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Abstract. A parametric anisotropic rock physics (petroelastic) model of kerogen-rich shale rocks
of Bazhenov formation is constructed. The model is built based on the rock’s microstructure and
composition provided by the scanning electron microscopy and mineral-component model ob-
tained from well logs interpretation. The proposed model considers that kerogen can be found in
different forms in the mineral matrix: isometric inclusions and thin layers. Besides, the model al-
lows one to distribute the porosity between kerogen and mineral matrix. A sensitivity analysis of
the model to its parameters shows that the distribution of kerogen between the matrix and layers
can lead to significant changes in the velocities of elastic waves (up to 1.5 times for compression
waves and up to 4 times for shear waves). The velocities are also highly sensitive to the porosity
distribution between kerogen and matrix. The constructed petroelastic model is applied to invert
the distribution of the following parameters form well log data: (a) kerogen in the mineral matrix,
(b) kerogen in thin layers, (c) matrix porosity, and (d) kerogen porosity.
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Introduction

The Bazhenov formation (BF) draws attention in the oil and gas industry in recent
years, since this black shale formation is actively explored as an additional source of hydro-
carbons. The knowledge of shale’s petrophysical and mechanical properties is valuable for the
effective oil production from this type of unconventional reservoir with hydraulic fracturing.
The petroelastic modeling for shale rocks is a potent tool for predicting physically consistent
reservoir properties for this purpose.

Many researchers have modeled the effective elastic properties of oil and gas shales
throughout the world [Hornby et al., 1994; Jakobsen et al., 2003; Dreege et al., 2006; Bayuk
et al., 2007, 2008; Ortega et al., 2007; Bandyopadhyay, 2009; Sayers, 2013; Vasin et al.,
2013; Zhao et al., 2016]. Their works differ in rock-physics modeling strategies associated
with the both methods and representation of the complex multiscale structure particularly ani-
sotropy of shales. This anisotropy is usually characterized as a transversely isotropic type with
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a vertical axis of symmetry (VTI). It often results from horizontal layering as a consequence
of uniform sedimentation, and also from the presence of oriented fractures and microcracks,
lenses of organic matter (kerogen), and particles of clay minerals. Another specific feature of
shales is that these rocks exhibit multiscale porous space structure from nanopores in mature
organic matter to macropores due to dissolution of silica minerals. These factors and also
multi-component mineral composition led to complex petroelastic models.

In this work, we construct a multiscale rock-physics model for the Bazhenov formation
oil shale based on data provided by well logs and core analysis. Bazhenov oil formation is
represented by organic-rich laminated silicious fine-grained rocks and shares the key charac-
teristics with other major producing formations such as Barnet, Bakken etc.

Based on the microstructure observation, we assume that shale studied in this work is
composed of the isotropic kerogen-clay-silica matrix with silt-size inclusions. Besides the
rock contains kerogen flakes and lenses that have preferred horizontal orientation which re-
sults in VTI anisotropy of the formation.

The main goal of the present work is to quantify the influence of kerogen morphology
and porosity types on the elastic wave velocities. To achieve this goal, we construct a multis-
tep rock-physics model. In this model, the kerogen morphology is represented by three forms
differing in size including elongated lenses, dispersed thin inclusions, and isometrical silt-size
particles (in dissolved radiolaria skeleton). The last two types of kerogen are considered as in-
clusions in a matrix which may be in a contact or isolated. In this case to estimate the kerogen
effect on the effective elastic properties of shale the classical self-consistent [Berryman, 1980,
1995] and Kuster—Toksoz [Kuster, Tokséz, 1974a,b] methods are applied. To simulate effect
of the kerogen lenses we use the Backus averaging [Backus, 1962]. This method allows us to
treat the shale as a medium with mineral layers and kerogen microlayers. We consider two
main types of oil-filled pores — organic pores in the kerogen and non-organic pores in the ma-
trix. The rock physics modeling requires a construction of a hierarchical volumetric model
that allows us to obtain a distribution of volume concentration of minerals, kerogen, and pores
inserted at each step of the petroelastic model construction.

A sensitivity analysis of the constructed model provides us a reasonable choice of valu-
able parameters. The analysis shows that for fixed values of kerogen content and total porosi-
ty the distribution of the kerogen between the matrix and layers and distribution of porosity
between the kerogen and matrix can considerably change the elastic wave velocities (up to
several times).

We apply our model to well log data and invert the distribution of (a) kerogen amount
between matrix and layers and (b) oil porosity between kerogen and matrix. When solving
this problem we pay attention to non-uniqueness of the inverse problem solution and demon-
strate how wide the solution domain could be.

Composition and microstructure of Bazhenov formation shale rocks

In this section we analyze rock samples of the studied formation drilled from a well fo-
cusing on their microstructure and mineral composition. The latter is particularly important as
it forms the basis for building a geologically reliable conceptual model.

