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ABSTRACT

Understanding the quantitative responses of anisotropic dynamic properties in organic-rich shale with
different kerogen content (KC) is of great significance in hydrocarbon exploration and development.
Conducting controlled experiments with a single variable is challenging for natural shales due to their
high variations in components, diagenesis conditions, or pore fluid. We employed the hot-pressing
technique to construct 11 well-controlled artificial shale with varying KC. These artificial shale sam-
ples were successive machined into prismatic shape for ultrasonic measurements along different di-
rections. Observations revealed bedding perpendicular P-wave velocities are more sensitive to the
increasing KC than bedding paralleling velocities due to the preferential alignments of kerogen. All elastic
stiffnesses except Cy3 are generally decreasing with the increasing KC, the variation of C;; and Cs3 on
kerogen content are more sensitive than those of C44 and Cgg. Apparent dynamic mechanical parameters
(v and E) were found to have linear correlation with the true ones from complete anisotropic equations
independent of KC, which hold value towards the interpretation of well logs consistently across for-
mations. Anisotropic mechanical parameters (AE and brittleness AB) tend to decrease with the reducing
KC, with AB showing great sensitivity to KC variations. In the range of low KC (<10%), the Vp/Vs ratio
demonstrated a linearly negative correlation with KC, and the Vp/Vs ratio magnitude of less than 1.75
may serve as a significant characterization for highly organic-rich (>10%) shale, compilation of data from
natural organic rich-shales globally verified the similar systematic relationships that can be empirically
used to predict the fraction of KC in shales.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0).

1. Introduction

understanding of anisotropy (Allan et al., 2015). However, there is
currently insufficient knowledge regarding the influence of multi-

Shale represents a vast energy resource for future gas produc-
tion and has gained increasing significance (Montgomery et al.,
2005; Sonnenberg and Pramudito, 2009). It typically displays
pronounced inherent anisotropy, which holds great importance in
seismic processing and the imaging of structures in crosshole to-
mography studies (Banik, 1984; Sayers, 2005). Achieving high-
precision seismic processing, accurate interpretation, and reliable
constraints for rock-physical models necessitate a comprehensive
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ple sources on the anisotropic dynamic properties.

Organic-rich shales possess intrinsically complex structure with
inorganic matrix and organic matter. Previous researches on shale
anisotropy are mainly focus on preferred alignment of clay platelets
(Kaarsberg, 1959; Jones and Wang, 1981; Wenk et al., 2007;
Kanitpanyacharoen et al., 2011; Sayers and Boer, 2019; Ding et al.,
2020a) and bedding paralleled micro-crack (Johnston and
Christensen, 1995; Dewhurst and Siggins, 2006; Baird et al., 2017;
Li et al., 2020). As an original component of forming the intricate
matrix of shale rocks, organic matter is also regarded as a crucial
variable that determining the intrinsic anisotropy (Tissot and
Bernard, 1984; Prasad et al, 2011). Establishment of the
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quantitative relationship between the organic matter and aniso-
tropic dynamic properties is not only pivotal to understand the
induced mechanisms of anisotropy, but also to provide potential
relationship for indication of kerogen content from seismic profile.
Since kerogen content is a significant parameter in the evaluation of
the organic abundance and production potential of shale reservoirs
(Yuetal., 2017), it has considerable impact on the rock quality, shale
gas-in-place estimations and organic-rich rocks assessment from
surface seismic and well logs (Passey et al., 2010; Leseth et al,,
2011). Many attempts were motivated to experimentally investi-
gate such relations, Passey et al. (2010) proposed that kerogen
content may have more impacts than expect on the elastic prop-
erties due to its low density based on the SEM observations. Vernik
and Milovac (2011) indicated that Vp/Vs ratio may be an effective
tool to distinguish the organic-rich shale according to the rock data
analysis. Zhu et al. (2011) presented the increasing kerogen content
in shale would enhance the anisotropy by analyzing the well log-
ging data, while Sone and Zoback (2013) experimentally observed
an opposite phenomenon. Alsinan (2017) discussed the relation-
ship between the elastic properties and organic matter with Nano-
detection technology. With raman spectrometer, Khatibi et al.
(2017) studied the relationship between the mechanical/elastic
properties and kerogen with different maturity. Zhao et al. (2018)
presented that sum of porosity and kerogen content has a linear
relationship with acoustic impedance based on statistical experi-
mental data.

