to tap water. This results in more rigid samples which exhibit higher fracture
conductivity. The samples are saturated with tap water in containers at atmospheric pres-
sure after the initial acoustic travel time measurements. Further acoustic travel time mea-
surements and chemical elemental analysis in tap water show that quartz dissolves from the
pore structure of the Green River shale, reducing the acoustic velocities, and elastic moduli
of the samples that then exhibit lower rigidity and fracture conductivity.
[DOI: 10.1115/1.4056032]
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Introduction
From a petrophysical point of view, shale gas reservoirs mainly

consist of clay- to silt-sized inorganic matrix and kerogen [1,2].
Shale gas reservoirs have low porosity and permeability and
complex pore network. Horizontal drilling and multi-stage fracture
treatments enabled the economic development of shale oil and gas
resources. Both field and laboratory investigations are necessary to
evaluate the petrophysical properties of surface and subsurface
shale samples. The laboratory evaluation of shale is a prerequisite
to improve stimulation design and operations [3]. The mineral
assemblage is quantified using X-ray diffraction analysis [3,4].
The pressure transient method is used to determine the permeability
[5,6]. The acoustic travel times of shale are measured to evaluate
geomechanical properties [2,3].
The Eocene Green River shale was deposited in a fresh-water

lake environment, and its overall thickness extends up to 3609 ft
[7]. From bottom to top, it is subdivided into Tipton Shale,
Wilkins Peak, and Laney Shale members [8]. It consists of dolomi-
tic oil shales interbedded with carbonate-rich marginal lacustrine
mudstones with oolitic limestones [7]. It is one of the major tight
oil deposits. Recently, companies have been working on experi-
mental field projects for oil shale recovery [9]. The estimated
resources of Green River oil shale deposits have increased through-
out the history of their development and are between 1.5 and 2.5
million barrels per acre [10].
The permeability and acoustic travel time measurements of the

shale formations, including the Green River shale, were discussed

in the literature. The permeability of commercial unconventional
shale formations is less than 0.1 md [11]. Li et al. [12] discussed
the evolution of permeability with effective stress in propped frac-
tures using CH4, N2, CO2, and He in the Green River shale. They
stated that the permeability of shales, ranging from 10−3 to
10−7 md, is affected by different gas permeants. Moreover, the
ultrasonic measurements of hydrocarbon source rocks and their
anisotropy were previously studied [13,14]. The acoustic wave
velocities of the Green River shale were also discussed [15–17].
The effects of geomechanical properties, i.e., Young’s modulus,
on the fracture conductivity of shales were studied [18]. A positive
correlation between Young’s modulus and fracture conductivity of
shales was reported [18]. However, the response of petrophysical
and rock properties of the Green River shale to exposure to stimu-
lation fluids is not yet fully understood.
This paper is to further evaluate Green River shale outcrop

samples using the following investigations: (1) X-ray diffraction
analysis for qualitative and semi-quantitative mineralogy observa-
tions, (2) permeability measurements under different stress condi-
tions using non-sorbing He (assumed to be an ideal gas) before
exposure to tap water, and (3) acoustic compressional and shear
wave travel time measurements under different confining stresses
both before and after exposure to tap water. These define velocity
anisotropy and changes in the geomechanical properties of Green
River shale under different stress conditions, bedding plane orienta-
tions, and exposure times to tap water. These techniques and anal-
yses could be used to evaluate other shale formations.

Experimental Methods
Materials and Sample Preparation. Four fine-grained outcrop

samples of Green River shale are cored; two are parallel (#1 & #3)
and two are perpendicular (#2 and #4) to the bedding plane. The
samples are drilled from a Green River shale cube to obtain
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cylindrical-shaped core plugs as shown in Fig. 1. The physical
dimensions of the core plugs used for experiments in this study
are shown in Table 1.

X-Ray Diffraction Analysis. The mineral composition of fine
powders of Green River shale is identified by X-ray diffraction. A
PANalytical Empyrean diffractometer equipped with Cu K-alpha
radiation is used to collect the data. Qualitative phase identification
and semi-quantitative compositional analysis are performed using
Jade 2010 software (Materials Data Inc., Livermore, CA). Both
qualitative phase identification and semi-quantitative compositional
analysis utilized reference files from the International Center for

Diffraction Data (ICDD). Whole pattern fitting analysis is used
for semi-quantitative mineralogical analysis.