Rock composition and fabric

The mixture of siliceous mudstones and mudstones rocks compose the Bazhenov Shale
formation in the studied well. The most common types in the interval are biomorphic sili-
ceous mudstones (radiolarites), argillaceous and kerogen-rich siliceous mudstones. The inte-
gration of X-ray diffraction method, X-ray fluorescence method, pyrolytic analysis, as well as
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nuclear magnetic resonance (NMR) and Formation Microimaging (FMI) logs allows us to de-
termine a detailed mineral composition [Balushkina et al., 2014]. It is quite similar to other
shale’s mineralogies especially to lower Barnett shale formation [Loucks, Ruppel, 2007; Ga-
mero-Diaz et al., 2012; Speight, 2020]. The rock composition includes the following compo-
nents (Fig. 1): silica, clay minerals, carbonates, pyrite, organic matter, and feldspar. Silica
minerals are represented by quartz and chalcedony, along with lesser amounts of opal. These
minerals appear as recrystallized radiolaria’s skeletons and are locally common as amorphous
phase. The overall silica content is about 34%. Clay minerals are dominantly illite and kaoli-
nite.

Fig. 1. Bazhenov rock composition in the studied well
1 —clays; 2 — carbonates; 3 — kerogen; 4 — silica; 5 — pyrite-feldspar; 6 — porosity

The clay platelets are randomly oriented. This loss of preferred orientation could be due
to presence of higher amounts of silt content [Gipson, 1966; Curtis et al., 1980]. The clay
component in BF shale rocks does not exceed 40 %, in average 20 %. It is interesting that the
albite content (ranging from 0 % to 35 %) correlates with the amount of clay minerals in the
study formation [Balushkina, Kalmykov, 2016].

Kerogen of the BF rocks occurs both as dispersed matter in the matrix and as lenses or
flakes with preferred orientation (fig. 2), forming the fabric anisotropy. The kerogen volume
concentration is high (as compared to shale rocks of other known formations) with typical
value around 20 %. The Rock-Eval analysis showed that the kerogen belongs to type II.

& Organic len

Fig. 2. Organic matter (OM) in Bazhenov formation shale rock
Pyrite is present in the framboidal forms, which indicates its authigenic nature. Howev-

er, pyrite replacement of radiolarians is locally observed (Fig. 3, a). The pyrite volume con-
centration can reach 8 %.
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The carbonate component of these rocks is shown in Fig. 3, b. It is represented largely
by calcite and dolomite, and slightly by siderite and ankerite. The primary carbonates are
mostly in the forms of shell detritus, bivalve shells, teutids, foraminifera, coccolithophorids,
belemnites, and their remains. The secondary carbonate’s minerals are formed due to the re-
placement of siliceous material of the radiolaria’s skeletons [Balushkina, Kalmykov, 2016].
Calcite-replaced radiolarians are also met (fig 3, b).

o

SEI 15kV x10.000 1 pm  —

SEl 15kV %x20.000 1 UM  e———

Fig. 3. SEM images of Bazhenov formation shale (photos from [Kalmykov, 2016])
a — pyrite replacement of radiolarian; b — calcite-replaced radiolarians; ¢ — isometric pores in the
kerogen; d — quartz grains with intercrystalline porosity and intraform pores

Porous space

The analysis of thin sections and SEM photos provides a characteristics of rock’s por-
ous space. The primary porosity was lost during compaction, cementation, and infilled by or-
ganic matter. The secondary porosity could be divided into two types referred as organic and
non-organic porosity. Organic porosity or kerogen porosity is formed by isometric pores
with size up to 2 um (Fig. 3, ¢). Commonly, they are interconnected by small lenses of or-
ganic matter. This type of porosity has appeared at the end of the primary petroleum form-
ing zone due to kerogen maturation. Non-organic pores are typically much larger than pores
in kerogen. They represent intraparticle and intercrystalline porosity. Intraform voids
formed due to a dissolution of radiolarians shell are dominant and reach up to 200 microns
size (Fig. 3, d). The recrystallization process of opal into chalcedony (or less often into
quartz) and the pyritization of organic matter (OM) and porous space has led to occurrence
of the intercrysstalline porosity (Fig. 3, d). Open porosity measured with kerosene on the
core samples varies from 1.0 % to 2.59 % and the well-log derived total porosity range is
from 3 % to 27 % (Fig. 4).
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Fig. 4. Histogram of total porosity derived from NMR log
Petroelastic model of Bazhenov formation shale rocks

Mathematical model of effective physical properties

A mathematical model of effective physical properties of rocks including BF shale
rocks (petroelastic model) is designed in three stages (Fig. 5). The first stage is a construction
of so-called “model medium” that mimics specific features of the rock microstructure. The
model medium includes the mineral grains, pores, and fractures whose shape is approximated
by ellipsoids of revolutions having various aspect ratio. The second stage involves a parame-
trization of the model which means a revealing of parameters that characterize the physical
properties of components and microstructural parameters controlling rock’s physical proper-
ties. Then, at the third stage, a suitable rock-physics method is selected to calculate the effec-
tive physical properties of the model from its parameters. The theoretical values of physical
properties are compared with experimental ones. If the discrepancy between the values is
higher that an accepted level the model is corrected [Chesnokov et al., 2010; Bayuk, Tikhots-
kiy, 2018].

