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ABSTRACT

Previous studies found a significant increase of acoustic velocities between seismic and
ultrasonic frequencies (seismic dispersion) for shales, which would have to be taken into account
when comparing seismic or sonic field data with ultrasonic measurements in the laboratory. We
report on a series of experiments performed with partially saturated Mancos shale and Pierre
shale I in which the influence of water saturation on acoustic velocities and seismic dispersion
was investigated. The experiments were carried out in a triaxial set-up allowing for combined
measurements of quasi-static rock deformation, ultrasonic velocities, and dynamic elastic
stiffness at seismic frequencies under deviatoric stresses. Prior to testing, the rock samples were
preconditioned in desiccators at different relative humidities. For both shale types, we present
and discuss experimental results that demonstrate strong saturation and frequency dependence of
dynamic Young's moduli, Poisson's ratios and Thomsen's anisotropy parameters, as well as P-
and S-wave velocities at seismic and ultrasonic frequencies. The observed effects can be
attributed to water adsorption and capillary pressure that are functions of several factors
including water saturation. Water adsorption results in a reduction of surface energy and grain-
contact stiffness. The capillary pressure affects the effective stress and possibly also the effective
pore-fluid modulus, which may be approximated by Brie's empirical model. Reasonable fits to
the low-frequency seismic data are obtained by accounting for these two effects and applying the
anisotropic Gassmann model. The strong increase in dispersion with increasing water saturation
is attributed to local flow involving adsorbed (bound) water but a quantitative description is yet

to be provided.

INTRODUCTION
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A better understanding of mechanical properties of shales is of importance for various
applications, including drilling (borehole stability), and production from conventional reservoirs
(caprock integrity). More recently, with the production from oil and gas shales, but also with the
sequestration of CO,, and nuclear-waste storage in shale repositories, the interest in shales has
increased strongly. Mechanical properties of shales also include acoustic velocities and their
dependence on stress and fluid saturation, which is of importance in particular for seismic
monitoring. Over many decades, researches have put a great effort into the investigation of the
anisotropic, mechanical and acoustic properties of shales (e.g. Kaarsberg, 1959; Jones and
Wang, 1981; Johnston, 1987; Vernik and Nur, 1992; Hornby, 1998; Johnston and Christensen,
1995; Wang, 2002). It is known that elastic-wave induced fluid movement in the pore space
results in frequency dependant acoustic velocities in rocks, i.e. fluid saturated rocks are
dispersive (e.g. Biot, 1956; White et al., 1975; Mavko and Nur, 1979; Berryman, 1988; Dvorkin
and Nur, 1993; Johnson, 2001; Pride et al., 2004; Batzle et al., 2005; Duranti et. al., 2005; Batzle
et al., 2006). A number of theories describing seismic dispersion and its underlying mechanisms
have been proposed, however their verification remains a challenge since most experiments have
been and still are performed at ultrasonic frequencies (Miiller et al., 2010). Several experimental
techniques for measuring acoustic velocities and attenuation in additional frequency ranges have
been developed e.g. the forced deformation method for seismic frequencies (e.g. Spencer, 1981)
or the resonance-bar technique for sonic frequencies (e.g. Winkler and Nur, 1979). However, the
number of studies of seismic dispersion and attenuation of shales remains limited (e.g. Suarez-
Rivera et al., 2001; Duranti et al., 2005; Sarker and Batzle, 2010; Delle Piane et al., 2014; Bauer
et al.,, 2015; Mikhaltsevitch et al., 2016; Szewczyk et al., 2016). Moreover, some of the

published results seem to be contradictory. Suarez-Rivera et al. (2001) measured a change in P-
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wave velocity of Mancos shale in native conditions from approximately 2000 m/s at 10 Hz to
above 3500 m/s in the MHz range, with a transition frequency near 10 kHz. On the other hand,
Sarker and Batzle (2010) measured no significant dispersion from seismic to ultrasonic
frequencies for both room dry and decane saturated Mancos samples. Therefore, to better
understand dispersion in shales, systematic laboratory studies under well-defined conditions are
needed.

In this work, we report on a series of experiments performed with partially saturated Mancos
shale and Pierre shale I in which the influence of water saturation on seismic dispersion was
investigated. The experiments were carried out in an experimental setup allowing for combined
measurements of quasi-static rock deformations, ultrasonic velocities, and dynamic elastic
stiffnesses at seismic frequencies under pore pressure and deviatoric stresses. Various saturations
of examined samples were obtained by exposing core plugs to environments with controlled
relative humidities, ranging from 12% to 100%. In addition, for Mancos shale, oven-dried
samples were measured. In order to preserve the saturation states of the specimens, samples were
mounted and sealed within 1 hour. After a short description of the laboratory setup, preparation
technique, experimental conditions, and data processing methods, we present and discuss the
experimental results including: (i) the saturation sensitivity of directional Young's moduli and
Poisson's ratios as well as vertical P- and S-wave velocities for different frequency regimes, (ii)
the frequency and saturation dependence of the dynamic stiffness parameters and Thomsen's
parameters. We conclude our paper by discussing possible mechanisms that may explain
experimental observations and comparing our measurements with the proposed poroelastic

modelling.
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EXPERIMENTAL DETAILS

Sample characterization

Mancos shale, used in this work, is an outcrop from the Western United States considered
as an analogue for some shale gas reservoir rocks. XRD performed on a sample drilled from the
same batch shows around 54 wt% silicate minerals (43 wt% quartz), 24 wt% clay minerals and
20 wt% carbonates (Torsaeter et al., 2012). Permeability measurements yielded a vertical gas
permeability of ~6 nD — 10 nD. The porosity was not measured directly, however based on
density measurements of oven-dry specimens and the mineral composition obtained from the
XRD data it is estimated to be 8% =+ 1%. This porosity falls within the porosity range from 1% to
11% reported for Mancos shale (Kellogg, 1977; Sarker and Batzle, 2005; Holt et al., 2012;
Morsy et al., 2013). Mancos shale contains thin laminations with a fine-grained argillaceous

quartz texture, and is generally assumed to exhibit transverse isotropy.

Pierre shale I, used in this work, is an outcrop shale from North Dakota considered as an
analogue for some caprock formations. Pierre shale I is noticeably softer then Mancos Shale and
has a higher porosity within the range ~10% - 25% (e.g. Schultz, 1964; Schultz et al., 1980;
Olgaard et al., 1995; Holt et al., 2015). Core plugs were drilled from two batches of outcrop
material. XRD shows that samples S15 and S19 (see Table 1) consist of about 48 wt% clay
minerals, 44 wt% silicate minerals (27 wt% quartz) and around 6 wt% of carbonates. All
remaining core plugs contain about 42 wt% clay minerals, 48 wt% silicate minerals (30 wt%
quartz) and around 7 wt% of carbonates. Porosities of samples were not measured directly,
however, based on the density measurements of as-received samples, that were nearly fully

saturated (short consolidation time while exposing the core plugs to brine), and mineral density
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and composition taken from XRD tests, we have estimated the porosity of 16% + 1%. Pierre

shale I is commonly assumed to be transverse isotropic (e.g. Schultz et al., 1980).

Sample preparation and experimental conditions

Eleven cylindrical Mancos shale core plugs with a diameter of one inch and length of two
inches, and eight cylindrical Pierre shale I core plugs of the same size were cut from outcrop
material preserved in oil. To assess the anisotropic properties of the shales, experiments were
performed with differently oriented samples: The angle between the sample axis and the
symmetry axis of the shale (normal to bedding) was 0°, ~45° and 90° (see Table 1). As-received
samples (corresponding to around 76% saturation in case of Mancos shale and close to full
saturation in case of Pierre shale I) were placed inside desiccators in which the relative humidity
(RH) was controlled by saturated solutions of different types of salts (Greenspan, 1977) given in
Table 1. Actual RH was measured by hygrometers placed inside the desiccators. The samples
were put into the desiccators after the RH had stabilized. The specimens were stabilizing under
room temperature, and their weight was controlled once per day. Samples exposed to different
RH were either gaining or losing weight and expanding or shrinking slightly (see Figure 1 and
Table 1) depending on the initial state of the core plugs and RH that they have been exposed to.
Experiments were performed after the weight of samples did not change by more than 0.01 g
over the course of 1 week.

[Figure 1 about here]

All tests performed with both Pierre shale and Mancos shale were conducted under
deviatoric stress, under drained conditions, and at room temperature. For Mancos shale, the

confining stress was P.,nr = 17 MPa, the axial stress was 0., = 26 MPa. For Pierre shale I, the
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confining stress was Pcony = 18.5 MPa, the axial stress was g,, = 20 MPa. Neither for Mancos
shale nor Pierre shale was any pore pressure applied (pore-fluid lines were open during loading
and subsequently sealed to prevent exposure to a different RH). Loading rates were 10 MPa/h
and 5 MPa/h for Mancos shale and Pierre shale, respectively.

[Table 1 about here]

Experimental set-up and sample handling

The experiments were performed in the Formation Physics laboratory at SINTEF
Petroleum Research, within a triaxial compaction cell allowing for simultaneous measurements
of quasi-static deformations of core plugs, ultrasonic velocities (P- and S-wave velocities in axial
direction), and dynamic elastic properties (Young's modulus and Poisson's ratio) at seismic
frequencies (0.1 Hz — 150 Hz) under deviatoric stresses. Conceptually, the apparatus is
comparable to the setup at Colorado School of Mines (Batzle et al., 2006) with few
modifications, including: (i) fast sample mounting (~ 1 hour); (ii) independent control of axial
stress, radial stress and pore pressure; and (iii) static-deformation measurements. A schematic
drawing of the cell together with sample stack is shown in Figure 2.