Permeability Evolution. Permeability measurements are con-
ducted for 2 Green River shale samples (#3 and #4). Samples #3
and #4 are cored parallel and perpendicular to bedding to
examine the permeability evolution of Green River shale to non-
sorbing He gas as confining stresses and pore pressures change at
room temperature. The experimental measurements are performed
using the pressure transient method under dry conditions before
the samples are exposed to tap water.
The experimental apparatus used for permeability measurements

is a triaxial core holder as shown in Fig. 2. The triaxial core holder
enables experiments on cylindrical samples of 1 in. in diameter and
up to 4 in. in length. The experimental setup allows the application
of uniform confining stresses up to 5076 psi using dual-cylinder
syringe pump in radial and axial directions using water, and pore
fluid pressure up to 2465 psi using another dual-cylinder syringe
pump through upstream and downstream reservoirs. A pore fluid
tank can be used for the case where extra pore fluid must be injected
into the pump. Pressure transducers on the upstream and down-
stream reservoirs monitor the pore fluid pressures [19].

Fig. 1 Green River shale block and samples drilled parallel and perpendicular to the bedding
plane

Table 1 Length, mass, and bulk density of core plug samples
used in this study

Physical property Sample #1 Sample #2 Sample #3 Sample #4

Length (ft) 0.17000 0.16000 0.17000 0.15000
Diameter (ft) 0.08000 0.08000 0.08000 0.08000
Mass (lb) 0.12928 0.12621 0.13457 0.11903
Bulk density (lb/ft3) 141.020 141.020 141.580 142.430

Fig. 2 Triaxial transient pulse test permeability measurement setup at G3 center at Penn State University [19]
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The cylindrical sample is placed between two cylindrical steel
endcaps (1 in. in diameter and 1 in. long). The endcaps are
plumbed with flowlines with the fluid flow distributed across the
end of the sample at the endcap-to-sample interface by a porous
frit. This ensures that the upstream and downstream pressures are
uniformly distributed across the sample and that the principal resis-
tance to flow is in the sample, not the frit. The endcaps contain pie-
zoelectric (PZT) transducers in transmission and receiver modes.
The sample, sandwiched between the frits and encaps, is installed
within a polyvinyl chloride (PVC) rubber jacket into the core
holder. The function of the rubber jacket is to isolate the materials
inside it from the confining fluid. Pressure, flowrate, and fluid
volume signals obtained from the ISCO pumps are recorded
using (National Instruments) LabVIEW program via a serial con-
nection (RS-232) between the pumps and the logging computer.
Output signals from a single linear variable differential transformer
(LVDT) and two pressure transducers are converted at 16-bit
resolution using a 16-channel data acquisition system (National
Instruments—USB 6211). The signals are then logged digitally at
a sampling rate from 1 Hz to 1 kHz by a computer using
LabVIEW [19].
The samples are placed in an oven under 40 °C under vacuum for

24 h before they are installed into the core holder. The system is
also vacuum desaturated to evacuate air from the system. The pres-
sure transient method is used to measure the permeability of the
Green River shale samples. In the pressure transient method, pore
fluid is injected from the upstream reservoirs at incremented pres-
sure levels. The pressure of the upstream reservoir is higher than
that of the downstream so that the pore fluid flows from upstream
to downstream through the core sample.

As the pore fluid flows from the upstream to the downstream res-
ervoir through the sample, the pressure of the upstream reservoir
decreases and that of the downstream reservoir increases, ultimately
equilibrating as shown in Fig. 3. The time to reach equilibrium pres-
sure is a measure of permeability. The non-sorbing He gas is used as
the pore fluid in the permeability experiments. The volume of He is
kept low by assembling downstream and upstream reservoirs at low
volumes since the permeability of shale is low. The volumes of the
upstream and downstream reservoir are 0.503 cm3 and 0.600 cm3,
respectively. In the pressure transient method, there is a relatively
small pressure difference between upstream and downstream reser-
voirs when compared to the steady-state method (downstream res-
ervoir is open to the atmosphere). The pressure transient method
would provide conditions closer to the in-situ condition than the
steady-state method.
The experimental and analytical details of the pressure transient

method for determining permeability can be found in Refs. [5,6].
The governing equation for the pressure pulse through the core
sample can be written as follows in Eqs. (1) and (2) as previously
discussed [5,6]:

Pu(t) − Pd(t) = (Pu(t0) − Pd(t0))
e−αt (1)

k =
αμcLVuVd

A(Vu + Vd)
(2)

where Pu(t)−Pd(t) is the pressure difference between the upstream
and downstream reservoirs at time t. Pu(t0)−Pd(t0) is the initial
pressure difference between upstream and downstream reservoirs
at time t0. α is the slope of the line when plotting the pressure
decay Pu(t)−Pd(t) on semi-log paper against time. k is the perme-
ability of the sample. A and L are the cross-sectional area and length
of the sample. µ and c are the dynamic viscosity and compressibility
of the gas. Vu and Vd are the volumes of the upstream and down-
stream reservoirs. The compressibility is taken as 1/Peq since the
gas is assumed to be ideal. Peq is the final equilibrium pressure in
the system when the pressures of the upstream and downstream res-
ervoirs converge at the conclusion of the test.
Permeability experiments on Green River shale both parallel and

perpendicular to bedding are conducted under confining stresses of
870 psi, 1740 psi, and 2610 psi at a constant pore pressure of
461 psi and with pore pressures of 170 psi, 461 psi, and 605 psi
under a constant confining stress of 870 psi to observe how perme-
ability changes as confining stresses and pore pressures increase.
First, a pressure increment is applied from the confining fluid
pump into the vessel to apply confining stress. Then, the pore
fluid pump is used to inject He gas into the upstream and down-
stream reservoirs at desired pressure levels. Finally, valves

Fig. 3 Equilibrium process in the pressure transient method

Fig. 4 Amplitude (V ) versus time (µsec) plot for sample #4 perpendicular to
bedding plane under 2610 psi confining stress
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connecting the reservoirs and the vessel are opened to allow gas
flow from upstream to downstream reservoirs through the sample.
Higher upstream pressure is assigned so that the direction of flow
is from upstream to downstream through the triaxial core holder.

Acoustic Travel Time Measurements. We measure acoustic
travel time to evaluate original geomechanical properties and
their evolution under various confining stresses and with different
water interaction times after the permeability experiments under
dry conditions are completed. Four samples of the Green River
shale are used in the experiments. First, the experiments are con-
ducted before exposure to tap water. After the initial experiments,
samples are saturated with tap water in containers at atmospheric
pressure to observe ionic exchange and dissolution between the
Green River shale and the tap water at different times and along
bedding planes. The acoustic travel times are measured for
samples #1, #2, and #4 after they are saturated for 35 days. The
acoustic travel times are measured for sample #3 after it is satu-
rated for ∼120 days. The samples are oven dried between the
acoustic travel time measurements. The aim of conducting the
experiments both before and then after exposure to tap water is
to observe velocity anisotropy and changes in geomechanical
properties and evaluate rigidity and fracture conductivity of the
analyzed samples.
The experimental apparatus used for acoustic travel time mea-

surements is the same triaxial core holder but with an ultrasonic
pulser–receiver as shown in Fig. 2. The triaxial core holder
allows experiments on cylindrical samples 1 inch in diameter and
up to 2.3 in. in length. Confining stresses up to 9427 psi can be
applied using Teledyne ISCO d-series pump in radial and axial
directions. Pressure transducers are installed within Global Digital
Systems (GDS) pumps on the upstream and downstream reservoirs

and pore fluid pressure can be adjusted using the pumps. Distilled
water is used as pore fluid within the pumps.
The cylindrical sample is held between two metal porous frits and

two end caps within an impermeable membrane. An Olympus Pana-
metrics Model 5058PR ultrasonic pulser–receiver is attached to the
triaxial core holder at each end using tubes of distribution end caps
with PZT sensors to send sound waves through the sample after
confining stresses are assigned. The function of the ultrasonic
pulser–receiver is to measure the energy of acoustic waves at
various sampling rates. The sampling rate and number of records
to stacks during the transmission, as well as the P- and S-wave
arrival times, are controlled using LabVIEW software panel
located on top of the ultrasonic pulser–receiver.
Compressional and shear wave travel time measurements on