It should be noted that the majority of studies conducted on
shale have focused on natural rock samples, which present signif-
icant limitations. These limitations include a low volume of avail-
able rock with variable kerogen content, limited quantity of
samples, and strong heterogeneity, as well as chemical and me-
chanical instability in natural shale cores. Consequently, these
studies have provided qualitative or semi-quantitative results, and
in some cases, contradictory findings have emerged, as seen in the
works of Zhu et al. (2013) and Sone and Zoback (2013). Further-
more, it is challenging to account for the dynamic property
response triggered by specific factors in real shale samples (Bohacs
et al., 2005).

Recently, many researchers tried to construct artificial shale
models which were based on the cold-pressing technique (Luan
et al., 2014, 2016; Altowairqi et al., 2015; Beloborodov et al., 2017;
Ding et al., 2020b, 2021), and made many differences in dealing
with brittleness, anisotropy and compaction. However, during the
cold-pressing procedure, they did not take account diagenesis
temperature which may bring uncertainty. Xie et al. (2019) pro-
posed a novel hot-pressing technique to construct well-controlled
artificial shale to investigate the relationship between the elastic
properties and kerogen content, which made a great progress to
promote the quantitatively controlled method, and concluded that
the crossplot of Ap versus pp color coded by kerogen in various
confining pressure may predict kerogen content. However, all the
data are measured on cylinder samples that are cored in only one
direction of paralleling to the bedding plane. As known, due to the
anisotropic characterizations which aroused by the spatial distri-
bution of organic matter, the dynamic properties could be changed
with the directions. Shale is generally described as being a trans-
versely isotropic (TI) medium with a symmetric axis, which be-
comes the most conventional approach to characterizing the
anisotropy of shale (Xie et al., 2015, 2018). In this sense, description
of anisotropic dynamic properties needs five stiffness constants
which require wave speeds three strategic directions (0°, 45° and
90°) with respect to the symmetry axis. Consequently, the response
of dynamic properties of shales with different kerogen content
should further investigate by taking account of anisotropic features.

In this study, our main focus is to establish the quantitative
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correlations between the kerogen content and directional dynamic
properties, while considering anisotropy in organic-rich shale. To
achieve this objective, we constructed 11 well-consolidated artifi-
cial shale (WCAS) samples using the hot-pressing technique. These
samples were deliberately created with varying kerogen content
ranging from approximately 1%—15%. The hot-pressing technique
takes into account both the temperature and pressure conditions
necessary for proper diagenesis (Xie et al.,, 2019). Following the
construction of the WCAS samples, we shaped them into prismatic
forms and employed pulse transmission techniques to measure the
compressional and shear wave speeds in strategic directions rela-
tive to the bedding within the samples. These measurements were
taken under ambient conditions. Based on these measurements, we
established quantitative relationships between the weight per-
centage of kerogen content and various dynamic elastic properties
such as velocities, stiffnesses, anisotropy, and the Vp/Vs ratio.
Additionally, we also established relationships between the
kerogen content and dynamic mechanical properties such as
Young's modulus (E) and Poisson's ratio (») in different directions.

2. Sample description and similarity evaluations
2.1. Physical modeling and facilities

Organic-rich shale is compacted and consolidated of fine-
grained (typically less than 4 um) non-organic minerals (clay, sili-
ceous and carbonaceous) and organic debris under complicated
diagenetic conditions (pressure, temperature and time). The data
sets of original mineral components and their associated weight
percentage for both organic matter and nonorganic compositions
(Fig. 1) were measured from the cored natural shale from the main
gas-bearing shale reservoir around the world. Consequently, the
original components for the models are selected with powders of
quartz, calcite, illite and organic matters. Fig. 2 shows the SEM
observations of the original component that confirm the particles
of non-organic matters are smaller than 4 pm. EDS detection are
also performed to distinguish the minerals. The powder organic
matters exhibit ball-shape with varied grain sizes (Fig. 2d), and
obtaining sufficient quantities of natural kerogen from samples
cannot practically yield enough material for the construction of
analog samples. After substantial trail work, an acceptable
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Fig. 1. Inorganic components and weight percentages of main shale reservoir around
the world (Adapted from Bowker, 2002; Passey et al., 2010; Jiang et al., 2010).
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Fig. 2. SEM observations of the original compositions of WCAS samples. (a) Powdered quartz, (b) powdered illite (flaky structures), (c) powdered calcite and (d) powdered organic

matters. The corresponding EDS results are also exhibited in the image.

alternative called humic substance which is obtained from the re-
pository of a fertilizer Ltd. in China satisfied the requirement. The
similarity evaluation between the kerogen analog and natural
kerogen can be found in our earlier work (Xie et al., 2016, 2019), and
elastic properties of the analog are estimated with density of 1.5 g/
cm?, bulk and shear modulus of 3.1 GPa and 3.0 GPa, respectively.