[Figure 2 about here]

The sample stack consists of a rigid piston, two endcaps with the sample placed between
them, an aluminium piece with semiconductor strain gages (used for phase shift measurements at
seismic frequencies), a piezoelectric force sensor (Kistler), a piezoelectric actuator (PI), and an
internal load cell (MetaRock). The entire column is mounted on the base flange of the
compaction cell equipped with fluid lines for confining and pore pressure control as well as

necessary electric feedthroughs. The compaction cell is placed inside a mechanical loading frame
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(MTYS) that exerts axial force on the sample stack. Both top and bottom endcaps are equipped
with a pair of in-house built compressional (P) and shear (S) wave transducers (500 kHz centre
frequency) which allows for determination of velocities by the use of pulse-transmission
technique. Endcaps are also equipped with pore-fluid lines that allow for pore fluid
substitution/pore pressure control. The static axial deformation of the entire sample is measured
by three linear variable displacement transducers (LVDT) mounted in between the endcaps
(equally distributed around the circumference of the core plug). To verify the deformation
measurements and to exclude possible large heterogeneities of the sample (that would create
local strain variations), the LVDT readouts are compared with the signals obtained from the
strain gages attached to the sample. Afterwards static deformation data together with force
measurements provided by the internal load cell are used to determine quasi-static properties of
the tested core plugs. Finally, the determination of elastic parameters at seismic frequencies is
achieved by utilizing the forced deformation method (Spencer, 1981), with small-amplitude axial
strain oscillations (< 10°°) measured locally on the samples by strain gages, and force oscillations
measured by a force sensor integrated in the sample stack. In order to decrease the time the
samples were exposed to ambient conditions during mounting (which could lead to the change of
saturation) instead of gluing the strain gages to the sample's surface, the gages were taped onto
the surface and the mechanical coupling between gage and sample was provided by the applied
confining pressure. This approach allowed for strain gage mounting and subsequent sample
sealing within 1 hour after removing the core plugs from the desiccators. Details and validation
of this procedure together with a detailed description of the setup is given in Szewczyk et al.

2016.

Sources and magnitudes of experimental errors
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The errors in the ultrasonic velocity measurements associated with: (i) picking of the
arrivals, (i1) possible misalignment of the ultrasonic transducers with respect to the bedding, (iii)
interface are estimated to be between 2 — 5 %. The errors in the seismic frequency measurements
are associated with the following possible sources: (i) non-parallel alignment of the strain gages
with respect to the sample axis, (i1) small misalignment of the stack (decreasing with increasing
confining pressure), (iii) energy dissipation due to friction between the rubber jacket and the
confining pressure oil, (iv) electronic noise, and (v) sample bulging. Resulting errors were
estimated based on the seismic-frequency measurements of the Young's modulus and the
Poisson's ratio performed with non-dispersive standard materials (aluminium and PEEK). For
both standard materials, the experimental errors did not exceed 5%. In addition, since the core
plugs were not tested under hydrostatic pressure (additional axial stress applied), based on the
stress sensitivity studies reported in Szewczyk et al. (2017), a small 1 — 2 % error associated with
different stress states of 0°, 45° and 90° oriented samples is expected in measured seismic and
ultrasonic moduli. The errors associated with heterogeneities of the samples leading to local
strain variations on a scale larger than the size of the strain gages (e.g. inaccuracy during drilling
or internal variations of lamination - see Fig 7d) may introduce additional errors (see "Role of a
bedding angle" section). Our sensitivity studies of the TI material has shown that while
converting from ultrasonically measured velocities to engineering parameters (see "data analysis
procedure" section), a 10° orientation error for a nominally 45°-oriented sample, may lead to an
11% error in determination of vertical Young's modulus and around +0.07 error in determination
of Poisson's ratio. While converting from moduli measured at seismic frequencies to velocities
similar sensitivity studies shows 8% error in determination of vertical S-wave velocity, whereas

P-wave velocity is not affected by orientation errors of nominally 45°-oriented sample.
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D ATA ANALYSIS PROCEDURE

Conversion between engineering parameters and elastic velocities in TI media

Measurements performed at seismic and ultrasonic frequencies produce two different sets
of dynamic properties. While the forced deformation method determines directional Young's
modulus, E, and Poisson's ratio, v, the pulse-transmission technique provides the P- and S-wave
velocities. Therefore, comparison of obtained results requires conversion between those types of
parameters. In elastic materials, stress, o;;, and strain, & , tensors are related by Hooke's law:
0ij = Cijri€nl (D)
where Cjjq denotes the elastic stiffness matrix and Einstein’s summation convention applies. In a

transverse isotropic material, the stiffness matrix is composed by five independent parameters

(e.g. Nye, 1985):

Cll Cll - 2666 C13 O O O T
Ci1 — 2Ces Cia G 0 0 0
| e €z €3 0 0 0
Cij = 0 0 0 Cu O O (2)
0 0 0 0 C4 O
0 0 0 0 0 Cgl

here the z-axis is the unique symmetry axis and Voigt notation (Voigt, 1928) applies.

The anisotropy of the material can be quantified by three parameters introduced by Thomsen

(1986):
e = 01216_-3233 3)
5 = Ca3tCaa)®~(C33=Can)” (5)

2C33(C33—C44)
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The independent stiffnesses (C;j, Cs3, Cas, Cgs, Ci3) fully characterize the TI material, and
any of its properties may be calculated with the proper combination of those parameters (e.g.
Helbig, 1994; Mavko et al., 2009) i.e.

a) Elastic velocities:

— [Cs3
Vey = |= (6)
P
_ [Cas
Vsy = |— (7)
P
— €
Ve = |— (8)
pP
— |Ces
Vsu = |== )
pP
_ Cllsinz0+C33COSZ9+C44+\/[(C11—C44)Sin29—((:33—C44)COSZ9]2+4[C13+C44]25in29C0529
Vep(0) = J - (10)
_ Cllsin29+C33COSZ9+C44—\/[(C11—C44)Sin29—(C33—C44)C0529]2+4[C13+C44]25in29C0529
Vas(0) = - (1)

where p denotes bulk density, P and S stands for compressional and shear waves respectively,
while V5 (0) and V5(0) represents phase velocity of "quasi P-waves" and "quasi S-waves" i.e.
waves with the wave-vector normal oriented at an angle 6 with respect to material symmetry
axis. The direction of the symmetry axis is denoted by subscript V, while subscript H denotes
directions within the symmetry plane.

b) Engineering parameters:

2
Ci3

Ey = C33 —

(12)

C11—Cee

— C13
2(C11—Ces)

(13)

Vyu
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_ 4Ce6[(C11—Ce6)C33—C1s]
By = 0 (14)
C11C33—C{3
_ 2Ce6C13
Vav = _ 7 (15)
C11C33—C{3
_ (C11—2C66)C33—CE3
Vi = 2 (16)
C11C33—Cf3
1 _ COS49 Sin49 SinzGCOSZG[(Cll—c66)C33—(C13+C44)C13] (17)
E(6) Ey Ey C44[(C11—Ce6)C33—C137]

Therefore, the conversion between data obtained at seismic and ultrasonic frequencies
can be performed when experiments provide enough information to determine all independent
stiffnesses. In conventional compaction cells, where only biaxial stresses can be applied (axial
stress and confining pressure) and only axial properties measured, determination of independent
Cj's requires repetitions of the experiment on samples drilled at three different angles of
inclination with respect to the bedding (0°, 90°, and at least one additional oblique angle).
Afterwards, equations 6-17 may be inverted for the independent stiffness parameters
characteristic for a given frequency and then re-used to determine property of interest.

In the present work, due to the limited number of available core plugs, the procedure
described above was applied in the following cases: (1) Mancos shale — RH = 12% and RH =
86%; (i1) Pierre shale I — RH = 19% and RH = 55%. The independent stiffnesses of the
remaining core plugs were determined from the measured vertical properties and the Thomsen's
parameters obtained by linear extrapolation of ¢, vy and 6 vs RH curves, determined for
saturations for which three differently oriented core plugs were tested. The equations allowing to
determine independent stiffnesses from this set of data, were obtained by inverting equations 3-5
and equations 6-7 (for ultrasonic frequencies) or equations 3-5 and equations 12-13 (for seismic

frequencies). This procedure leads to two independent solutions. The choice of the physically
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valid solution was dictated by the following inequalities that are a consequence of the
requirement of positive elastic energy (e.g. Nye, 1985):

C4_4 > 0, C66 > 0, 633 > 0, Cll > C66 > 0, (Cll - 666)633 - 6123 >0 (18)

Determination of saturation level

In order to convert the relative humidities into saturations we have used the mineral
density and the XRD composition of both Mancos shale and Pierre shale. For both shale types,
we have calculated expected density in the fictitious case of zero porosity. For Mancos shale, this
density was compared with the measured bulk density of the oven-dried sample, and porosity
was calculated under the assumption that the oven-dry specimen represents saturation equal to
0.02 (drying of the shales under 105°C does not allow for the evaporation of fluid absorbed in the
thin clay layer or in small non-connected pores - Chenevert and Amanullah (1997)). In the case
of the Pierre shale, calculated density was compared with the measured bulk density of as-
received samples (which were close to full saturation) and the porosity was calculated under the
assumption that as-received samples represents saturation of 98%. Finally, the saturation level
was calculated by comparing the total available pore volume (obtained from determined
porosities) with the volume of water corresponding to the mass change measured during drying
of samples (see Figure 1). During saturation calculations, the change of volume of samples
during stabilization in desiccators leading to the change of the pore volume was taken into

account. Described procedure resulted in the RH to saturation conversion shown in Table 1.

E XPERIMENTAL RESULTS
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Experimental data are shown in Figures 3-17 and the numerical values of seismic
frequency measurements (for frequencies of 1 Hz, 21 Hz and 105 Hz) and ultrasonic

measurements are tabulated in Appendix D.
Seismic Young's moduli and Poisson's ratios, and ultrasonic velocities

Figure 3 and 4 show the directly measured directional seismic Young's moduli and
Poisson's ratios, as well as ultrasonic velocities of partially saturated Mancos shale and Pierre
shale for which three different orientations of the core plugs were available.