Model

Rock ) . _—) Model parameters —) Physical properties =
e (R | P F (model parameters)
(aspect ratio, volume _ and
fraction, saturation, etc.) constraints on parameters
\.

Fig. 5. Mathematical model of effective physical properties of rock

A basic principle for constructing a petroelastic model is “going from small to larger he-
terogeneities”. First the effective physical properties are calculated for a medium consisting
from the smallest inclusions. Then, inclusions of larger size are imbedded in this medium
[Danko et al., 2017].
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Construction of hierarchical petroelastic model of BF shales

The Bazhenov formation shale rocks exhibit rather complicated hierarchical microstruc-
ture. Consequently, the model medium is not too simple and should reflect its general specific
features. The steps for constructing the hierarchical petroelastic model of Bazhenov formation
shales are as follows (Fig. 6):

Step 1. Oil-saturated pores are inserted in kerogen matrix and the result of the first step
Is the porous kerogen.

Step 2. Silica, porous kerogen, and clay particles are mixed. We considered clay par-
ticles as spherical inclusions having isotropic properties. Strictly speaking this is not cor-
rect, since the clay minerals are anisotropic, and clay platelets have non-isometric shape and

Pores ;
Kerogen /N Homogeneous material 1
Qo
L -~ ~
m‘ L ) —
- g
Homogeneous material 2
N
&
&% [y
Porous kerogen
Mineral grains of the silty fraction: .
albite, calcite, dolomite, quartz Homogeneous material 3

Step 3
D
L)

e . =

Pores ©~
Pores Homogeneous material 4
.
Q
2
%)
Pyrite
Porous pyrite Homogeneous material 5
2 ‘ v.
Q L]
2 L
1) ‘
A o ¢
Porous kerogen N
Homogeneous material 6
©
Q
2
»n

Porous kerogen

Fig. 6. Hierarchical petroelastic model of Bazhenov formation shale rocks
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commonly aligned [Bayuk et al., 2008]. However, in this study we used this assumption for
simplicity since our goal is to analyze the influence of the following factors on the effective
elastic properties: (a) distribution of porosity between the kerogen and mineral matrix and (b)
distribution of porous kerogen between inclusions in the matrix and layers. Besides, the elas-
tic moduli of the stiffness matrices of clay and silica are not dramatically different. Thus, the
results of sensitivity study of the constructed model demonstrate that the effective properties
of our model are slightly dependent on the clay particle shape that varies from 10 to 0.1.
This also can be explained by that the maximum clay content does not exceed 25 % in the
rocks which is not too high.

Note that in a modeling that is aimed to study the factors controlling the anisotropy of
effective physical properties of rock the clay mineral anisotropy and non-spherical shape of
clay platelets should be taken into account.

In our case, isotropic medium (we call it Material 2) obtained at this step significantly
simplifies our further modeling.

Step 3. Mesopores and silt-size minerals are embedded in Material 2 that is considered
as a matrix. We call the resulting medium Material 3.

Step 4. Adding isometric saturated pores in pyrite. As a result, Material 4 is obtained.
Note that in the modeling we fill the pyrite-related pores with formation water, however the
result will not significantly change if the pores are filled with oil or oil-water mixture.

Step 5. Porous pyrite and porous kerogen (in dissolution voids of radiolaria skeletons)
are inserted in Material 3. The resulting medium with effective properties is called Material 5.

Step 6. Oriented elongated lenses of porous kerogen are added in Material 5 thereby
producing anisotropy in resulting elastic properties of the studied Bazhenov formation shale
rocks.

At steps 1, 2, 4, and 5 the effective elastic properties are calculated with the use of self-
consistent (SCA) method [Berryman, 1980, 1995]. For step 3 the Kuster—Tokséz method
[Kuster, Toksoz, 1974a,b] is applied since mesopores and silt-size minerals seem to be rather
isolated. To calculate the effective elastic properties of the resulting medium (step 6) the
oriented elongated kerogen lenses are considered as layers and the Backus method [Backus,
1962] is applied. The elastic properties of components composing the rocks and used for the
modeling are listed in Table 1 with respective references. The bulk modulus of oil and forma-
tion water is taken as 1.3 and 2.8 GPa, respectively, and their densities are 0.85 and 1.1 g/cm?.