In order to simulate the diagenetic environment (temperature
and pressure) of natural organic-rich shale and further consolidate
the mixture of powdered components into solid sample, a hot-
pressing physical modeling system (HPPMS) was designed as
shown in Fig. 3a (more details in Xie et al., 2019). Fig. 3b shows the
schematic diagram of the hot-pressing mould. Six heaters are
installed in the wearing layer uniformly which are used to provide
and control the diagenetic temperature. An inconel-sheathed
thermocouple pyrometer is installed adjacently to the cavity in
the wearing layer, so that it can monitor the temperature in the die
in real-time and send the acquired data to the controller. Variation
of temperature within the die to be tested was probably less than
3 °C based on measurements. The temperature controller can set
the predefined value of temperature, control the increasing or
decreasing heat rate as well as compensate the heat while below
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and cool the die while exceed the predefined value. The four-
column hydraulic press system consists of energy conversion de-
vice (pump, oil cylinder), energy adjustion device (valve), energy
transform device (oil tank, piping) and crate controller. With the
controlling of electric system, the movable crossbeam can be driven
automatically.

The procedure of hot-pressing procedure can be described
straightforwardly as below: the hydraulic press system exerts the
uniaxial stress of predefined value on the indenter of the die; the
predefined stress and dwell time are set and displaying on the
controller. Simultaneously, the electric heating pipe generates heat
into cavity, which is filled with the mixed selected composition,
thereby achieve the effect of hot-pressing. Construction of the
artificial samples generally consists of 5 steps: (1) Ball mill the se-
lective original mineral components powders into evenly solid
powder mixtures (SPM), noting that the selected original compo-
nents should be dried at 60 °C for 12 h at least in oven to avoid
agglomeration during the mix procedure, and each component
should be placed in different ovens separately. (2) Interfuse the
SPM and adhesive into fully and evenly solid and liquid mixtures
(SLM), (3) Stuff the SLM into the hot-pressing die. Other details (e.g.
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Fig. 3. (a) Picture of automatic hot-pressing die system (HPDS); (b) Schematic diagram of the hot pressing mould.

the set parameters of planetary ball mill, mesh of sieve) for the first
three steps can be find in Luan et al. (2016). (4) Apply hot-pressing
procedure. It can be divided into three steps: pre-compaction &
heating-up, hot-pressing preservation and heat preservation. Based
on our experience after substantial trial experiments, the param-
eters for step I of pre-compaction can be set as 1 MPa for 30 min,
the time of hot-pressing preservation should be more than
4320 min, and the preset parameters of steps III for heat preser-
vation can be 50 °C for 1440 min before removal from the hot-
pressing die, and the aforementioned parameter in each step
would significantly enhance the success rate of constructing a well-
formed model. (5) Demold from the die.

2.2. Experimental evaluation

After being demoulded from the hot-pressed die, SEM detection
of a freshly broken surface was done in WCAS sample (cored along
and normal to the bedding plane) at high magnification. Fig. 4a and
b show the SEM observations for the nonorganic mineral with
layered texture in the different directions respectively, which
exhibit high similarity to those of natural shale. Fig. 5a and b show
two typical micro-distributions of flow-shape and globule-shape
for our WCAS, which are also similar to the SEM observations on
the typical microstructures (distinct globular shapes and more
lenticular shapes) of kerogen in natural shale (Zargari et al., 2013),
and the flowed-shape kerogen would be more likely exhibited
preferred orientations along the bedding which may affect the
anisotropy, and globule-shaped kerogen would be more likely
enhance the homogeneity of the sample. We have also made at-
tempts to observe the distribution of organic matter on larger
scales. However, it is challenging to differentiate typical structures

at the centimeter scale. More details on the similarity evaluations
between the WCAS and natural shale can be seen in Xie et al.
(2019). With total-angle ultrasonic test system (Xie et al., 2015),
both compressional and shear wave with interval of 10° were
measured in a horizontal cored WCAS sample which exhibit strong
anisotropy (Fig. 6), which further strengthen the necessity of
directional investigation for dynamic properties for the shale.