[Figure 3 about here]
[Figure 4 about here]

Figure 3 (a-e) and Figure 4 (a-e) show that both Mancos shale and Pierre shale exhibit
considerable dispersion in all directional Young's moduli and nearly no dispersion in the
directional Poisson's ratios at seismic frequencies (1 — 155 Hz). The figures also reveal features
that are characteristic for TI media: (i) seismic Young's moduli and ultrasonic P- and S-wave
velocities for loading parallel to bedding (Ey, Vpy, Vsu) are significantly higher than those
obtained for loading perpendicular to bedding (Ev, Vpy, Vsy); (i) seismic Young's moduli and
ultrasonic P- and S-wave velocities for loading under an oblique angle to bedding (E4s°, Vgp,
Vs) are in between data obtained for loading parallel and perpendicular to bedding; (ii1) seismic
Poisson's ratios obtained with the 0° sample, vyy, lies in between the two Poisson's ratios
obtained with the 90° sample, vyy and vyy. Furthermore, for TI media, symmetry of the

compliance matrix requires:

Yvi _ Vuv (19)

Ey Eqg
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As indicated in Figures 3 (e) and 4 (e), within the error of the measurements, Eq. 19 is confirmed
by our measurements. This shows that both Mancos shale and Pierre shale can be described as
transversely isotropic materials. In addition, the fact that Eq. 19 is fulfilled for all frequencies
(despite observed dispersion) gives confidence in the applied experimental techniques.

Figure 5 and 6 show the saturation dependency of some of the directly measured seismic
vertical Young's moduli and Poisson's ratios, as well as ultrasonic vertical P- and S-wave
velocities of Mancos shale and Pierre shale core plugs.

[Figure 5 about here]
[Figure 6 about here]

For both shale types, a strong and qualitatively similar saturation dependence of the
seismic Young's moduli and Poisson's ratios as well as ultrasonic P- and S-wave velocities can
be observed. At seismic frequencies, an increase in water content results in a strong softening of
the shale and increases Young's modulus dispersion. Mancos shale become around 27% softer
when going from oven-dried samples to 100% RH, while for Pierre shale, Ey is reduced by about
17% when going from RH = 19% to RH = 76%. Dispersion at seismic frequencies is represented
by the separation between different presented frequencies. Poisson's ratio increases by about a
factor of four between dry and moist samples. In case of Mancos shale, the vertical Poisson's
ratio gradually increases from about 0.08 at 12% RH to about 0.3 for 100% RH. In case of Pierre
shale, Poisson's ratio changes from around 0.1 at 19% RH up to about 0.25 for RH = 76%.
Overlapping of the curves representing different frequencies, indicate nearly no dispersion in
vertical Poisson's ratios at seismic frequencies. Note however, that for Pierre shale an increase in

water content beyond about 50% saturation causes a slight increase of the dispersion.
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Qualitatively similar effects of an increased water saturation on seismic Young's moduli
and Poisson's ratios were observed before for Mancos shale by Bauer et al., (2015) (1Hz — 155
Hz) and Mikhaltsevitch et al., (2016) (0.1 Hz — 100 Hz). Both of them reported on rather strong
softening of the studied core plugs followed by an increased dispersion of Young's modulus with
additional water content. They have also observed high increase of Poisson's ratios with
increased saturation. Note however, that the core plugs tested by Mikhaltsevitch et al., (2016)
seem to be softer than presented here, they also exhibits smaller Ey dispersion for core plugs
exposed to RH < 60%. In addition, Mikhaltsevitch et al., (2016) reported on increasing
dispersion of Poisson's ratios of Mancos shale with increased water content, whereas we observe
similar effect for Pierre shale only.

Ultrasonic vertical P- and S-wave velocities of both shale types exhibit large non-
monotonous saturation dependence. Elastic velocities are lower in Pierre shale than in Mancos
shale, but saturation dependencies are qualitatively similar. Vertical P-wave velocities of
relatively dry samples (up to ~ 30% saturation) drop slightly with increasing saturation. For
higher water saturations, ultrasonic Vpy exhibits a strong increase up to ~ 70% saturation.
Beyond this saturation Vpy in Mancos shale drops slightly (similar phenomenon was also
observed in Tournemire shale by Vales et al. (2004)). For S-wave velocities, again a slight
decrease of Vgy with saturation can be observed for relatively dry samples (up to ~ 30%
saturation). As the saturation further increases the ultrasonic S-wave velocities slightly increase
up to ~ 70% saturation before they slightly drop again in Mancos shale, which is qualitatively
similar to the saturation dependence of the ultrasonic P-wave velocities (for Pierre shale, there is

no data available for water saturation > 70%).

LINKING SEISMIC AND ULTRASONIC DATA
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Role of a bedding angle

In order to compare the shale properties acquired at seismic and ultrasonic frequencies,
the conversion between engineering parameters and elastic velocities in TI media described in
"Data analysis procedure" section is needed. For ultrasonic frequencies, while converting directly
measured velocities to engineering parameters, C;3 affects all directional Young's moduli and
Poisson's ratios (accordingly to equations 12-17). For seismic frequencies, while converting
directly measured engineering parameters to elastic velocities, C4, affects vertical S-wave
velocity as well as both "quasi-P-" or "quasi-S-" wave velocities (accordingly to equations 7 and
10-11). In our experiments, the value of C;3 at ultrasonic frequencies, and the value of C,, at
seismic frequencies is determined based on direct measurements of Vyp, Vs and E (9),
respectively. These measurements are performed with samples drilled at 45° angle with respect
to the bedding plane and independent stiffnesses are calculated from equations 10-11 and 17.
Due to the steep slopes of trigonometric functions around 45°, unavoidable internal variation of
lamination orientation and/or inaccurate cutting of the core plugs can result in relatively large
errors. Similarly, heterogeneities between differently oriented samples also affect the conversion
between different rock properties. Figures 7 and 8 shows the sensitivity of engineering
parameters (Ey, vypy) and S-wave velocity (Vsy) calculated from ultrasonic and seismic
measurements respectively, to a deviation from the nominal angle of 45°. In Figures 7 (a,b) and 8
(a,b) ultrasonic velocities measured with samples drilled at 0°, 45° and 90° angle with respect to
bedding were used to determine the TI stiffness matrix and then converted to vertical Young's
modulus and Poisson's ratio. In Figures 7 (c) and 8 (c¢) seismic Young's moduli and Poisson's
ratios measured with three differently oriented samples were used to determine the TI stiffness

matrix and then converted to vertical S-wave velocity.
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[Figure 7 about here]
[Figure 8 about here]

Figures 7 and 8 reveals that a relatively small sample orientation error (£10°) results in
large variations of the calculated Young's moduli, Poisson's ratios and S-wave velocities. Since it
is difficult to determine the actual (average) sample orientation or to quantify the possible effects
of the heterogeneities, and since we obtained in some cases non-physical results when assuming
the nominal angle of 45°, we slightly adopted this angle within the error margins in order to fulfil
the following requirement: (i) the dispersion of the vertical Young's modulus, Ey, should not be
negative (Ey increase with frequency), and (ii) the vertical Poisson's ratio, vyy, should exhibit
only small (or none) dispersion from seismic to ultrasonic frequencies (the critical frequency is
independent of the measured property and Poisson's ratio exhibits hardly any dispersion at
seismic frequencies, simultaneously Young's modulus shows significant dispersion between 1 Hz
— 155 Hz, thus Poisson's ratio should exhibit small (or none) dispersion from seismic to
ultrasonic frequencies). In this way, the sample orientation of the samples with a nominal angle
of 45° were set to: 55° for RH = 12% Mancos shale, 45° for RH = 86% Mancos shale, 39° for RH
= 19% Pierre shale, and 33° for RH = 55% Pierre shale.

Note that the determination of the seismic vertical P-wave velocity from the directly
measured directional Young's moduli and Poisson's ratios is not affected by this procedure, since
C55 can be calculated with the use of the properties of 0° and 90° oriented samples, only. In the
following, we will directly indicate which of the presented data were affected by assuming a

change of the nominal oblique angle, and which were not.

Frequency dependence of stiffness and velocity anisotropy
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The measurement of Young's modulus and Poisson's ratio as well as axial P- and S-wave
velocities for three different sample orientations allows for a full characterization of stiffness and
velocity anisotropy. Figure 9 shows frequency dependence of velocity anisotropy (Thomsen's
anisotropy parameters) in Mancos shale and Pierre shale, obtained for the saturations for which
three differently orientated samples were available. Values of & at seismic and ultrasonic
frequencies and values of y at ultrasonic frequencies are not affected by the procedure described
in "Role of a bedding angle" section.

[Figure 9 about here]

For Mancos shale, at seismic frequencies, both € and y decrease while 6 increases with
increasing frequency. Increased saturation causes large increase of & but only a slight increase of
¢ and y. Thomsen's parameters determined for Pierre shale show a different behaviour. Within
the seismic range, for Pierre shale exposed to RH = 19%, the values of ¢ and y remain nearly
constant while 6 decreases. Differently from Mancos shale, increased saturation has a small
impact on the values of all Thomsen's parameters. Note however, that additional water content
seem to change the trend of  at seismic frequencies.

Figure 10 shows the frequency dependence of five independent stiffness parameters Cy,
C33, C44, Cge and C;3 of the Mancos shale and Pierre shale measured for the saturations for
which three differently orientated samples were available. Values of C;4, C33 and Cg¢ at both
seismic and ultrasonic frequencies, values of C;3 at seismic frequencies, and values of C,4 at
ultrasonic frequencies are not affected by the procedure described in "Role of a bedding angle"
section.

[Figure 10 about here]
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For both shale types, highest dispersion is observed for C;; and C33. As the saturation
increases, the C;; and (33 slightly decrease at seismic frequencies for both shales. In contrast, at
ultrasonic frequencies, additional water content causes an increase of C;; and C33 as a result of
enhanced dispersion. Both C,4 and Cg¢ decrease with increasing saturation in both frequency
regimes, but the dispersion of C,4 and Cgg 1s hardly affected by saturation changes.

Frequency dependence of the stiffness parameters, Cjj's, obtained from measurements
with 0°-oriented samples (by using extrapolated Thomsen's parameters) are shown in Figure 11
and Figure 12 for Mancos shale and Pierre shale I, respectively.

[Figure 11 about here]
[Figure 12 about here]

For both shale types, some common features are found: (i) the highest dispersion is
observed for C;4 and C33; (i1) as saturation increases (up to RH = 76%) C;1 and C33 decrease at
seismic frequencies and increase at ultrasonic frequencies; (iii) C44 and Cgq exhibit relatively
small dispersion; (iv) dispersion of C44 and Cg¢ slightly increases with increasing saturation; (v)
both C,4 and C¢e decrease with increasing saturation (effect much higher for Pierre shale). For
relatively dry samples of both shale types, C;3 has the lowest value compared to the other
stiffness parameters. As the saturation increases, C;3 increases and become comparable to or

even higher than C44 and Cgg.