Table 1. Elastic moduli and densities of components used for modeling

Component K, GPa n, GPa p, g/em® Reference
Kerogen 3.5 1.75 1.2 [Yan, Han, 2013]
Silica 23.0 23.0 2.65 [Bayuk et al., 2019]
Clay 21.0 7.0 2.58 [Berge, Berryman, 1995]
Dolomite 71.5 34.2 2.86 [McSkimin et al., 1965]
Albite 56.8 28.4 2.62 [Belikov et al., 1970]
Calcite 75.4 30.4 2.71 [Peselnick, Robie, 1963]
Quartz 37.8 43.7 2.65 [McSkimin et al., 1965]
Pyrite 142.8 125.5 5.02 [Ahrens, 1995]

Hierarchical volumetric model of studied rocks

This section presents a method for calculating the volume concentrations of components
constituting the petroelastic model which are inserted at each step of the model construction.
The concentration of a component inserted at each step is indicated by cnp, where n is the step
number and p is the index of the corresponding component. The following indices of compo-
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nents are used: k for kerogen, oil for oil, cl for clay, sil for silica, dol for dolomite, alb for al-
bite, cal for calcite, qz for quartz, pyr for pyrite, and wat for water. For example, ¢ is the vo-
lume concentration of kerogen at the 1% step (construction of oil-saturated porous kerogen),
C1oit IS the volume concentration of oil in kerogen at the 1% step. Notation like b; is used for the
total composition of the i-th step, and all these values are equal to 1. This notation serves only
as an indicator of the material obtained at the i-th step for the model construction at the next
steps. Thus, notation cg,s means volume concentration of material with the effective proper-
ties obtained at step 5, when kerogen layers are introduced into this medium at the final sixth
stage; Cep IS the volume concentration of oil-saturated kerogen layers.

The system of equations for the volume concentrations of the components inserted at
each step has the form:

step 1: Cak + Croit = by = 1; @
step 2: Cob1 + Caet + Cosit = b2 = 1; (2)
step 3: C3b2 * Cadol + C3alb + Cacal + Cagz + Caoil = b3 = 1; (3)
step 4: Capyr T Cawar = bs =1, (4)
step 5: Csb3 + Csp1 + Csha = D5 = 1; )
step 6: Cebs + Cob1 = be = 1, (6)

where Cak, Cioil, C2b1, Cacl, Casil, C302, Cadol, C3alb, Cacals C3qzs Caoils Capyr, Cawat, C5b3, Csb1, Csba, Cebs, Ceb1
are the sought-for volume concentrations of rock-forming components inserted at each step.
Equations (1)—(6) contain 18 unknown variables.

We express by, by, bs, bs, and bs in equations (1)—(5) in terms of concentrations and
substitute them into equation (6). As a result, we obtain the following equation:

C5b3 I:C3b2 (C2b1 (Clk + C1oi|) + Cch + C25i| ) + C3do| + C3alb + C3cal + C3qz + C30i| } +

+C5bl (Clk + Cloil ) + C5b4 (C4 pyr + C4wat ) (7)
FCoh1 (Clk + Cpil ) =1.

Since the total volume concentration of minerals, kerogen, and fluids in the rock is giv-
en (we have so-called mineral-component model), additional relationships that follow from
equation (7) can be used to calculate the concentration of each component:

6b5

kerogen: Cob5Csb3Cab2C201C1k t CobsCspiCix T CopaCrc = Vi (8)
oil: Cob5C5b3Cap2C201C10i1 T CosConaCaoit 1 CobsConiCroit = Vil (9)
clay: Cob5Csb3Can2Caoct = Vers (10)
silica: Cob5Csb3Can2Casit = Vit (11)
dolomite: CesCo3Ca02C2001 = Vool 1 (12)
albite: Cob5C5b3Cap2C2a1 = Vaib s (13)
calcite: CosConaCanaCacal = Vears (14)
quartz: Cob5Cs03C302C2qr = Ve » (15)
pyrite: ConsCoaCapyr = Vpyrs (16)
water: Cob5Csb4aCawat = Viar» (17)

where Vi, Voil, Vel, Vsil, Vdol, Valb, Veal, Vaz: Vpyr, Vwar are the known volume fractions of kerogen,
oil, clay, silica, dolomite, albite, calcite, quartz, pyrite, and water provided by the mineral-
component model derived from a petrophysical study or log data.