Green River shale samples both parallel and perpendicular to
bedding plane are conducted under three confining stresses at a
constant pore fluid pressure before and after exposure to tap
water. The system is vacuum desaturated to evacuate air from the
system before experiments.
The ultrasonic pulse transmission method is applied to measure

the acoustic travel times. When the samples are stressed to the
assigned confining stress, the pulser–receiver is attached to the
core holder and velocities are measured at 25 and 50 MHz sampling
rates for experiments before and after exposure to tap water, respec-
tively. The samples are stacked 100 times resulting in 100 wave-
forms as the sound waves are transmitted within the sample 100
times. Amplitudes are recorded by the pulser–receiver.
P wave arrival time is picked at the first deflection in the energy

of waves. Since P waves travel faster than S waves, S-wave arrival
time is greater than P wave arrival time. Continuous high-frequency
P waves representing P wave coda interfere with S waves and
makes it challenging to accurately pick the first S-wave arrival
time. The first S-wave arrival time is picked at a relatively larger
amplitude and lower frequency coming after the P wave coda
(Fig. 4).
The ultrasonic pulser–receiver transmits acoustic waves along the

sample and between the PZT sensors in the opposing endcaps,
including the intervening (two) metal porous frits, and a fraction
of the length of the two endcaps. The length of the two porous
frits and two end caps are 1 in. in total. The diameter of the
porous frits is 1 in. The travel times through the porous frits and
end caps (“zero length” travel times) are subtracted from picked
(total) travel times for the travel time correction.
The “zero length” P wave travel times are obtained by conducting

pulse transmission experiments on two endcaps and two porous frits
under various confining stresses. The “zero length” P wave travel
times are calculated under 870, 1740, and 2610 psi confining
stresses using the expression of the linear relation between “zero

Fig. 5 “Zero Length” P wave travel time through the end caps
and porous frits (µsec) versus confining stress (psi)

Fig. 6 Change of concentration level of chemical elements in tap water used to saturate
sample #3 after 120 days of interaction
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length” P wave travel time versus confining stress (Fig. 5). The
“zero length” S-wave travel times at the corresponding confining
stresses are calculated by taking the Poisson ratio of stainless-steel
end cap and porous frits as 0.29 as stated in Ref. [20]. The “zero
length” S-wave travel time can be calculated by multiplying the
compressional to shear slowness ratio and “zero length” P wave
travel time.
After the “zero length” P wave and S-wave travel times are cal-

culated, the corrected travel time of the samples is calculated by
subtracting the “zero length” travel times from picked (total)
travel times. Compressional and shear velocities are calculated by
dividing the length of the core plug sample into corrected travel
times while the measurements are being conducted.

The change of concentration of chemical elements in tap water
used to saturate samples after ∼120 days of interaction obtained
by Inductively Coupled Plasma Atomic Emission Spectrometry is
shown in Fig. 6. Ionic exchange between water and minerals in
samples results in an increase in Si concentration and a decrease
in Ca and Mg concentration.

Results
We examine the mineral content, evolution of bedding-parallel

and bedding-perpendicular permeability, seismic velocity, anisot-
ropy, and geomechanical properties of the Green River shale.

Fig. 7 Bedding-parallel and bedding-perpendicular permeability evolution of Green River shale as functions of (a) confining
stress, (b) pore pressure, and (c) effective stress

Table 2 Compressional and shear wave travel time and velocity results of experiments before
exposure to tap water under various confining stresses

Sample Confining stress (psi) tc (µs) tS (µs) vc (ft/s) vS (ft/s)

#1 Parallel 870.2 11.52 24.89 14,756.94 6830.05
1740.5 11.43 24.82 14,873.14 6849.32
2610.7 11.30 24.72 15,044.25 6877.02

#2 Perpendicular 870.2 12.40 25.33 12,903.23 6316.62
1740.5 11.99 25.26 13,344.45 6334.13
2610.7 11.90 25.16 13,445.38 6359.30