3. Theoretical background

Shale samples can be regarded as VTI (vertical transversely
isotropic) medium with the rotational symmetry axis, using Voigt's
notation, Hook's Law relating stress ¢ to strain ¢ may be expressed
as

a1 Ch Cn—2GeC3 0 0 O €

03 Ci1—2CG¢ Ci1 CGs3 0 0 O €
o |73 ] Ci3 Gz G3 0 0 0]le| -~
g4 0 0 0 C44 0 0 264 ’

g5 0 0 0 0 C44 0 265

Jg 0 0 0O 0 O CGG 265
(1)

where Cjq, C33, C44 Cgg and Cq3 are stiffnesses to describe the
relationship between the stress and strain for a VTl medium. The
five stiffnesses can be calculated by measuring elastic wave veloc-
ities (Mah and Schmitt, 2001; Sarout et al., 2007):

(2)

C1=pVpx?,

Fig. 4. SEM observations for micro-distribution of the aligned clay (a) along and (b) normal to the bedding in the WCAS.
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Kerogen

Fig. 5. Two typical shapes for the micro-distribution of kerogen in WCAS samples with SEM observations. (a) Ball shape, (b) “flow” shape.
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Fig. 6. Waveforms of (a) compressional wave and (b) shear wave at 0° to 180° to the bedding plane with interval of 10°, both compressional and shear wave for the WCAS sample

exhibit strong anisotropy.

C33 = pVpz?, 3)
Caa = pVsvz>, (4)
Co6 = PVsux. (5)

)2—(C11 —C33)%,
(6)

The P-wave ¢ and S-wave v anisotropic parameters are easily
calculated using Thomsen (1986)

1
Ci3=—Cauty \/(Cn +C33+2C44—4pV3,,

G —Gs3
B Tova (7)
_ Cop —Caq
B TovRt (8)
and
(C13 + Caa)* — (G33 — Caa)?
0= (9)

2C33(C33 — Cyq)

For a VTI medium, dynamic Young's moduli E and Poisson's ratio
v can be experimentally determined by elastic constants (Mavko
et al., 2009):
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4Cee [C33(C11 — Cgg) — C25

= 10
11 CiGos — (10)
~ C33(Cyy — Cog) — (34
Fas = Ci1 — Ges (an)
vr, = C12C33 — h (12)
270G — c
_ Cy3
MNeTReR )
v13_C13(C11*C12) (14)

 C11Ca3 — Chy

where E1; and E33 are dynamic Young's modulus in the direction
along and normal to the bedding. v; refers to ratio of transverse
strain ¢; to axial strain ¢; with a uniaxial stress applied as ;.

To describe the anisotropic mechanical properties for the shale,
we define the Young's modulus anisotropic parameter AE, the
Poisson's ratio anisotropic parameter Av and Brittleness anisotropic
parameter AB as follows:

_En—E3s

AE
En

(15)
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Ap =13 12 (16)
V13
_Bi1—Bs3

AB
B11

(17)

where By and Bs3 are calculated based on Rickman et al. (2008) as
follows:

_ E33_Nor +V31_Nor

_ . (18)

E11_Nor + V13_Nor
Bj1 =—= > , B33

Eij - Emin

Emax — Emin

Umax — Vjj

Eij,Nor = > Vij_Nor = (19)

Umax — Umin
Ejj nor and vjj nor denote the normalized Young's modulus and
Poisson's ratio.

4. Experimental measurement and results

Based on the technique workflow (Xie et al., 2019), 11 cuboid
WCAS samples (7 cm x 7 cm x 6.6 cm) which exhibit high simi-
larity to the natural shale are constructed with different kerogen
content (in the range from 1 to 15 wt%). Noted that each component
of the inorganic matter for the samples are controlled by weight
and remain unchanged (300 g quartz, 250 g illite, 25 g calcite), they
are not saturated any fluid and exhibit black in color, and stratified
structures are not distinct on the macroscopic view. The densities of
samples are in the range of 2.1 and 2.28 g/cm?, which are measured
by the Archimedean displacement method with variance of 0.5%.
The porosities of the eleven samples range from 2.86% to 6.75%
which is achieved with He expansion based on Boyle's law. Ultra-
sonic velocities of compressional (Vp) and shear wave (both Vsy and
Vsy) of all the 11 samples were firstly tested in the vertical and
horizontal directions of loading with 0.5 MHz transducers at room
pressure and temperature after being demouded from the die
(Fig. 7a). Cuboid WCAS samples were then cut into a prismatic
(multi-faced polyhedron) shape for the ultrasonic measurement at
different angles to the bedding (Fig. 7b). The basic dataset of the
WCAS samples can be seen in Table 1, noting that the measurement
of velocities in the off-axis angle 45° to the bedding plane for WCAS
samples #1, #2 and #11 are failed due to the fracture occurring in
these samples during the trimmed process. Error determination of
the ultrasonic pulse transmission technique are based on the study
by Yin (1992) or Hornby (1998), which give relative errors of our
measurement by 0.7% for the P-wave and 1.2% for S-wave velocity
estimation.