As a result, we have a system of 16 independent equations (1)—(6) and (8)—(18) and 18
unknowns. This system underdetermined and has many solutions. Moreover, equations (8)—
(17) are nonlinear. Formally, such a system of equations can be solved numerically using
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18 nested loops for each parameter, and many sets of concentrations can be selected as solu-
tions. However, this approach is practically unrealizable due to the enormous computational
time required to execute such an algorithm. In order to minimize computational costs, we use
all possible relationships between the concentrations of the components, which makes it poss-
ible to reduce the number of unknowns to 7 (and as a result, to implement only 7 nested loops
in the solution algorithm). For, example, using the ratio between the volume concentration of
minerals at step 3 we express the quartz, calcite, and albite concentrations via the dolomite
concentration. Similar substitution is made for clay and silica concentrations at step 2. We al-
so use all of equations (1)—(6) in order to reduce the number of nested cycles. Besides, in or-
der to decrease the computation time, we use bounds for volume concentrations of fluid-filled
voids at steps 1 and 4 as 50 %. This gives a possibility to exit the respective cycles much ear-
lier. Steps in the volume concentration values and a permissible discrepancy between the
sought-for and given concentrations for different components provided by the mineral-
component model are selected based on reasonable computation time.

The chosen admissible misfit between the sought-for and given total volume concentra-
tions of mineral, kerogen, and fluids is 2 %, and the step in concentrations is 1.5 %. In what
follows we call the method of determining the volume concentration of components inserted
at different steps “construction of hierarchical volume model”.

Before going to step 6 a necessity of such a complicated modeling (steps 1-5) was justi-
fied. To do this we build a one-step model where all heterogeneities are mixed simultaneous-
ly, and the self-consistent method of Berryman is used for calculating the effective elastic
properties of the mixture. Our modeling show that the velocities calculated from the one-step
effective moduli are greatly overestimated compared to those obtained in the 5-step modeling
(see Table 2). The basic values of parameters used for the modeling are listed in Table 3 of
the next section. As a result, to reach the experimental velocities around 40 % of kerogen
should be added in lenses. However, this amount is abnormally high compared to the real vo-
lume concentration of kerogen in the whole rock (not greater than 25 %). Thus, to obtain reli-
able velocities the proposed many-step modeling is necessary.

Table 2. Effective elastic moduli and calculated for many-step and one-step models

Model type Bulk modulus, GPa Shear modulus, GPa | Vp, km/s | Vs, km/s
Many-step model 12.4 7.7 3.11 1.81
One-step model 27.3 20.0 4.81 2.93

Sensitivity study of petroelastic model

After the model construction an analysis of the model sensitivity to its parameters
should be performed. In order to do this, we vary each parameter within a specified range
with a selected step. The analysis is carried out for the model parameters shown in Table 3 in
accordance with ranges of their variability. The ranges are approximately selected after the
visual analysis of thin sections. The basic values correspond to the average mineral composi-
tion of the studied rocks. A visual analysis of microstructure allows us to approximately esti-
mate the most common values of morphological parameters. The basic values are fixed when
sensitivity of other parameters is studied. Note that at steps 1, 2, 4, 5, and 6 the volume con-
centration of respective component is given for the considered step while the sum of volume
concentration of all components of this step is 100 %. For example, kerogen porosity 20 % at
step 1 means that other 80 % of volume is occupied by kerogen.
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Table 3. Basic values of parameters and their ranges used for sensitivity study (100 % means
that kerogen is matured to oil)

Model parameter Basic value, % Range, %
Kerogen porosity (step 1) 40 0-100
Porous kerogen (step 2) 30 0-80
Clay (step 2) 20 0-50
Silica (step 2) 50 0-80
Matrix porosity (not in kerogen and pyrite, step 3) 8 0-30
Albite (step 3) 7
Calcite (step 3) 5
Dolomite (step 3) 5
Pyrite porosity (step 4) 15 5-30
Pyrite (step 5) 8
Porous kerogen (step 5) 15 0-50
Porous kerogen (step 6) 5 0-30

Sensitivity study to the kerogen porosity

Here and below, other model parameters are fixed and their values are shown in Ta-
ble 3. Figure 7 shows the components of effective stiffness tensor versus kerogen porosity. Up
to porosity of 60 %, the components Cy;, Cs3, and Cy4 decrease more intensive compared to
their behavior at the greater porosity. The value 60 % can be considered as a “critical porosity
value” when the fluid in pores becomes connected.
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Fig. 7. Change in the effective moduli Cj; depending on porosity in kerogen at the step 1

Figure 8 demonstrates dependences of elastic wave velocities Vp, Vsy, and Vsy on the
wavefront direction for different kerogen porosity. The direction is counted from the vertical
axis that coincides with the symmetry of effective stiffness matrix of the rock (VTI). As seen,
Vp and Vsy may decrease almost twice as the kerogen porosity grows from 10 % to 60 %.