#3 Parallel 870.2 12.32 26.29 13,798.70 6466.34
1740.5 12.15 26.14 13,991.77 6503.44
2610.7 12.10 26.08 14,049.59 6518.40

#4 Perpendicular 870.2 11.64 25.05 12,886.60 5988.02
1740.5 11.47 24.98 13,077.59 6004.80
2610.7 11.42 24.96 13,134.85 6009.62

Table 3 Compressional and shear wave travel time and velocity results of experiments after
exposure to tap water under various confining stresses

Sample-exposure time Confining stress (psi) tc (µs) tS (µs) vc (ft/s vS (ft/s)

#1
35 Days

870.2 11.62 24.91 14,629.95 6824.57
1740.5 11.53 24.54 14,744.15 6841.05
2610.7 11.36 24.36 14,964.79 6865.91

#2
35 Days

870.2 12.90 25.45 12,403.10 6286.84
1740.5 12.63 25.36 12,668.25 6309.15
2610.7 12.42 25.26 12,882.45 6334.13

#3
120 Days

870.2 12.86 25.87 13,219.28 6456.51
1740.5 12.65 25.78 13,438.74 6488.55
2610.7 12.46 25.70 13,643.66 6508.42

#4
35 Days

870.2 11.68 24.83 12,842.47 5976.10
1740.5 11.49 24.70 13,054.83 5997.60
2610.7 11.32 24.62 13,250.88 6004.80
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X-Ray Diffraction Analysis. Phase identification and whole
pattern fitting semi-quantitative analysis of the diffraction patterns
indicate that the mineralogy of the Green River shale is dominantly
dolomite and calcium carbonate with average composition: 36.3%
dolomite, 21.2% calcite, 12.5% analcime, 10.7% albite, 10.4%
quartz, and 9.0% orthoclase mineral. The Green River shale is gen-
erally composed of light gray, calcareous, dolomitic mudstones,
shales, marls, and claystones [8]. The analcime could be derived

from the alteration of smectite. The presence of orthoclase indicates
that the source material of the analyzed samples could be volcanic
ash [8]. The analyzed sample belongs to carbonate-rich and clay-
poor intervals of Wilkins Peak member or Laney Shale member
[8] of the Green River shale.

Permeability Evolution. The permeability of the Green River
shale samples measured both parallel and perpendicular to
bedding under various confining stresses and pore pressures are cal-
culated. Permeability of Green River shale is in the order of 10−7

millidarcy parallel to bedding and 10−8 millidarcy perpendicular
to bedding. Bedding-parallel and bedding-perpendicular permeabil-
ity evolution of Green River shale as functions of confining stress,
pore pressure, and effective stress is shown in Fig. 7. Effective
stress is the difference between confining stress and pore pressure
inside the sample as previously studied [19].

Acoustic Travel Time Measurements. Compressional and
shear wave travel times under various confining stresses are calcu-
lated after compressional and shear wave arrivals are picked
(Fig. 4). The results for compressional and shear wave travel
times under various confining stresses of initial measurements are
listed in Table 2. The compressional wave travel times range
from 12,903.23 ft/s to 15,044.25 ft/s under various confining
stresses before exposure to water.
The acoustic travel time measurements are initially conducted for

the samples before they are exposed to tap water. Then, the acoustic
travel time measurements are conducted after the samples are
exposed to tap water. The samples are dried in an oven between
the experiments to remove the tap water.
After the samples are exposed to tap water, compressional and

shear wave travel times and velocities are calculated and shown
in Table 3. The compressional wave travel times range from
12,403.10 ft/s to 14,964.79 ft/s under various confining stresses
after exposure to water. Compressional and shear wave travel
times decrease as confining stress increases. Shear, Young’s, and
bulk moduli of the samples are calculated based on these acoustic
travel times from Eqs. (3)–(7) shown in Table 4 as previously dis-
cussed [21].
The shear modulus, Young’s modulus, and bulk modulus under

different confining stresses for Green River shale samples parallel
and perpendicular to bedding before exposure to tap water are
shown in Fig. 8. Shear modulus or resistance of Green River
shale samples against shear stress increases as confining stress
increases. Young’s modulus or resistance of Green River shale
samples against applied stress in one direction increases as confin-
ing stress increases. Bulk modulus or resistance of Green River
shale samples against uniform compression increases as confining
stress increases.
The change of shear modulus, Young’s modulus, and bulk