Petroleum Science 21 (2024) 855—865

It is important to assess the influence of kerogen content on
wave speeds in different directions, both Vp and Vs were measured
in the directions of X, Y, Z axis as well as at an off-axis angle 45°
from the bedding plane as refer to Fig. 7b. Generally, both for Vp and
Vs exhibit to decrease with the increasing kerogen content. The
observations of wave speeds broadly indicate that these blocks
have transverse isotropic symmetry, too. To briefly review, the
wave speeds in the principal directions of a perfect TI medium
follow the patterns of Vpz < Vpus) <
Vsvz=Vsuz =Vsvx =Vsvy < Vsux =Vsuy. These patterns are largely
repeated with Vpy equal to Vpy to within experimental uncertainty
in nearly all cases and both substantially exceeding Vp; (Fig. 8a).
Similarly, Vspyx=Vsuyy and Vsyx=Vsyy as expected and these are
significantly greater than the other measured Vs. The Vgsyz are
usually close to Vsyz but these can deviate from Vsyx and Vsyy
(Fig. 8b). Taken together, these suggest that the material is close to
TI, but it is unknown whether the small deviations are due to
heterogeneity or to the sample being weakly orthorhombic.
Although there are outliers that are likely due to sample hetero-
geneity, the Vp trend tends to be lower with increasing organic
content decreasing from 4045 to 3562 m/s in the bedding parallel
directions (X, Y) and from 3272 to 2900 m/s in the vertical direction
(2), and linear fitting plots to the scatter data of P-wave velocities
and kerogen content indicate that Vpz (with gradient of —27.2) is
more sensitive than Vpx and Vpy (with gradient of —26.1) to the
increasing weight percentage of kerogen content. This can be
reasonable explained that the increasing components of kerogen
may induce similar reduction for the velocities in both directions
due to the ductility characteristics of kerogen. However, the
increasing content may also lead to enhancement of preferential
alignments of kerogen (flow shaped kerogen in Fig. 5b) for the
model under uniaxial stress during the construction of WCAS,
which may moderate the declines of velocities paralleling to the
bedding. Vs for the samples is generally decreasing with the in-
crease kerogen content. It is interesting to note that the response of
Vs behaved less sensitivity to the variations of kerogen content
(with the gradient of approximate —500) than those of Vp.

Wave speeds by themselves, however, are controlled by a
competition between the materials elasticity and density, and it is
useful to also remove the effects of density and focus on the elastic
parameters. The elastic stiffnesses can be obtained through Egs.
(2)-(6) and projected into crossplot with kerogen content (Fig. 9).
All elastic stiffnesses except Cq3 are generally decreasing with the
increasing kerogen content, and Cy; and C33 decrease approxi-
mately 30 percent with kerogen content ranging from 1% to 15%,
while C44 and Cgg decrease approximately 11 percent during the
increase of kerogen content. These results are indicative of greater

Vpx=Vpy,

(b) Veu(0) V(@)
Lol 1Ll
QH45)
Ot P 0| Vsu(90°)
| e e e |vp(90°)
¢ = ¥] Ven(90")
z ==
J—'X =
Y [Men i E=
Vp(0")

Fig. 7. (a) Experimental facility for ultrasonic pulse measurements; (b) diagram of the test method in the WCAS sample.
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Table 1
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Basic parameters for the series of WCAS samples with different weight percentage of kerogen, where Vp (0°) denotes the compressional wave velocity in the direction par-
alleling to the bedding. Vp (90°) denotes the compressional wave velocity perpendicular to the bedding; x denotes no measured result.