Dispersion and saturation dependence of vertical Young's modulus and Poisson's ratio

Figures 13 and 14 show the saturation dependence of vertical Young's modulus, Ey, and
Poisson's ratio, vyy, of Mancos shale and Pierre shale for different frequency regimes. Data

points at seismic frequencies were measured directly, ultrasonic data were determined from
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velocity measurements and were affected by procedure described in "Role of a bedding angle"
section.

[Figure 13 about here]

[Figure 14 about here]

Both shale types exhibit strong saturation sensitivity of the vertical Young's modulus and
Poisson's ratio. Figures 13 and 14 show that all previously showed saturation dependencies of the
low frequency E}; and Vy,y can be extrapolated to all measured seismic frequencies. At the same
time, additional water content results in large increase of dispersion between seismic and
ultrasonic regimes. For Mancos shale, Ey increases by more than 50% between 1 Hz and
ultrasonic frequencies for the 100% RH sample, while the 12% RH or oven-dried samples
exhibit only minor dispersion. For Pierre shale, an increase in Ey of more than 50% between
seismic and ultrasonic frequencies is already observed at RH 76%, while smaller saturations
exhibit again small dispersion. At ultrasonic frequencies, the rock softening effect visible at
seismic frequencies is still present. However, it is superposed by the dispersion effects, which
results in a rather complex water-saturation dependence. Up to ~RH = 34%, an increase in water
saturation causes Evy to decrease for both shale types. This decrease is followed by a stiffening of
the samples up to ~RH = 76% (mainly due to increased dispersion in this saturation range).
Beyond RH = 76%, the dispersion is not increasing much, and the softening effect again
dominates. The large, gradual increase of the vertical Poisson's ratio with saturation, observed at
low frequencies, is also visible at ultrasonic frequencies. The ultrasonic and seismic values of the
Poisson's ratios are roughly comparable indicating rather small, saturation independent
dispersion (beside relatively moist samples). Solid lines in Figures 13 and 14 (a) correspond to

the manual Cole-Cole fits (Appendix B) of the measured vertical Young's moduli, and dashed
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lines represent the corresponding attenuation (best fits were obtained for a = 0.65). The inverse
of the quality factor was not measured directly during our experiments, note however, that under
the assumption that the Cole-Cole model provides the physically meaningful predictions for
anisotropic rocks, the Cole-Cole fits indicate that the seismic dispersion at low water saturation

(RH < 34%) exhibits peak of attenuation in the seismic band, while samples with more

pronounced dispersion (RH > 76%) seem to have a characteristic frequency in the sonic band.

Dispersion and saturation dependence of the elastic velocities

Figures 15 and 16 show the effect of water saturation on the seismic and ultrasonic
vertical P- and S-wave velocities. Ultrasonic points were measured directly while velocities at
seismic frequencies were calculated from measured Young's moduli and Poisson's ratios. Note
however, that only seismic S-wave velocities were affected by procedure described in"Role of a
bedding angle" section.

[Figure 15 about here]
[Figure 16 about here]

Figures 15 and 16 expand previously observed large, qualitatively similar in both shales,
non-monotonous saturation dependence of velocities to seismic frequencies. Figures 15 and 16
show however that the saturation dependency of the P- and S-wave velocities is different at
seismic and ultrasonic frequencies. Vertical P-wave velocities of relatively dry samples (up to ~
30% saturation) drop slightly with increasing saturation at both ultrasonic and seismic regimes.
For higher water saturations, the difference between seismic and ultrasonic velocities increases,
thus indicating the increase of the dispersion with increased saturation. At seismic frequencies,

the vertical P-wave velocity changes only slightly up to~50% saturation, and increases at higher
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saturations. At ultrasonic frequencies, Vpy exhibits a strong increase up to ~ 70% saturation and
drops slightly afterwards. This results in a complex dispersion behaviour, with the highest
dispersion around 70% water saturation and smallest for relatively dry samples. For S-wave
velocities, dispersion is also evident for higher saturations. Again, for relatively dry samples (up
to ~ 30% saturation) of both shales, Vgy slightly decreases with saturation at both seismic and
ultrasonic frequencies, and only small dispersion can be observed. As the saturation increases the
seismic S-wave velocities continues to decrease, while the ultrasonic S-wave velocities slightly
increase up to ~ 70% saturation and drop afterwards, thus indicating that (as for P-wave

velocities) the dispersion is smallest for relatively dry samples and larger for the moist ones.

INTERPRETATION OF EXPERIMENTAL RESULTS
Water adsorption and capillary-pressure effects

There are good reasons to believe that the observed saturation dependence of the stiffness
and the stiffness/velocity dispersion of Mancos and Pierre shale can to a large extent be
attributed to both water adsorption effects and capillary-pressure effects. In sedimentary rocks,
the pore fluid and physicochemical interactions have a strong impact on the petrophysical rock
properties. In the present experiments, the relative humidity (RH) is a control parameter that is

directly related to the total suction (or chemical potential of water), s; (Tarantino, 2010):
se = - In(RH) (20)
where R is the gas constant, T is the temperature, and V,, is the molar volume of water. The total

suction is a sum of matric suction, including capillary and adsorption (electrostatic) effects, and

solute suction given by the solute (salt) concentration in the pore fluid. Both capillary pressure
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and water adsorption affect the rock stiffness, which means that a change in relative humidity
will result in a stiffness change.

Since a change in relative humidity results in a change of water content, stiffness changes
may also be induced by salt precipitation (during dry-out). Moreover, a change in pore-water
salinity with changing water content (the salt content in the sample is fixed) will result in a
change in solute suction and hence a change in matric suction (since the total suction is fixed at a
given RH), which would have to be accounted for in a quantitative description. Changes in the
stiffness can also be caused by desiccation or swelling-induced rock damage (e.g. desiccation
cracks).

Both salt-precipitation effects and rock-damage effects could be the subject of further,
more systematic studies. For the study of the latter, it is recommended to expose a given sample
to several cycles of decreasing and increasing RH in order to find out if the observed stiffness
variations are reversible or caused by irreversible rock damage. Ideally, such cycles should be
performed under confining stress since damage effects might be stronger at low confining stress.
It should be noted however, that for both Pierre shale and Mancos shale, the rock stiffness
measured in this work shows a clear and repeatable correlation with RH irrespective of whether
the sample loses or gains water. Mancos shale, e.g., gains water when exposed to 100% RH and
loses water when exposed to RH < 75%. While the low frequency Young's modulus decreases
when exposed to 100% RH, it increases during dry-out. If the stiffness changes would be due to
rock damage one might have expected a rock softening in both cases.

In the following, we will discuss the capillary-pressure effects and adsorption effects and

whether they can explain (at least qualitatively) the observed changes in stiffness and dispersion.
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Capillary pressures are known to influence the rock stiffness. The capillary pressure, p., is given
by

__ 2 ycos@

Pe=—"—, 21

"
with y being the surface tension, 0 the contact angle, and r the radius of curvature of the
meniscus. In the present case, water is the wetting phase and air the non-wetting phase, and the
pressure in the water phase, py, is smaller than the pressure in the air, p,: pa — pw = p.. The
capillary-pressure contribution to the total suction, s;, in Eq. 20, is given by -p.. With decreasing
RH, the water content decreases, and the radius of the water menisci is reduced. For estimating
the effect of the capillary pressures on the rock stiffness, an effective pore pressure, pesr, that acts
against the total stress is often applied (Bishop's law):

Pett = Pa = X(Pa — Pw) (22)
where y i1s a constant that depends on the degree of saturation. The effective stress, o', i.e. the
stress acting on the rock matrix and causing stiffness changes, is given by ¢' = G - pes. In the
simplest case, y is equal to the wetting-phase saturation (here the water saturation), which means
that the effective pore pressure is the average of the wetting and non-wetting phase pressures
weighted by the respective saturations. By reducing the relative humidity, the pressure in the
water phase (strongly) decreases, resulting in enhanced effective stresses and rock stiffening.
However, by approaching zero water saturation, the effective pore pressure would again
converge to the gas pressure despite very large capillary pressures. The experimental results
obtained with Mancos shale suggest that the rock samples gradually stiffen (at seismic
frequencies) with decreasing RH, with the oven-dried sample exhibiting the highest Young
modulus. This may still be consistent with Bishop's law since the water saturation of the oven-

dried sample is not zero, and there might be a more complex dependence of y on water
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saturation. However, if rock stiffening would be due to an increase in effective stress alone
(assuming that the effective-stress concept applies) one would expect that Young's modulus and
Poisson's ratio should behave in a similar way by increasing the total confining stress at constant
RH. We have performed such experiments with Mancos shale and observed that Poisson's ratio
increases when increasing the confining stress, while in the present experiments, Poisson's ratio
decreased with decreasing RH, i.e. increasing effective stress. Therefore, we conclude that rock
stiffening during a reduction of RH cannot be explained by capillary pressures alone, or that
Bishop's law does not apply. Capillarity might however play a role in controlling the effective
bulk modulus of the pore fluid (Santos et al., 1990), which could explain the observed saturation
dependence of Poisson's ratio as discussed in the next paragraph.