modulus as functions of exposure time with tap water in Green
River shale samples parallel and perpendicular to bedding at 870
psi confining stress are shown in Fig. 9. After samples are
exposed to tap water, compressional and shear wave travel times
and velocities are calculated. 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 is exposed to tap water. Young’s
modulus, the resistance of Green River shale to applied stress in
one direction, decreases during long-term exposure of the samples
to tap water. Bulk modulus, the resistance of Green River shale
samples against uniform compression, slightly decreases during
long-term exposure of the samples to tap water.

Discussion
The permeability of the analyzed Green River shale samples

decreases with increasing confining stress (Fig. 7(a)), which
agrees with previous observations [22]. Bedding-parallel perme-
ability, the ability of flow of pore fluid parallel to bedding, shows

Table 4 Algebraic expressions for geomechanical properties
[21]

Geomechanical Property Algebraic Expression

Compressional to shear slowness ratio vc
vs

(3)

Poisson’s ratio
0.5 × R2

v − 1
R2
v − 1

(4)

Shear modulus, psi
2.1584 × 10−4ρbv

2
s (5)

Young’s modulus, psi
2G(1 + v) (6)

Bulk modulus, psi

2.1584 × 10−4ρb v2c −
4
3
v2s

( )
(7)

Fig. 8 Geomechanical properties versus confining stress
before exposure to water for Green River Shale

042401-6 / Vol. 145, APRIL 2023 Transactions of the ASME



a larger reduction from 4.89 × 10−7 md to 6.34 × 10−8 md as confin-
ing stress increases from 870 psi to 2610 psi. Conversely, bedding-
perpendicular permeability, the ability of flow of pore fluid perpen-
dicular to bedding, is less than bedding-parallel permeability and it
decreases from 7.69 × 10−8 md to 4.33 × 10−8 md as confining
stress increases from 870 psi to 2610 psi for non-sorbing He gas.
The permeability increases with increasing pore pressure for non-

sorbing gas as previously discussed [12] (Fig. 7(b)). The bedding-
parallel permeability shows a larger increase from 2.34 × 10−7 md
to 4.98 × 10−7 md as pore pressure increases from 170 psi to
605 psi. Conversely, the bedding-perpendicular permeability, the
ability for the flow of pore fluid perpendicular to bedding, is less
than the bedding-parallel permeability and shows a slight increase
from 6.91 × 10−8 md to 7.82 × 10−8 md as pore pressure increases
from 170 psi to 605 psi. Zhou et al. [22] stated that matrix- and frac-
ture permeabilities of shales decrease during the imbibition of frac-
ture fluids since clay swelling reduces the permeability. However,
the permeability of Green River shale in our measurements is not
affected by the swelling of clay minerals since no clay mineral
was observed in the analyzed samples. This contributes to an
increase in permeability under various pore pressures.
Increased effective stress generally decreases bedding-

perpendicular and bedding-parallel permeability of the analyzed
Green River shale samples for the same gas permeant as previously
studied [12,19,23–25]. The bedding-parallel permeability shows a
larger reduction when compared to bedding-perpendicular perme-
ability as effective stress increases (Fig. 7(c)).

The compressional wave velocities measured in the direction per-
pendicular to bedding for Green River shale range from
12,886.60 ft/s to 13,344.45 ft/s. Vernik and Nur [13] stated that
extremely low compressional wave velocities, ranging from
9908 ft/sec to 13,222 ft/s, in the direction perpendicular to
bedding imply strong velocity anisotropy for organic-rich Bakken
shale when compared to organic-lean shales. The velocity differ-
ence between the direction perpendicular and parallel to bedding
is much higher in organic-rich Bakken shale [13] than the Green
River shale in our study. Therefore, the Green River shale in our
study is not as strong as the organic-rich Bakken shale studied in
Ref. [13] in terms of velocity anisotropy and can be characterized
as organic-lean source rock based on relatively high compressional
wave velocities in the direction perpendicular to bedding.
Compressional and shear wave velocities of Green River shale

increase with increased confining stress as previously discussed
[26]. Shear, Young’s, and bulk moduli of the Green River shale
before exposure to water increase as confining stress increases
(Fig. 8), resulting in more rigid samples and a concomitant increase
in fracture conductivity, as previously studied [18].
Compressional and shear wave velocities decrease as the Green

River shale is exposed to tap water. Shear, Young’s, and bulk
moduli of the Green River shale decrease after exposure to tap
water (Fig. 9). Dissolution of quartz from the pore structure could
reduce moduli and acoustic velocities of the samples as confirmed
by an increase in the concentration of Si element in tap water
(Fig. 6). This implies a lower fracture conductivity of the analyzed
samples, which agrees with previous observations [18].