Model Kerogen Vp (0°), Vp (45°), Vp (90°), Vsy (0°), Vsy (0°), Vsy (90°), Vsy (90°), Porosity |e-0]
content,
Num. % m/s m/s m/s m/s m/s m/s m/s %
#1 1.71 4045 X 3272 2063 2293 2019 2007 2.98 X
#2 3.36 3910 X 3303 2086 2304 2145 2081 423 X
#3 4.96 3726 3500 3233 2016 2219 2064 2064 335 0.020
#4 6.5 3906 3600 3192 2088 2331 2066 2075 2.86 0.069
#5 8 3665 3378 3057 2089 2378 2001 2001 2.96 0.006
#6 9.44 3713 3280 3039 2082 2393 1918 1967 3.09 0.208
#7 10.16 3773 3513 3053 2033 2257 2019 2019 3.94 0.189
#8 115 3742 3416 3065 2053 2238 2026 2024 5.12 0.008
#9 12.2 3724 3460 3064 2009 2234 1984 1991 6.60 0.108
#10 13.5 3685 3398 3023 2010 2222 1899 1899 4.69 0.058
#11 14.8 3562 X 2900 2045 2243 1976 1909 6.75 X
(a) 4200 (b) 2500
B Ve W Ve
® Vv, ® v,
4000 - g Ave 2400 - % A vy,
g ¥ ¥V (45°) # Vo
Vsw
3800 1 ] 2300 # % Verz
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2 %6007 Y [} € 2200 é é
£ v y £
o _ v »
> 3400 1 v v v = L
2100 & T
i - T 44 ®
A - a v ¥ 5 4 &4 S 3 - 2
3200 & = ¢ I1: - ¢
2000 A -2 ¥ £ T T2 X
A 24 41 A + A & ¢
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8. (a) Compressional wave and (b) shear wave (Vsy & Vsy) ultrasonic velocities against kerogen content (wt %) in four directions of the samples.
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Fig. 9. (a) Elastic stiffness Cj against the kerogen content, (b) plot of the kerogen content and P-wave & S-wave anisotropic parameters.

sensitivity to the variation of kerogen for P-wave type stiffnesses. It
should be noted that Cy3 showed weak dependence on kerogen
content. Fig. 9b shows the Thomsen parameters against kerogen
content; ¢ and vy have not systematically varied trend to the kerogen
content; and ¢ appears weak dependence to the kerogen content as
well. It may due to the overall influence of different structural
components within the kerogen. However, both the compressional

wave and shear wave anisotropy for the series of samples with
different kerogen contents are greater than 10%, and the strongest
anisotropy can reach 26% for ¢ and 24% for v, which mean the series
of WCAS samples exhibit strong anisotropy for both compressional
and shear waves. Note that magnitude of ¢ for all the WCAS with
different kerogen contents are positive and the maximum value
reaches 0.54. Additionally, anisotropic parameter ¢ is generally
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greater than the values of ¢ and vy for the WCAS with the same
kerogen content (similar to Nadri et al., 2011).

With the measured five stiffnesses, dynamic Young's modulus
and Poisson's ratios can be derived by using Egs. (10)—(14). As
shown in Fig. 10a, E; substantially exceeds E3 for all the samples
with the same kerogen content, which is in consistence with the
published observations in natural shale (Ong et al., 2016), and they
are generally decreasing with the increasing kerogen content.
Linear fitting curves to the scatter data of dynamic Young's modulus
(E1 & E3) and kerogen content indicate E3 (with gradient of —3.26)
are more sensitive to the variation of kerogen content than those of
Eq (with gradient of —2.68). The corresponding dynamic Poisson's
ratios calculated from Eqgs. (12)—(14) are given in Fig. 10b, for the
series of samples in this study, vz tends to be greater with the
increase of kerogen content, while vy, and v3; are generally inde-
pendent of the kerogen content. Note that v{3 are generally greater
than vy, and vz for the WCAS with the same kerogen content, and
the differences in between seem tend to be greater with the
increasing weight percentage of kerogen content. Another inter-
esting observation should be noted that vq, is not always equal to
v31, and this phenomenon reveals that the dynamic E and » of WCAS
exhibit anisotropic characterizations.

The dynamic anisotropic mechanical parameters (DAMP) can be
obtained through Egs. (15)-(19) and projected into crossplot with
kerogen content (Fig. 11a), anisotropic parameters for Young's
modulus (AE), Poisson's ratio (Av) and Brittleness (AB) are generally
larger than 0.2 and exhibit strong anisotropy for the WCAS with
different kerogen contents. AE and AB tend to decrease with the
reducing kerogen content, and AB is more sensitive to the variation
of kerogen content with relative drop as large as 54% with the
decreasing kerogen content in the range from 14.8% to 1.71%. The
relationship between Av and kerogen content is complicated,
which makes interpretation difficult. Fig. 11b shows the Vp/Vsy
ratio against variation of kerogen content. In relatively low kerogen
content (less than 10%), the Vp/Vsy ratios are linearly decreasing
with the increase of kerogen content. Vp/Vsy ratio in the horizontal
direction linearly decrease from 1.733 to 1.538 with the kerogen
content increase from 1.71% to 9.44%, while in the vertical direction
the decrease trend is moderate, and one possible explanation for
the low Vp/Vs ratio in organic-rich shales might be the microcracks
provided by organic matters. Due to the previous laboratory study
reported by Ding et al. (2019), the dry randomly oriented cracks
caused low Vp/Vs ratio. The organic matter weight could increase
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the microcrack development in shale, and cause the lower Vp/Vs
ratio in shales with high kerogen content. In the range of high
kerogen content (more than 10%), there is no evident correlation
between the Vp/Vsy ratio and kerogen content. However, one
interesting phenomenon is that WCAS with high kerogen content
characterized by the corresponding Vp/Vsy typically less than 1.75.