Sensitivity of the model to the increasing concentration of matrix kerogen (inserted at step 2)

This study is performed in two ways: (1) decreasing of silica and (2) decreasing of clay
content. Kerogen is porous. Note that kerogen, clay, and silica are the most abundant sub-
stances in the studied rocks. The volume concentrations of other minerals — quartz, albite, py-
rite, calcite, and dolomite, and kerogen porosity are taken as shown in Table 3. The calculated
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Fig. 8. Angular dependences of velocities Vp, Vsy, and Vsy on kerogen porosity of 10 %, 30 %, and
60 % after the 6™ step. The angle is counted from the vertical symmetry axis. The volume concentra-

tions of porous kerogen at respective step of modeling (2™, 5", and 6") are as follows: v;‘ =0.30,
vi =0.015, v§ =0.05

effective moduli at step 2 are demonstrated in Figures 9 and 10. As seen, for kerogen concen-
tration up to about 25 % the effective elastic moduli are greater if the kerogen replaces silica
compared to the case when kerogen replaces clay. This behavior is due to the fact that the
concentration of the “softest” component (kerogen) is small, and the effect of the most rigid
component (silica) dominates. Then, another behavior is observed — kerogen becomes to do-
minate and changes the moduli in a way specific for each replaced substance.
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Fig. 9. Change in effective modules Cj; after 6" step with an increase in kerogen concentration due to
decreasing of clay at the step 2
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Sensitivity study of the model to pyrite porosity

This analysis is performed for two extreme values of pyrite porosity — 5 % and 30 %.
The velocities are calculated for the final model (not for step 4). The elastic wave velocities
difference is less than 1 % as the porosity varies, which indicates their insensitivity to pyrite
porosity changes. This can be explained by the fact that the overall volume concentration of
pyrite is not high (no more than 17 %).

Sensitivity study of the model to matrix porosity

Figure 11 shows that the increasing matrix porosity mostly affects components Cs3, Cya,
and Cy3. The other two moduli are less sensitive and exhibit only minor changes.
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Fig. 11. Change in effective modules Cj; after 6" step due to matrix porosity increase at step 3

The model sensitivity to kerogen-filled radiolaria’s skeletons inserted at step 5

The results of the sensitivity study are demonstrated in Figure 12. The maximum varia-
tion is seen for Cy; (decreasing from 26.5 to 7 GPa). The moduli C;; and Cs3 drops almost
twice as the concentration of kerogen-filled skeletons changes from 0 % to 50 %. The moduli
Cy4 and Cgg exhibit the least sensitivity, whereas the modulus Cy3 is unsensitive to this para-
meter. In this part of sensitivity analysis, the radiolaria-related kerogen concentration increas-
es while the volume concentration of the matrix (Material 3 + porous pyrite) decreases.
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Sensitivity analysis for volume concentration of oriented elongated kerogen lenses

The lenses are considered as aligned thin layers, and the Backus method [Backus, 1962]
is applied. The resulting medium has anisotropic elastic properties of VTI symmetry. Note
that the anisotropy occurs in the model only at the final step 6.

The components of effective stiffness tensor versus the volume concentration of aligned
kerogen layers are shown in Figure 13. The maximum change is seen for modulus Cs; that
decreases from 26.5 to 8.0 GPa as the layer’s concentration increases from 0 % to 30 %. The
decrease in C44 becomes less pronounced as the layer’s concentration increases.
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Fig. 13. Change in the effective moduli Cj; with the increasing volume concentration of the kerogen
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Inversion of petroelastic model parameters from well log data

The petroelastic model of Bazhenov formation shale rocks and the method for construc-
tion of hierarchical volume model are applied to obtain the distribution of porosity between
the matrix and kerogen, as well as the distribution of porous kerogen between the matrix and
oriented layers. To determine these values, we use the well log data on the elastic wave veloc-
ities (Vp and Vs), density, total porosity, and volume concentration of the components.
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First, solutions for the hierarchical volumetric model are found for the current depth
with the help of algorithm described in the previous section. The set of solutions for concen-
trations cnp is used as input for the petroelastic model, and the effective elastic stiffness matrix
is calculated for each particular solution. Then, the obtained components of the effective stiff-
ness matrix are compared with their experimental analogs, calculated from the measured ve-
locities and densities:

M, =C,, =pVZ, (18)
Mg =C,, =Cys =pVy". (19)

The values Mp and Mg are often called as modulus of P-wave (or S-wave). The solution
of the inverse problem is a set of coefficients cn,, which provides an acceptable misfit be-
tween the theoretical and experimental data. In this study, it is assumed that such a discrepan-
cy should not exceed 20 %, which corresponds to a discrepancy in the velocities of elastic
waves of no more than 10 %.

A restriction is imposed on the solutions. If the values of the Thomsen parameters ¢ and
v calculated from the effective stiffness matrix exceed 0.8 the solution is considered as non-
acceptable since the anisotropy is too high and never observed in experiments with rock sam-
ples (laboratory or field). The obtained solutions are classified depending on the residuals be-
tween the experimental and theoretical elastic moduli, which is controlled by the formula

8=05(8M,)* +(8M)?, (20)

where 3Mp and 6Ms are discrepancies in the wave moduli specified as a relative difference in
the theoretical and experimental values of the respective modulus. The most probable solution
for the current depth is a solution with the minimum residual.