We think that adsorption effects explain (or partly explain) the observed effects of
softening with increasing RH, in accordance with previous findings (Spencer, 1981; Moerig et
al., 1996; Murphy et al., 1984). Adsorption of water on the grain surfaces results in a gradual
reduction of grain-surface energy and increase in water-layer thickness if the relative humidity is
increased from zero to 100% (Murphy et al., 1984). For the contact of spherical particles (Hertz-
Mindlin model), Johnson et al. (1971) showed that the contact area between grains depends on
the surface energy; a high surface energy results in a larger contact area and stiffness. Murphy et
al. (1984) showed that those surface-energy effects are only sizable at relatively low stresses.
However, it is not the stress but the contact force that matters, and for clay-sized grains in shales
that are orders of magnitude smaller than sandstone grains, significant surface-energy effects are
expected even for stresses in the MPa range (i.e. stresses applied in the present experiments) that
might explain the observed stiffness changes (Murphy et al., 1984). Obviously, the Hertz-

Mindlin model cannot be applied for shales with non-spherical particles but surface-energy
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changes would also affect the stiffness of contacts between non-spherical grains. Water
adsorption at grain contacts can also explain the observed increase in dispersion with increased
water content: as discussed above, the water in between the grains softens the rock. However, the
displacement of water molecules during stress variation (an increase in stress results in an
increase of the chemical potential of the water in between the grains, making it energetically
more favourable for the water to move away from the grain contact) takes time due to viscous
forces. The visco-elastic properties of adsorbed (or bound) water at grain contacts is believed to
be significantly different from those of free water (Holt and Kolste, 2017). The characteristic

frequency of stiffness dispersion associated with squirt flow is often written as
K
f, c— 7/3 (23)
n

where K is the bulk modulus of the background material, n is fluid viscosity and 7y is the aspect
ratio of soft (crack-like) pores. For aspect ratio 10% — 10~ and free water viscosity, this gives a
transition frequency in the kHz-MHz range, whereas if the water inside the soft pores is bound or
adsorbed to the surfaces, the viscosity may be several orders of magnitude higher (Holt and
Kolstg, 2017) and shift the transition into the subseismic frequency regime. Liu et al. (1994)
argued that the transition frequency for local flow in shale should be in the 10° Hz range, and
also pointed out that the Biot critical frequency is of the order 10" Hz.

It has also been shown that deformation of the menisci between the gas and the water
phase causes energy dissipation and dispersion (Miksis, 1988; Moerig et al., 1996; Johnson,
2001; Pride et al., 2004). Our observation of dispersion of Young's modulus for fully saturated
shales (dispersion is actually largest for full saturation compared to partial saturation) suggests,

however, that this effect is not the dominant dispersion mechanism.
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The discussion above gives only a qualitative account for the observed water-induced
stiffness and dispersion variations. In particular, for shales, the dispersion mechanism and its
frequency dependence are not fully understood yet. More experimental and theoretical studies
are needed for a quantitative description of the observed effects. In the next paragraph, an

attempt is made to relate these theoretical concepts to the presented experimental observations.
Modelling of the fluid-saturation effects by the anisotropic Gassmann model

Many of the assumptions underlying the Gassmann model (Appendix A) are invalid for
shales. Shales are multimineralic, heterogeneous, and mechanically not relaxed even at seismic
frequencies as the present dispersion measurements clearly show. Nevertheless, as shown below,
the Gassmann model may still be applicable if the rock-frame modulus and the pore-fluid
modulus are used as effective parameters, accounting for rock-fluid interaction effects such as
adsorption effects, capillary-pressure effects, and dispersion. Here, we have applied the
anisotropic Gassmann model (Gassmann, 1951). A two-phase fluid system consisting of water
and air was considered. In the partially saturated rocks, Ky is a mixture of the properties of a
liquid and a gas filling up the pore space. A frequently used compromise describing the
intermediate state of the fluid distribution (between homogenous and patchy saturation) is given
by Brie's empirical equation (Brie et al., 1995):

Kt prie = (Kr tiquia = Kr.gas) (1 = Sgas)” + K gas (24)

where e is an adjustable parameter. The bulk modulus and the density of water were equal to
Kt water = 2,3 GPa and pyater = 1 g/ cm? while the bulk modulus and the density of air were
assumed to be Ky 4; = 0,1 MPa and pg;,- = 0,001 g/ cm3. Assuming that discussed adsorption

effect is the main contributor of the observed softening with the increased RH, Clark et al. (1980)

Page 28 of 77



Page 29 of 77

Geophysics Manuscript, Accepted Pending: For Review Not Production

Geophysics 29

have shown that the frame moduli decrease nearly linearly with increasing RH. Since for both
Mancos shale and Pierre shale, the water saturation changes nearly linearly with RH, we assume
a linear relationship between frame modulus and saturation, and use the two parameters of the
liner function as fit parameters (independent for Pierre shale and Mancos shale). Also the
effective bulk moduli, K, of the solid phases of Mancos shale and Pierre shale were used as fit
parameters within reasonable bounds (based on the XRD data we have identified about 10 main
minerals assembling Mancos shale and Pierre shale I, using moduli of those minerals taken from
Mavko et al., 2009, we have performed Voigt and Reuss averaging, which gave us the upper and
lower limits of K). Best fits were obtained for , K; = 30 GPa for Mancos shale and K = 24 GPa
for Pierre shale I. Using the homogeneous mixing assumption and inserting the Reuss average
for the fluid bulk modulus did not fit the experimental data. However, when the effective fluid
bulk modulus is calculated assuming Brie's mixing scenario, with a patchiness exponent e = 2.4,
a good fit is obtained. Figure 17 illustrates how the modelled fluid-saturation dependence of
vertical P- and S-wave velocities, as well as vertical dynamic Young’s modulus and Poisson’s
ratio, compares with the experimental data obtained at 1Hz.
[Figure 17 about here]

Figure 17 shows that the Gassmann model together with the adsorption effects can fairly
well reproduce the observed saturation dependency of the vertical moduli at low frequencies
(except for high saturations). The predictions are more accurate for Pierre shale, though. Similar
conclusion may be drawn for horizontal moduli (Appendix C) however, predictions for
horizontal properties are somewhat less accurate. Calculated values differ from experimental
data when saturation increase above ~70% (specially visible for vertical Young's modulus and P-

wave velocity) indicating that porosity change (during exposure to different RH) and/or
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additional fluid flow mechanism should be considered. The use of Brie's approach does not
imply that the observed behaviour is caused by patchiness as part of a dispersive mechanism,
rather it may be caused by the capillary pressure effects at microscopic scale. This was suggested
by Santos et al. (1990) as part of a low-frequency limit Gassmann approach for partially
saturated rocks. Papageorgiou et al. (2016) argued that this effect is mimicked by Brie's law.
Further work is required to understand the source and nature of the observed dispersion and how

to model it.

CONCLUSIONS

Mancos shale and Pierre shale I were subjected to a series of experiments in which influence
of water saturation on seismic dispersion was investigated. Different saturations of the samples
were obtained by exposing core plugs to different relative humidity environments. In addition,
for Mancos shale, oven-dried samples were measured. Experiments were carried out in an
apparatus allowing for combined static-compaction, ultrasonic and dynamic stiffness
measurements at seismic frequencies under triaxial stress conditions. Both shales exhibit a large
number of similarities in frequency and saturation dependencies of their properties. This is
surprising, considering the differences in porosity and mineralogy between the two shales.
Experiments confirmed that both Mancos shale and Pierre shale I can be described by TI
symmetry and showed that water saturation has a large impact on dynamic stiffnesses, acoustic
velocities, and dispersions of both shales. We have observed up to 50% dispersion in vertical
Young's modulus, Ey, and 26% in vertical P-wave velocity. Increased water saturation causes
increase of the seismic dispersion and (assuming that Cole-Cole fit is meaningful for anisotropic

rocks) shift of characteristic frequencies towards higher values. Simultaneously, additional water
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content causes strong softening of the samples at seismic frequencies. Saturation sensitivity at
ultrasonic frequencies is a result of increased dispersion counteracting the softening effect, which
leads to more complex behaviour. Poisson's ratio of both shales exhibits rather small dispersion
and strongly depends on saturation. P-wave velocity exhibits lowest discrepancy between
seismic and ultrasonic measurements in case of either highly saturated or oven-dry samples, the
intermediate states shows that increased water contend strongly increases dispersion. We tend to
associated observed rock softening effects with water adsorption at grain contacts, which could
also explain increase of Poisson's ratio due to reduction of friction. Poroelastic modelling
(anisotropic Gassmann) captures the observed phenomena (except for high saturations) after
accounting for water weakening through adsorption effects, and fluid modulus stiffening through

Brie's mixing law. However, available models cannot fully capture the observed phenomena.
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APPENDICES

Appendix A: Anisotropic Gassmann model

The anisotropic form of the Gassmann equation was used to model experimental results

(Gassmann, 1951):

il =l + b, (A-1)
b = B, — % (A-2)
Br=B=P3=1 (A-3)
Bs=Ps=Ps=0 (A-4)
o5 %) a9
D*=1 +3iKs(b1 + b, + bs) (A-6)

where index fr denotes the properties of the frame, Ky and K stands for the bulk modulus of the

pore fluid and the solid phase, respectively, and ¢ indicates the porosity.

Appendix B: Cole-Cole model

Assuming that the Cole-Cole model may be applied for anisotropic rocks, the Cole-Cole
model was used to fit the measured data (Cole and Cole, 1941):

sinh(1-a) In wty

E' = Eo, + 220

— B-1
2 cosh(1—a)In w‘qﬁcos? ( )
Eop—Ecxo ﬂ

EII — 2 2 (B-Z)

cosh(1—a) In wtg +sin%

here E,, E, denote the high- and low- frequency moduli, respectively, 7, stand for the relaxation

time, E’ and E"' are a real and an imaginary part of complex modulus, w is the angular frequency
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and «a is a parameter accounting for the width of the relaxation time distribution. The magnitude

EI

of the modulus is equal to VE'2 + E''2 and associated attenuation can be found by Q7! = -

Appendix C: Modelling of the fluid-saturation effects for horizontal moduli by the

anisotropic Gassmann model

Following the procedure described in the "Modelling of the fluid-saturation effects by the
anisotropic Gassmann model" section and keeping values of all the fitting parameters unchanged
the horizontal moduli of Mancos shale and Pierre shale I were modelled. Figure C - 1 illustrates
how the modelled fluid-saturation dependence of horizontal P- and S-wave velocities, as well as
horizontal dynamic Young’s modulus and Poisson’s ratio, compares with the experimental data
obtained at 1Hz.