5. Discussions
5.1. Anisotropic dynamic mechanical properties

In real field situations, Vp and Vs data can usually only be ob-
tained from acoustic logging. For an elastically isotropic formation

the ratio Vp/Vs and the apparent dynamic Poisson's ratio » &
Young's modulus E:

2
1 $> -2
S
VApparent = ) 5 (20)
oK
Vs
v 2
)
EApparent =pVs——F5— (21)

v 2
)

which are both used to provide qualitative indication of the
materials brittleness or of mineralogic content. In the usual situa-
tion, a vertical borehole crosses a geological formation with hori-
zontal bedding and hence one would obtain (with reference to
Fig. 7b) measures of Vpz and Vsyz (=Vsyz) with the associated ratio
Vpz/Vsyz. At the other extreme with a horizontal borehole, one
might measure Vpy (=Vpy) and the fastest shear wave Vsyx (=Vsyy)
allowing calculation of ratio (Vpx/Vsux). These ratios can provide
apparent values of E and v if substituted into Egs. (20) and (21).
Apparent dynamic Poisson's ratio » in the bedding paralleling and
perpendicular orientations are also projected in Fig. 10b as shown
in Fig. 12a, and the plots show that vy and vz have good agreement
with the true dynamic Poisson's ratio v3; and vy, for the sample
with same Kkerogen. True versus apparent relation for dynamic
Young's modulus (E) in horizontal and vertical directions are
plotted in Fig. 12b, different colors represent different kerogen
contents. The error of using these isotropic equations rather than
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Fig. 10. (a) Dynamic E and (b) » as function of the weight percentage of kerogen content from 1% to 15%. E; and E3 are dynamic Young's modulus along and normal to the bedding
plane, respectively. Blue and red line denote the linear regression curves for E; and E5 at different kerogen contents.
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Fig. 11. (a) Crossplot of dynamic anisotropic mechanical parameters (DAMP) and kerogen content, AE and A» denote Young's modulus anisotropic parameter and Poisson's ratio
anisotropic parameter, AB denotes the Brittleness anisotropic parameter. (b) Compilation of the measured Vp/Vsy ratio in three directions of the cubic WCAS samples and weight

percentage of kerogen content in WCAS samples.
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for dynamic Young's modulus, different colors represent different kerogen contents. The black dash denotes one-to-one crossplot, the red solid line represents the linear regression

curve to the projected data.

the complete anisotropic equations was small, and the correlation
can be described as linear regression curve with Pearson coefficient
of 0.96. Additionally, the true and apparent E in horizontal di-
rections are more close to one-to-one correspondence (black dash
line) than that in vertical direction. In this sense, although it must
be stressed that these values are strictly incorrect as one cannot
determine a Poisson's ratio and Young's modulus without infor-
mation of wave speed measurements away from the principal
symmetry axes in an anisotropic TI medium, the apparent dynamic
mechanical properties (v and E) may effectively substitute the true
ones to solve the engineering problem in certain circumstance
regardless of the variation of kerogen content.

5.2. Estimation of kerogen content from Vp/Vs ratios

Despite the significant influence on the physical properties of
shale, however, the effects of kerogen contents on the dynamic
properties are inherently complex and it is difficult to quantitative
discriminate on a real shale sample, which makes the topic still far
from being elucidated. However, with the success of the con-
structed WCAS, the kerogen content can be accurate quantified,
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then to investigate its effect on the physical properties of frame-
work separately.