Using the method of inverse problem solution described above we find the possible so-
lutions for (a) kerogen in matrix versus kerogen in layers and (b) oil in kerogen versus oil in
matrix. Kerogen in matrix is the sum of the first and second terms on the left-hand side of eg-
uation (8). The kerogen in layers is the third term on the left-hand side of this equation. The
kerogen itself is assumed without pores. The oil in kerogen is the sum of the first and third
terms in the left-hand side equation (9), and oil in matrix is the second term in the left-hand
side of this equation.

Besides, an analysis of the sensitivity of elastic waves velocities to the distribution of
kerogen between the matrix and layers and to the distribution of oil between the kerogen and
matrix is carried out.

The values of residuals (20) when varying the kerogen distribution between the matrix
and layers are shown in Fig. 14. Similar results for the residuals when varying the oil volume
concentration between the matrix and kerogen are shown in Fig. 15. The total kerogen content
and total oil porosity for a depth of 3075.7 meters, according to the mineral-component mod-
el, are 0.129 and 0.15, respectively.

Analyzing the results shown in the figures, we can conclude that there is a wide area of
mutual combinations “kerogen in pores — kerogen in layers” and “oil in kerogen — oil in ma-
trix”, providing solutions within the given limiting value of the residual (20) which is as high
as 0.141. This value corresponds to the discrepancy between the theoretical and experimental
elastic wave velocities 10 %. The width of this area depends on the specified level of accepta-
ble residual. However, the pronounced variations in the residual values from smaller to larger
ones make it possible to divide the area of solutions according to the degree of their reliabili-
ty. Involvement of additional independent information obtained on cores (for example, study-
ing the degree of anisotropy of elastic properties or estimating the range of porosity in kero-
gen) will narrow the area of the possible solutions.
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Fig. 14. Kerogen in matrix versus kerogen in layers for a depth of 3075.7 m (1 — the most probable so-
lution). The pores are filled with oil
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Figures 16 and 17 show the dependences of compressional and shear wave velocities
with increasing concentration of (a) kerogen in layers and (b) kerogen porosity for a specific
depth (3075.7 meters). These dependences are provided by a set of forward problem solutions
corresponding to the rock composition at this depth for different values of the model parameters.

Note that the total kerogen content and porosity is fixed in this analysis. Model velocities
respond to changes in the concentration of kerogen layers and to redistribution of porosity be-
tween kerogen and matrix. As seen, the velocities of elastic waves decrease both with concentra-
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Fig. 17. Dependences of the velocities of compressional and shear waves on the kerogen porosity. To-
tal porosity is fixed. The trends are shown in black dotted lines

tion of the kerogen layers and kerogen porosity. Moreover, the velocity of compressional wave
can decrease by 1.5 times, and the shear wave velocity can even decrease by 4 times!

A comparison of theoretical and experimental velocities in the depth intervals 3045.5—
3047.25 and 3074-3076 meters is shown in Figures 18 and 19. These are the depth intervals
of kerogen-rich rocks. As seen, the theoretical and experimental velocities are in good agree-
ment. It is interesting that the best agreement is observed for the shear waves. The maximum
difference in velocities of 0.13 km/s is observed for compressional waves. Moving to results,
Figures 18 and 19 shows that high kerogen porosity intervals highly correlate with lower ve-
locities which is also justified by sensitivity study results. Components Cs3 and C44 are more
affected by increase in kerogen porosity rather than an increase in the matrix porosity (Fig-
ures 7 and 11). The increase in concentration of kerogen in layers reflects in higher values of
Thomsen parameters y and &. Note that parameter 6 is practically constant over the depth in-
terval. Also there is some noticeably tendency for only depth interval 3045.5-3047.25 with
the increasing kerogen in layers the porosity in kerogen is becoming lower.
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Fig. 18. a, b — solutions for kerogen (a) and porosity distribution (b) obtained from inversion; ¢ — ex-
perimental (exp) vs calculated (calc) velocities of compressional and shear waves; d — Thomsen para-
meters for depth interval 3045.5-3047.25 m

Discussion and conclusions

In this work, a hierarchical petroelastic model of a shale reservoir represented by rocks
of the Bazhenov formation is built. The goal of the model construction is to analyze how the
distribution of kerogen between two forms: (a) kerogen as isometric inclusions in the mineral
matrix and (b) kerogen as elongated layers in the matrix affects the elastic properties of the
rocks — moduli and velocities. Similar analysis is performed for the distribution of oil porosity
between the mineral matrix and kerogen. The model is constructed in several steps going
from small to larger inclusions with taking into account a complex multiscale microstructure
of studied rocks.