[Figure C - 1 about here]

Appendix D: Numerical values of measured and calculated properties of tested shales

Numerical values of measured and calculated directional Young's moduli and Poisson's
ratios, directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of tested shales at seismic (1 Hz, 21 Hz, 105 Hz) and ultrasonic

frequencies, are tabulated below:

[Table D - 1 about here]
[Table D - 2 about here]
[Table D - 3 about here]
[Table D - 4 about here]

[Table D - 5 about here]
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[Table D - 6 about here]
[Table D - 7 about here]
[Table D - 8 about here]
[Table D - 9 about here]
[Table D - 10 about here]

[Table D - 11 about here]
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LIST OF FIGURES
Figure 1 — Mass change of Mancos shale and Pierre shale I core plugs used during experiments.
In order to achieve various saturation levels, as-received core plugs were placed in the
desiccators with various relative humidity (RH) and were stabilizing under room temperature.
Figure 2 - Schematic drawings of the experimental setup (a) and the sample with attached strain
(b). Indicated on the drawings are: piston (A), pressure vessel (B), linear variable displacement
transducer (LVDT), measuring axial quasi-static deformations (C), adapter plates holding the
LVDTs (D), aluminum standard with attached strain gages for phase shift measurements (E),
piezoelectric force sensor, measuring force modulations at seismic frequencies (F), piezoelectric
actuator, generating displacement modulations at seismic frequencies (G), internal load cell,
measuring quasi-static deviatoric stress (H), top and bottom endcaps with embedded
compressional and shear wave transducers and pore-fluid lines (I), sample (J), strain gages
attached to sample (K), rubber sleeve around the sample that seals the sample from the oil in the
cell used for applying confining stress (L), and pore-fluid lines (M).
Figure 3 - Directly measured anisotropic properties obtained with three differently oriented
Mancos shale core plugs for RH = 12 % and RH = 86 %. (a-d) directional Young's moduli and
Poisson's ratios measured at seismic frequencies. (e) directional P- and S-wave velocities
measured at ultrasonic frequencies. (f) Seismic (Ey/Ev)/(vav/vyn), that for TI symmetry should
be equal to 1, measured for both saturations.
Figure 4 — Directly measured anisotropic properties obtained with three differently oriented
Pierre shale I core plugs for RH = 19 % and RH = 55 %. (a-d) directional Young's moduli and

Poisson's ratios measured at seismic frequencies. (e) directional P- and S-wave velocities
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measured at ultrasonic frequencies. (f) Seismic (Ey/Ev)/(vav/vyn), that for TI symmetry should
be equal to 1, measured for both saturations.

Figure 5 — Directly measured saturation dependence of seismic vertical Young's modulus (a) and
Poisson's ratio (b), as well as ultrasonic P- and S-wave velocities (c) of partially saturated
Mancos shale.

Figure 6 — Directly measured saturation dependence of seismic vertical Young's modulus (a) and
Poisson's ratio (b), as well as ultrasonic P- and S-wave velocities (c) of partially saturated Pierre
shale 1.

Figure 7 — Sensitivity of conversion from measured ultrasonic velocities to vertical Young's
modulus (a), Poisson's ratio (b), and sensitivity of conversion from measured seismic
engineering parameters to vertical S-wave velocity (c) of Mancos shale to the errors in
determination of sample-orientation, as well as images of 0°, 45°, and 90° oriented Mancos shale
core plugs (d). Ultrasonic points (a,b) or seismic points (c¢) were calculated with the use of
measured velocities/engineering parameters of samples cut under angles of 0°, 45°, and 90° with
respect to the bedding. While keeping the measured values constant we have allowed for

variations (+10°) to the bedding angle of samples drilled at 45°.

Figure 8 — Sensitivity of conversion from measured ultrasonic velocities to vertical Young's
modulus (a), and Poisson's ratio (b), as well as sensitivity of conversion from measured seismic
engineering parameters to vertical S-wave velocity (c), of Pierre shale I to the errors in
determination of sample-orientation. Ultrasonic points (a,b) or seismic points (c) were calculated
with the use of measured velocities/engineering parameters of samples cut under angles 0°, 45°,
and 90° with respect to the bedding. While keeping the measured values constant we have

allowed for variations (+10°) to the bedding angle of samples drilled at 45°.
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Figure 9 — Velocity anisotropy (Thomsen's parameters) obtained with three differently oriented
Mancos shale core plugs (for RH = 12 % and RH = 86 %) and Pierre shale core plugs (for RH =
19 % and RH =55 %).

Figure 10 — Seismic and ultrasonic independent stiffness parameters, Cjj's, obtained with three
differently oriented Mancos shale core plugs (for RH = 12 % and RH = 86 %) and Pierre shale
core plugs (for RH =19 % and RH = 55 %).

Figure 11 - Stiffness parameters, Cj's, determined at seismic and ultrasonic frequencies for the
remaining partially saturated Mancos shale samples. Data were calculated from measurements
performed with 0°-oriented samples by assuming extrapolated Thomsen's parameters.

Figure 12 - Stiffness parameters, Cj's, determined at seismic and ultrasonic frequencies for the
remaining partially saturated Pierre shale samples. Data were calculated from measurements
performed with 0°-oriented samples by assuming extrapolated Thomsen's parameters.

Figure 13 — Saturation dependence of vertical Young's modulus, Ey, and Poisson's ratio, vyy, of
Mancos shale as a function of frequency. Seismic points were measured directly while ultrasonic
points were calculated from ultrasonic velocities. Solid and dashed lines in (a) show manual
Cole-Cole fits to the experimental data (Cole and Cole 1941).

Figure 14 — Saturation dependence of vertical Young's modulus, Ey, and Poisson's ratio, vyy, of
Pierre shale I as a function of frequency. Seismic points were measured directly while ultrasonic
points were calculated from ultrasonic velocities. Solid and dashed lines in (a) show manual
Cole-Cole fits to the experimental data (Cole and Cole 1941).

Figure 15 — Vertical P- and S-wave velocities of partially saturated Mancos shale as a function of

saturation for seismic and ultrasonic frequencies. Ultrasonic points were measured directly while
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velocities at seismic frequencies were calculated from measured seismic Young's moduli and
Poisson's ratios with the use of densities of tested core plugs.

Figure 16 — Vertical P- and S-wave velocities of partially saturated Pierre shale as a function of
saturation for seismic and ultrasonic frequencies. Ultrasonic points were measured directly while
velocities at seismic frequencies were calculated from measured seismic Young's moduli and
Poisson's ratios with the use of densities of tested core plugs.

Figure 17 — Comparison of measured vertical properties of Mancos shale and Pierre shale with
the anisotropic Gassmann model: (a-d) P- and S-wave velocities; (e,f) Young's moduli, Ev; (g,h)
Poisson's ratio, vyy. Experimentally measured frame moduli (Mancos — RH = 12%, Pierre shale
— RH = 19%) were assumed to change linearly with water saturation and effective fluid modulus
was calculated according to Brie's mixing scenario.

Figure C - 1 — Comparison of measured horizontal properties of Mancos shale and Pierre shale
with the anisotropic Gassmann model: (a-d) P- and S-wave velocities; (e,f) Young's moduli, Ey;
(g,h) Poisson's ratio, vgy. Experimentally measured frame moduli (Mancos — RH = 12%, Pierre
shale — RH = 19%) were assumed to change linearly with water saturation and effective fluid

modulus was calculated according to Brie's mixing scenario.
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LIST OF TABLES

Table 1 — List of and orientation of samples used in the experiments, stress states for given
experiment, saturant used for RH control during stabilization in desiccators, corresponding
relative humidity and saturation of the sample as well as change of the volume of samples during
stabilization.

Table D - 1. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of oven-dry Mancos shale at seismic (1 Hz, 21 Hz, 105 Hz) and
ultrasonic frequencies.

Table D - 2. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Mancos shale RH=12% at seismic (1 Hz, 21 Hz, 105 Hz) and
ultrasonic frequencies.

Table D - 3. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Mancos shale RH=34% at seismic (1 Hz, 21 Hz, 105 Hz) and
ultrasonic frequencies.

Table D - 4. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of the Mancos shale RH=55% at seismic (1 Hz, 21 Hz, 105 Hz)
and ultrasonic frequencies.

Table D - 5. List of measured and calculated directional Young's moduli and Poisson's ratios,

directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
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elements of anisotropy tensor of Mancos shale RH=76% at seismic (1 Hz, 21 Hz, 105 Hz) and
ultrasonic frequencies.

Table D - 6. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of as-received Mancos shale at seismic (1 Hz, 21 Hz, 105 Hz) and
ultrasonic frequencies.

Table D - 7. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Mancos shale RH=100% at seismic (1 Hz, 21 Hz, 105 Hz) and
ultrasonic frequencies.

Table D - 8. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Pierre shale RH=19% at seismic (1 Hz, 21 Hz, 105 Hz) and
ultrasonic frequencies.

Table D - 9. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Pierre shale RH=34% at seismic (1 Hz, 21 Hz, 105 Hz) and
ultrasonic frequencies.

Table D - 10. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Pierre shale RH=55% at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.
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Table D - 11. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Pierre shale RH=76% at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.
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Figure 1 - Mass change of Mancos shale and Pierre shale I core plugs used during experiments. In order to
achieve various saturation levels, as-received core plugs were placed in the desiccators with various relative
humidity (RH) and were stabilizing under room temperature.
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Figure 2 - Schematic drawings of the experimental setup (a) and the sample with attached strain gages (b).
Indicated on the drawings are: piston (A), pressure vessel (B), linear variable displacement transducer
(LVDT), measuring axial quasi-static deformations (C), adapter plates holding the LVDTs (D), aluminum

standard with attached strain gages for phase shift measurements (E), piezoelectric force sensor, measuring

force modulations at seismic frequencies (F), piezoelectric actuator, generating displacement modulations at
seismic frequencies (G), internal load cell, measuring quasi-static deviatoric stress (H), top and bottom
endcaps with embedded compressional and shear wave transducers and pore-fluid lines (I), sample (),
strain gages attached to sample (K), rubber sleeve around the sample that seals the sample from the oil in
the cell used for applying confining stress (L), and pore-fluid lines (M).
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Figure 3 - Directly measured anisotropic properties obtained with three differently oriented Mancos shale
core plugs for RH = 12 % and RH = 86 %. (a-d) directional Young's moduli and Poisson's ratios measured at
seismic frequencies. (e) directional P- and S-wave velocities measured at ultrasonic frequencies. (f) Seismic

(En/Ev)/(Vhv/vyn), that for TI symmetry should be equal to 1, measured for both saturations.
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Figure 4 - Directly measured anisotropic properties obtained with three differently oriented Pierre shale I
core plugs for RH = 19 % and RH = 55 %. (a-d) directional Young's moduli and Poisson's ratios measured at
seismic frequencies. (e) directional P- and S-wave velocities measured at ultrasonic frequencies. (f) Seismic