Conclusions
We evaluate outcrop samples of Green River shale oriented both

parallel and perpendicular to bedding through X-ray diffraction
analysis, permeability measurements, and acoustic travel time
experiments. X-ray diffraction is conducted to quantitatively deter-
mine the mineralogy of the Green River shale. Permeability mea-
surements are conducted to observe permeability evolution under
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 geo-
mechanical properties under different confining stresses both before
and after exposure to water. Therefore, this study attempts to apply
state-of-the-art laboratory techniques and analyses to evaluate shale
gas reservoirs, with a focus on petrophysical and rock properties
both before and after exposure to water. Conclusions include the
following:

• X-ray diffraction results confirm that the Green River shale is
comprised of carbonate, analcime, albite, orthoclase, and
quartz. The sample belongs to the carbonate-rich and clay-poor
intervals of the Wilkins Peak member or Laney Shale member
of the Green River shale.

• The permeability of the Green River shale samples increases
as pore pressure increases from 170 psi to 605 psi. The
permeability does not reduce since there is no swelling of
clay minerals. The permeability of the Green River shale
samples decreases as confining stress increases from 870 psi
to 2610 psi. Bedding-parallel permeability is greater than
bedding-perpendicular permeability by an order of magnitude.
The bedding-parallel permeability is more sensitive to confin-
ing stress, pore pressure, and effective stress when compared
to the bedding-perpendicular permeability. As permeability
magnitudes are very low, further stimulation design, such as
hydraulic fracturing for Green River shale, is necessary to
increase the permeability using different fracturing fluids at
different saturation levels and interaction times.

• Based on the relatively low difference in compressional wave
velocities between the direction to perpendicular and parallel
to bedding before exposure to tap water, the Green River
shale is not as strong as organic-rich black shales in terms of

Fig. 9 Geomechanical properties versus exposure time after
exposure to water for Green River Shale under 870 psi confining
stress
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velocity anisotropy and can be characterized as organic-lean
source rock.

• Acoustic travel time experiments show that compressional and
shear wave velocities increase as confining stress increases.
Green River shale tends to be more rigid and has higher
shear, Young’s, and bulk moduli.

• Conversely, compressional and shear wave velocities decrease
during experiments following exposure to water. The frame-
work minerals (i.e., quartz) are likely to be dissolved from
the pore structure resulting in lower moduli and acoustic veloc-
ities of the Green River shale.

The new understanding and evaluation methods in this study
could help improve stimulation design and operations in shale
reservoirs.
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Nomenclature
c = compressibility of the gas, 1/psi
k = permeability, md
t = time taken for discharge between upstream and

downstream reservoirs, s
v = Poisson’s ratio
A = cross-sectional area, ft2

E = Young’s modulus, psi
G = shear modulus, psi
K = bulk modulus, psi
L = length of core plug sample, ft
tc = compressional wave travel time, µs
ts = shear wave travel time, µs
vc = compressional wave velocity, ft/µs
vs = shear wave velocity, ft/µs

Peq = equilibrium pressure, psi
Rv = compressional to shear slowness ratio
Vd = volume of downstream reservoir, ft3

Vu = volume of upstream reservoir, ft3

Pd(t) = downstream reservoir pressure at time t, psi
Pd(t0) = initial downstream reservoir pressure at time t0, psi
Pu(t) = upstream reservoir pressure at time t, psi
Pu(t0) = initial upstream reservoir pressure at time t0, psi

α = slope of the line of pressure difference between the
reservoirs, 1/s

µ = dynamic viscosity, cp
ρb = bulk density, lb/ft3
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