Based on the measured observations on the WCAS, at relatively
low kerogen content (0—10%), Vp/Vs ratio and the weight per-
centage of kerogen have linearly negative correlation. It demon-
strated that the magnitude of Vp/Vs ratio may be a sensitive
parameter to predict the kerogen content in both the directions of
parallel and perpendicular to the bedding. This correlation has
implications to derive empirical formulation for the use of advance
hydrocarbon prediction during the field exploration. Since it is
relatively easy to obtain corresponding Vp/Vs ratio for a region of
interest from modern sonic logs. Furthermore, compared to the
density or velocities, Vp/Vs ratio tends to be a more unique
parameter, as is known, it is a very significant factor for differen-
tiating lithology. At relatively high kerogen content (weight per-
centage more than 10%), the magnitude of Vp/Vs ratio is generally
less than 1.75, which would be a significant and typical indicator for
organic-rich shale.

To further verify the relationship between the Vp/Vs ratio and
kerogen content, we collected multiple published data sets from
literature (Vernik and Liu, 1997) in shale cores. Fig. 13a and b show
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Fig.13. Compilation of the Vp/Vs ratio and volume fraction of kerogen in (a) horizontal and (b) vertical direction to the bedding in the natural shale and WCAS. Green squares denote
the corresponding data of WCAS. Blue line represents the trend line for the data in the range of 0—10% kerogen content.

the crossplot of Vp/Vs ratio in the bedding—normal & bedding-
parallel direction and volume fraction of kerogen. Vp/Vs ratio
sharply decreases with increase of kerogen volume fraction in the
range of 0—10% (relatively low percentage) independent of the
regions and wave-propagation directions. In the range of relatively
high volumes proportion of kerogen (more than 10%), the correla-
tion between Vp/Vs ratio and kerogen content tend to be weak.
Nevertheless, we can find a similar interesting phenomenon from
the plot as shown in Fig. 11, and the crossplot exhibits the specialty
of the high organic-rich shales characterized by the Vp/Vs that is
less than 1.75, which indicated that the Vp/Vs ratio low than 1.75 is
a good indicator for organic-rich shale. Both in bedding parallel and
perpendicular directions, they show the similar phenomena as the
experimental measured data did. Actually, according to the tem-
plate of Vp and Vs for dipole sonic data that are obtained in wells
from Bakken, Woodford and Bossier shales, Vernik and Milovac
(2011) concluded that magnitude of Vp/Vs in shale located in rela-
tively narrow range from 1.6 to 1.7, independent of the directions,
which is also consistent with our observations. Therefore, we can
further conclude that kerogen content may be the fatal and major
factors affected the variation of Vp/Vs ratio. For further comparison,
we computed the volume fraction from weight percentage of the
kerogen with the measured data based on the transition equation
by Vernik and Milovac (2011), and the density for the kerogen
analogs is 1.5 g/cm?, then we project the data into the plots of
natural shale, as shown in Fig. 13, green squares denote the corre-
sponding data of WCAS. Similar observations from the above plots
can be obtained, it is interesting to be noted that linear decreasing
trend can be observed at low content (<10%) for both in the range of
weight percentage and the volume fraction of kerogen content. It
should be noted that the cross plot of Vp/Vs and kerogen content of
natural cores are generated from the multiple wells, and the cor-
responding trendline behaves great consistency to those of WCAS.
However, such observation is not always true for the nature shale
since Vp/Vs could be affected by various factors (mineral compo-
nents, micro-structure, kerogen type etc.). More quantitative
measurements on natural shales should be carried on to make
further verification.

6. Conclusions

Hot-pressing technique, which considers both diagenetic pres-
sure and temperature, was utilized to produce a series of 11 well-
controlled artificial organic shale (WCAS) blocks with varying
weight percentages of kerogen content ranging from approxi-
mately 1%—15%. Quantitative correlations are bridged between
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kerogen content and anisotropic dynamic properties based on
WCAS samples. Vp and Vs velocities measured in bedding parallel
and perpendicular directions are consistent with the material
having transversely isotropic symmetry. The P-wave velocities in
the direction perpendicular to the bedding plane display higher
sensitivity to changes in kerogen content compared to those in the
bedding-parallel directions. Anisotropic parameters ¢ and y have
not systematically varied trend to the kerogen content. Compari-
sons of the observation of apparent dynamic mechanical parame-
ters (E and ») and true ones, the linear relationship with organic
compositions may hold great value towards the interpretation of
well logs through consistent formations. Anisotropic mechanical
parameters (AE and AB) tend to decrease with the reducing
kerogen content, and AB is more sensitive to their variation. The
kerogen contents are linearly controlling Vp/Vs ratio low kerogen
content (typically less than 10%). Comparison of such ratios from a
compilation of values taken from the literature for a variety of
organic rich shales globally further proves the relation, which may
help identify a “sweet-pot” in the subsurface and quantify distri-
bution, thickness, and richness for shale reservoirs.
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