(En/Ev)/(Vhv/vyn), that for TI symmetry should be equal to 1, measured for both saturations.
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ratio (b), as well as ultrasonic P- and S-wave velocities (c) of partially saturated Mancos shale.
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Figure 6 - Directly measured saturation dependence of seismic vertical Young's modulus (@) and Poisson's
ratio (b), as well as ultrasonic P- and S-wave velocities (c) of partially saturated Pierre shale I.
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Figure 7 - Sensitivity of conversion from measured ultrasonic velocities to vertical Young's modulus (a),
Poisson's ratio (b), and sensitivity of conversion from measured seismic engineering parameters to vertical
S-wave velocity (c) of Mancos shale to the errors in determination of sample-orientation, as well as images
of 0° 45°, and 90° oriented Mancos shale core plugs (d). Ultrasonic points (a,b) or seismic points (c) were
calculated with the use of measured velocities/engineering parameters of samples cut under angles of 0°,
45°, and 90° with respect to the bedding. While keeping the measured values constant we have allowed for

variations (£10°) to the bedding angle of samples drilled at 45°.
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Figure 8 - Sensitivity of conversion from measured ultrasonic velocities to vertical Young's modulus (a), and
Poisson's ratio (b), as well as sensitivity of conversion from measured seismic engineering parameters to
vertical S-wave velocity (c), of Pierre shale I to the errors in determination of sample-orientation. Ultrasonic
points (a,b) or seismic points (c) were calculated with the use of measured velocities/engineering
parameters of samples cut under angles 0°, 45°, and 90° with respect to the bedding. While keeping the
measured values constant we have allowed for variations (£10°) to the bedding angle of samples drilled at
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Figure 9 - Velocity anisotropy (Thomsen's parameters) obtained with three differently oriented Mancos shale
core plugs (for RH = 12 % and RH = 86 %) and Pierre shale core plugs (for RH = 19 % and RH = 55 %).
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Figure 10 - Seismic and ultrasonic independent stiffness parameters, Cj's, obtained with three differently
oriented Mancos shale core plugs (for RH = 12 % and RH = 86 %) and Pierre shale core plugs (for RH = 19
% and RH = 55 %).
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Figure 11 - Stiffness parameters, Ci's, determined at seismic and ultrasonic frequencies for the remaining
partially saturated Mancos shale samples. Data were calculated from measurements performed with 0°-
oriented samples by assuming extrapolated Thomsen's parameters.
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Figure 12 - Stiffness parameters, Ci's, determined at seismic and ultrasonic frequencies for the remaining
partially saturated Pierre shale samples. Data were calculated from measurements performed with 0°-
oriented samples by assuming extrapolated Thomsen's parameters.
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Figure 13 - Saturation dependence of vertical Young's modulus, Ey, and Poisson's ratio, vyu, of Mancos shale
as a function of frequency. Seismic points were measured directly while ultrasonic points were calculated
from ultrasonic velocities. Solid and dashed lines in (a) show manual Cole-Cole fits to the experimental data
(Cole and Cole 1941).
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Figure 14 - Saturation dependence of vertical Young's modulus, Ey, and Poisson's ratio, vyu, of Pierre shale I
as a function of frequency. Seismic points were measured directly while ultrasonic points were calculated
from ultrasonic velocities. Solid and dashed lines in (a) show manual Cole-Cole fits to the experimental data
(Cole and Cole 1941).
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Figure 15 - Vertical P- and S-wave velocities of partially saturated Mancos shale as a function of saturation
for seismic and ultrasonic frequencies. Ultrasonic points were measured directly while velocities at seismic
frequencies were calculated from measured seismic Young's moduli and Poisson's ratios with the use of
densities of tested core plugs.
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Figure 16 - Vertical P- and S-wave velocities of partially saturated Pierre shale as a function of saturation for
seismic and ultrasonic frequencies. Ultrasonic points were measured directly while velocities at seismic
frequencies were calculated from measured seismic Young's moduli and Poisson's ratios with the use of

densities of tested core plugs.
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Figure 17 - Comparison of measured vertical properties of Mancos shale and Pierre shale with the
anisotropic Gassmann model: (a-d) P- and S-wave velocities; (e,f) Young's moduli, Ey; (g,h) Poisson's ratio,
vyi. Experimentally measured frame moduli (Mancos - RH = 12%, Pierre shale - RH = 19%) were assumed

to change linearly with water saturation and effective fluid modulus was calculated according to Brie's
mixing scenario.
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Figure C - 1 - Comparison of measured horizontal properties of Mancos shale and Pierre shale with the
anisotropic Gassmann model: (a-d) P- and S-wave velocities; (e,f) Young's moduli, Ey; (g,h) Poisson's ratio,
viv. Experimentally measured frame moduli (Mancos - RH = 12%, Pierre shale - RH = 19%) were assumed

to change linearly with water saturation and effective fluid modulus was calculated according to Brie's

mixing scenario.
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Table 1 — List of and orientation of samples used in the experiments, stress states for given

experiment, saturant used for RH control during stabilization in desiccators, corresponding

relative humidity and saturation of the sample as well as change of the volume of samples

during stabilization.

# of Shale Orientation Saturant used for RH theoretical Saturation Change of
sample with respect RH control (RH measured) volume during
to bedding stabilization (%)

so1 Mancos 0° Ovendry (105°C) 0% 0.02 -0,38
S02 Mancos 0° LiCl 11.3% (12.2%) 0.1140.02 -0,23
S03 Mancos ~45° LiCl 11.3% (12.2%) 0.11+0.02 -0,28
S04 Mancos 90° LiCl 11.3% (12.2%) 0.11+0.02 -0,16
S05 Mancos 0° MgCl, 32.9% (33.6%) | 0.29+0.03 0,12
S06 Mancos 0° Mg(NO3), 54.4% (54.9%) 0.47+0.05 -0,22

S 07 Mancos 0° NaCl 75.4% (75.8%) 0.6310.05 -0,09
S08 Mancos 0° as received - 0.7210.05 0
S09 Mancos ~45° as received - 0.72+0.05 0
S10 Mancos 90° as received - 0.72+0.05 0
S11 Mancos 0° pure water 100% (99.9%) 0.83%0.06 0,31
S12 Pierre I 0° LiCl 11.3% (18.9%) 0.1040.06 -3,59
S13 Pierre | ~45° LiCl 11.3% (18.9%) 0.1040.06 -4,34
S14 Pierre | 90° LiCl 11.3% (18.9%) 0.10+0.06 -3,13
S15 Pierre I 0° MgCl, 32.9% (33.9%) 0.2310.05 -3,10
S16 Pierre I 0° Mg(NO3), 54.4% (55.1%) | 0.48+0.04 3,18
S17 Pierre ~45° Mg(NO3), 54.4% (55.1%) | 0.48+0.04 2,42
S18 Pierre I 90° Mg(NO3), 54.4% (55.1%) 0.4810.04 -5,79
S19 Pierre I 0° NaCl 75.4% (76%) 0.70£0.02 -3,16
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Table D - 1. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of oven-dry Mancos shale at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic

Ev(GPa) | 28,50 | 28,81 | 29,11 29,67

Eu(GPa) | 34.85 | 34,72 | 3539 39,02
v () [ 0,067 | 0,072 | 0,072 0,117
vav (-) | 0,081 | 0,087 | 0,087 0,154
v (-) | 0,076 | 0,084 | 0,087 0,122

Vpy (m/s) | 3381 | 3403 | 3421 3502
Vou (m/s) | 3740 | 3738 | 3774 4010
Vsy (m/s) | 2273 | 2301 | 2341 2412
Ven (m/s) | 2534 | 2520 | 2541 2625

() | 01120103 | 0,109 | 0,156
y(9 | 0,1227] 0,100 | 0,089 | 0,092
5() | 0,008] 0,010 | 0,033 | 0,138

Ci: (GPa) | 35,28 | 3523 | 3592 | 40,56

Cs; (GPa) | 28,84 | 2921 | 29,52 | 30,93

Cu (GPa) | 13,03 | 13,36 | 13,82 14,68

Ces (GPa) | 16,19 | 16,02 | 16,28 17,38

Ci;(GPa) | 2,54 | 2,78 2,82 541
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Table D - 2. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Mancos shale RH=12% at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic

Ev(GPa) | 27,69 | 28,46 28,65 29,97

En(GPa) || 34,19 | 34,65 35,06 38,95

vyu (-) || 0,083 | 0,084 0,082 0,118

vav (-) | 0,104 | 0,107 | 0,107 0,154

vau (<) || 0,084 | 0,087 0,089 0,113

Vpy (m/s) | 3333 | 3379 3389 3507

Veu (m/s) | 3701 | 3726 | 3748 3987

Vgv (m/s) || 2229 | 2282 2315 2411

Veu (m/s) | 2491 | 2505 | 2517 2624

€(-) 0,116 | 0,108 0,112 0,146

Y (-) 0,125 | 0,103 0,091 0,092

6 (-) 0,006 | 0,024 0,045 0,132

Ci: (GPa) | 34,79 | 3528 | 35,69 | 40,39

Cs3(GPa) || 28,22 | 29,00 29,18 31,25

Cs (GPa) || 12,62 | 1323 | 13,62 14,77

Ces (GPa) | 15,76 | 15,94 | 16,10 17,49

Ci; (GPa)| 3,16 | 324 321 541
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Table D - 3. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Mancos shale RH=34% at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic
Ev(GPa) | 25,99 | 27,06 | 27,52 28,33
Eu(GPa) | 32,65 | 33,56 | 34,08 36,12
v () [ 0,092 | 0,095 | 0,099 0,146
vav (-) | 0,115 | 0,117 | 0,122 0,186
v (-) | 0,074 | 0,081 | 0,091 0,126
Vpy (m/s) | 3237 | 3305 3337 3450
Ve (m/s) | 3619 | 3672 3706 3873
Vey (m/s) | 2180 | 2242 2274 2309
Vs (m/s) | 2447 | 2473 2480 2514
e(-) [ 0,125] 0,117 | 0,117 0,130
y(-) [0,130 ] 0,108 | 0,095 0,092
5() ]0,032] 0,050 | 0,067 0,120
Cii (GPa) | 33,24 | 34,23 | 3488 38,08
Cs3 (GPa) || 26,60 | 27,73 | 2827 30,21
Cu (GPa) | 12,06 | 12,76 | 13,13 13,54
Ces (GPa) || 15,20 | 15,53 | 15,62 16,04
Ci;3(GPa) | 331 | 3,54 3,81 6,44
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Table D - 4. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of the Mancos shale RH=55% at seismic (1 Hz, 21 Hz, 105 Hz)

and ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic

Ev(GPa) | 25,81 | 26,67 27,17 30,94

En(GPa) || 33,10 | 33,78 34,13 38,82

vyu (-) | 0,132 | 0,133 0,132 0,195

vav (-) | 0,169 | 0,168 | 0,166 0,245

vau (<) || 0,103 | 0,109 0,113 0,162

Veyv (m/s) | 3255 | 3310 3339 3692

Vou (m/s) | 3665 | 3705 | 3725 4089

Vgv (m/s) || 2145 | 2200 2236 2345

Veu (m/s) | 2419 | 2438 | 2446 2553

€(-) 0,134 | 0,127 0,122 0,113

Y (-) 0,136 | 0,114 0,099 0,093

6 (-) 0,059 | 0,077 0,090 0,107

Ci: (GPa) | 34,42 | 35,18 | 35,56 | 4285

Cs3(GPa) | 27,16 | 28,08 28,58 34,93

Cas (GPa) || 11,79 | 12,41 12,81 14,09

Ces (GPa) | 15,00 | 1524 | 15,34 16,70

Ci; (GPa)| 5,11 | 530 5,34 10,21
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Table D - 5. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Mancos shale RH=76% at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic
Ev(GPa) | 24.89 | 26,06 | 26,86 32,96
Eu(GPa) | 32,75 | 33,92 | 34,49 40,92
vwu () [ 0,212 ] 0,218 | 0223 0,254
vav (-) | 0,279 | 0,283 | 0,286 0,315
viu (-) | 0,190 | 0,197 | 0,205 0,208
Vpy (m/s) | 3374 | 3467 3535 4014
Ve (m/s) | 3824 | 3909 3960 4387
Vgy (m/s) | 2045 | 2112 2154 2361
Vsu (m/s) | 2317 | 2352 2364 2571
e(-) [ 0,142] 0,136 | 0,127 0,097
y(-) [ 0,142] 0,120 | 0,102 0,093
5() 0,085 0,103 | 0,111 0,096
Ci (GPa) || 37,45 | 39,14 | 40,16 49,29
C3 (GPa) | 29,16 | 30,79 | 32,01 41,28
Cu (GPa) | 10,72 | 11,43 | 11,88 14,28
Ces (GPa) | 13,76 | 14,16 | 14,31 16,94
Ci3(GPa) | 10,05 | 10,87 [ 11,53 16,41
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Table D - 6. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of as-received Mancos shale at seismic (1 Hz, 21 Hz, 105 Hz)

and ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic

Ev(GPa) | 24,13 | 25,18 26,21 32,44

Eu(GPa) || 32,16 | 33,22 34,02 40,08

vyu (-) | 0,242 | 0,241 0,243 0,274

vay (<) | 0,316 | 0,320 0,319 0,338

vau (<) || 0,222 | 0,219 0,221 0,221

Vpy (m/s) | 3428 | 3493 3565 4072

Vou (m/s) | 3896 | 3951 | 4002 4421

Vgv (m/s) || 1994 | 2065 2119 2321

Veu (m/s) | 2264 | 2304 | 2329 2528

€(-) 0,146 | 0,140 0,130 0,089

Y (-) 0,144 | 0,122 0,104 0,093

6 (-) 0,097 | 0,115 0,121 0,090

Ci: (GPa) | 38,99 | 40,090 | 41,12 | 50,19

Cs3 (GPa) || 30,17 | 31,32 32,64 42,57

Cu (GPa) | 10,21 | 10,95 | 11,53 13,84

Ce (GPa) | 13,16 | 13,63 | 13,93 16,41

Cy; (GPa) | 12,49 | 12,75 | 13,23 18,50
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Table D - 7. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Mancos shale RH=100% at seismic (1 Hz, 21 Hz, 105 Hz)

and ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic
Ev(GPa) | 20,85 | 22,15 | 23,21 31,04
Eu(GPa) | 28,32 | 29,96 | 30,83 37,99
v () [ 0,305 | 0,302 | 0,300 0,285
vav (-) | 0,415 | 0,408 | 0,398 0,349
viu (-) | 0,300 | 0,286 | 0,277 0,218
Vpy (m/s) | 3572 | 3631 3678 4030
Ve (m/s) | 4078 | 4127 4139 4335
Vv (m/s) | 1811 | 1906 1971 2265
Vsu (m/s) | 2062 | 2132 2170 2467
e(-) [ 0,152] 0,146 | 0,133 0,079
y(-) [ 0,148 | 0,126 | 0,106 0,093
§() Jo,114] 0,132 | 0,136 0,082
Cii (GPa) || 42,60 | 43,64 | 43,90 48,16
Cs3 (GPa) || 32,68 | 33,79 | 34,66 41,61
Ciu (GPa) | 840 | 931 9,95 13,14
Ces (GPa) || 10,89 | 11,65 | 12,07 15,59
Ci;3(GPa) | 19,37 | 19,29 | 19,09 18,55
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Table D - 8. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Pierre shale RH=19% at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic

Ev(GPa) | 12,61 | 13,28 13,72 14,84

Eu(GPa) || 19,20 | 19,79 20,09 21,54

vyu (-) || 0,105 | 0,103 0,104 0,080

vay (<) | 0,159 | 0,157 0,158 0,116

vigu (<) | 0,100 | 0,100 0,103 0,087

Vpy (m/s) | 2388 | 2448 2488 2568

Vou (m/s) | 2936 | 2979 | 3003 3091

Vgv (m/s) | 1774 1778 1792 1810

Veu (m/s) | 1949 | 1980 | 1992 2076

€(-) 0,256 | 0,241 0,228 0,224

Y (-) 0,104 | 0,120 0,118 0,158

6 (-) 0,371 | 0,279 0,250 0,135

Cy; (GPa) || 19,81 | 2039 | 20,72 | 21,94

Cs; (GPa) | 13,10 | 13,76 | 14,22 15,14

Cu (GPa) | 723 | 7,26 7,38 7,53

Ces (GPa) | 8,73 9,00 9,11 9,90

Ci; (GPa) | 2,33 | 234 2,41 1,92
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Table D - 9. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Pierre shale RH=34% at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic
Ev(GPa) | 11,96 | 12,41 | 12,73 13,95
Eu(GPa) | 18,01 | 18,52 | 18,70 20,06
vwu () [ 0,111 | 0,108 | 0,109 0,071
vav (-) | 0,167 | 0,161 | 0,160 0,102
vau (-) | 0,104 | 0,102 | 0,104 0,053
Vpy (m/s) | 2310 | 2349 2379 2461

Vou (m/s) | 2823 | 2860 | 2875 2944
Vsy (m/s) | 1699 | 1711 1726 1754
Ve (m/s) | 1868 | 1895 | 1903 2018

e() | 0247 | 0241 | 0230 | 0,216
y(5 | 0,105 ] 0,114 | 0,108 | 0,162
5() 0347 0302 | 0287 | 0,139

Ci: (GPa) | 18,64 | 19,13 | 1933 | 2028

Cs; (GPa) | 12,48 | 12,91 | 1324 14,17

Cu (GPa) | 6,75 | 685 6,97 7,20

Ces (GPa) | 8,16 | 8,40 8,47 9,52

Ci;;(GPa) | 2,33 | 232 | 236 1,53
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Table D - 10. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Pierre shale RH=55% at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic

Ev(GPa) || 11,47 | 11,65 11,87 14,06

Eu(GPa) | 17,07 | 17,56 17,70 20,14

vyu (-) || 0,160 | 0,165 0,172 0,170

vy () || 0,227 | 0,233 | 0,240 | 00244

vin (-) | 0,154 | 0,159 | 0,164 0,147

Veyv (m/s) | 2316 | 2344 2376 2575

Vou (m/s) | 2805 | 2854 | 2876 3050
Vsv (m/s) | 1611 | 1634 | 1652 1673
Veu (m/s) | 1774 | 1796 | 1798 1933

€(-) 0,233 | 0,241 0,233 0,202

Y (-) 0,106 | 0,104 0,093 0,168

6 (-) 0,310 | 0,338 0,346 0,145

Ci1 (GPa) || 18,49 | 19,14 19,44 21,86

Cy; (GPa) || 12,61 | 12,91 | 1326 15,58

Cu (GPa) | 6,10 | 6,27 6,41 6,58

Ce (GPa) | 7,40 | 7,58 7,60 8,78

Ci; (GPa)| 3,55 | 3,83 4,07 4,46
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Table D - 11. List of measured and calculated directional Young's moduli and Poisson's ratios,
directional P- and S-wave velocities, Thomsen's anisotropy parameters, and independent
elements of anisotropy tensor of Pierre shale RH=76% at seismic (1 Hz, 21 Hz, 105 Hz) and

ultrasonic frequencies.

1 (Hz) | 21 (Hz) | 105 (Hz) | ultrasonic
Ev(GPa) | 10,50 | 11,08 | 11,55 16,32
Eu(GPa) | 15,58 | 17,13 | 17,80 23,50
v () [ 0,236 | 0,238 | 0,248 0,244
vav (-) | 0,350 | 0,368 | 0,382 0,352
viu (-) | 0,235 | 0,223 | 0,225 0,212
Vpy (m/s) | 2360 | 2440 | 2520 2946

Vou (m/s) | 2833 | 2972 | 3056 3458
Vsv (m/s) | 1469 | 1565 | 1616 1731
Veu (m/s) | 1620 | 1707 | 1738 2008

() 0220 0242 | 0235 | 0,189
v(5 | 0,108 0,005 | 0,079 | 0,173
5() 0277 ] 0371 | 0,399 | 0,151

Cii (GPa) | 1929 | 21,23 | 22,46 | 28,75

Cs; (GPa) | 13,39 | 1431 | 1527 | 2087

Cu (GPa) | 5,19 | 5,89 6,28 7,20

Ces (GPa) | 6,31 | 7,01 7,26 9,70

C;;(GPa) | 6,12 | 6,78 7,53 9,31