The construction of multistep model is reasonable since we show that a simple one-step
model produces significantly overestimated velocities. Thus, the Vp and Vs found with the
one-step model are almost 1.6 times greater than the velocities for multistep model. Such
complicated models commonly have many parameters and some of them are unknown and
even hard to be measured. Therefore, of importance is to carry out a sensitivity study of such
a model in order to have an opportunity to fix some parameters. In the sensitivity study it is
found that the model does not react to the aspect ratio of clay particles and kerogen. This can
be explained by that the clay and kerogen content is not too large in this rock attaining 27 %
and 19 %, respectively. This allows us to fix the aspect ratio of clay and kerogen particle.
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Fig. 19. Same as in Figure 18 but for depth interval 3074-3076 m

To simplify our calculations, we assume that their shape is spherical, however, we understand
that this is not true for clay. Besides, to simplify our analysis, we neglect the intrinsic aniso-
tropy of clay minerals. When studying the reasons of shale anisotropy, it should be taken into
account but we have another goal in this study.

A construction of the hierarchical petroelastic is accompanied by a respective hierar-
chical volume model. This allows us to analyze the following dependencies:

1) volume concentration of kerogen in the matrix versus volume concentration of kero-
gen in layers;

2) kerogen porosity versus matrix porosity for pores filled with oil.

Depending on the form of kerogen occurrence (in matrix or in layers), the velocities of
compressional waves can differ by 1.5 times, and shear ones by 4 times. With an increase in
the porosity of kerogen up to 13% at a fixed total porosity, the velocities of compressional
waves can decrease by 1.5 times, and the velocities of shear waves can decrease by half.

The developed petroelastic model is applied to well logging data in order to obtain all
possible solutions for combinations “kerogen in matrix — kerogen in layers” and “oil porosity
in matrix — oil porosity in kerogen” for two depths intervals containing shale rocks. The most
probable solutions are also found for each logging depth. The constructed model approx-
imates the experimental data with acceptable accuracy and can be used to predict the veloci-
ties of the Bazhenov formation shale rocks from their microstructure and vice versa — invert
the experimental data on elastic wave velocities for distribution of kerogen between matrix
and layers and distribution of porosity between the mineral matrix and kerogen.
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[MpunsTa k mybmukanuu 12.02.2025 T.

Annoranusi. Co3naHa napaMeTpuyeckasl NeTpoynpyras MOAENb aprUJUIMTONOA00HBIX, OOraThIX
KEpPOreHOM INOpoJ, 0a)KEHOBCKOM CBHUTHL. Mozenb MOCTPOEHA HAa OCHOBE PE3yJbTaTOB aHAIH3a U
COCTaBa MOPO/BL, MOJYYEHHBIX C IOMOLIBIO 3JIEKTPOHHOT'O CKaHHPYIOIIETO MHUKPOCKOIA, U MUHE-
pajbHO-KOMITOHEHTHON MOJIEIH, MOJYYeHHOH Ha OCHOBE MHTEPIPETAlMU JaHHBIX CKBaYKHMHHBIX
uccienoBanuil. [Ipeanaraemas Mozenp IpennonaraeT, 4YTo KeporeH MOXKET HaXOAUTHCS B MHHE-
panbHON MaTpHIe B pa3HBIX (OpMax: W30METPHUYHbBIC BKJIIOYEHHS M TOHKHE ciou. Kpome Toro,
MOJIETb TI03BOJISIET PACIPEACINTh MOPHCTOCTh MEXKIY KEPOTCHOM M MHHEPAIbHON MaTpHIeH.
AHanu3 9yBCTBUTENBHOCTH MOJIENIM K €€ IapamMeTpaM MOKa3bIBaeT, YTO pacIpeiesieHne KeporeHa
MEXIy MaTpUIel U CIOSIMA MOJKET NMPUBECTH K 3HAYUTEIIFHBIM M3MEHEHUSIM CKOPOCTEH yNpyrux
BOJH (1o 1.5 pa3 11 BoyiH cxxatust U 10 4 pa3 Juisl TONepedHbIX BoiH). CKOPOCTH TakXke O4YEeHb
YYBCTBUTEIBHBI K PaclpeAeieHHI0 MOPHCTOCTH MEXKAY KeporeHoM M marpuiei. [locrpoeHHas
HeTpoynpyras MOJielib IPUMEHSIETCS J1JIsl HHBEPTHUPOBAHHUS PACIPENIENICHHs CIEAYIOINX Mapamer-
pos o ganHeIM I'MIC: a) keporeH B MHHEpaJbHON MaTpuile;, 6) KeporeH B TOHKHUX CJOSX; B) IO-
PHCTOCTb MaTpPUIIBI; T') KEPOTEHOBAsI TIOPUCTOCTb.
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