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the post-depositional effect of pore structure on seis-
mic velocity, elastic moduli, and formation fluid; and 
further predict the best lithofacies interval for well 
landing, and the implications for fluid (gas, oil, and 
water) recovery in naturally- and often systematically-
fractured geosystems. The KT and DEM models’ pre-
dictions show distinct formation intervals exhibiting 
needle-like pores and having higher seismic velocities 
(Vp and Vs) and elastic moduli (K and µ), relative to 
other formation intervals that exhibit moldic pores. 
At the same fluid concentration, the needle-like pores 
(small aspect ratios) have a higher impact on elastic 
moduli, Vp, and Vs than on the moldic spherical pores 
with all other parameters held constant. Vp is affected 
more than Vs by the properties of the saturating fluid 
(gas, oil, or water) with Vp being greater in Bakken 
formation when it is water-saturated than when it is 
gas-saturated. Vs exhibit the reverse behavior, with Vs 
greater in the gas-saturated case than in the water-sat-
urated case. Further, analyses suggest that the middle 
Bakken formation will have a higher susceptibility to 
fracturing and faulting, and hence will achieve greater 
fluid (oil and water) recovery. Our findings in this 
study provide insights that are relevant for fluid pro-
duction and geo-storage in unconventional reservoirs.

Article highlights 

• Integrated well log data and rock physics models.
• Investigated the effect of changes in pore structure 

on elastic properties and fluid flow in shale.

Abstract Unconventional geo-resources are criti-
cal due to their important contributions to energy 
production. In this energy transition and sustainabil-
ity era, there is an increased focus on  CO2-enhanced 
oil recovery  (CO2-EOR) and geological  CO2 storage 
(GCS) in unconventional hydrocarbon reservoirs, and 
the extraction of hot fluid for energy through enhanced 
geothermal systems. However, these energy solutions 
can only be achieved through efficient stimulation to 
develop a complex fracture network and pore structure 
in the host rocks to extract heat and hydrocarbon, or 
for  CO2 storage. Using Bakken formation well data 
and rock physics models, this study aimed to identify 
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• Increase in porosity causes a reduction in elastic 
moduli and seismic velocities.

• Vp is more affected by pore geometry than Vs 
depending on density and properties of saturating 
fluid.

• Lithofacies with needle−like pores are more sus-
ceptible to fracturing than lithofacies with intra-
granular pores.

Keywords Rock physics · Fracture mechanics · 
Pore geometry · Aspect ratio · Shale rock physics

List of symbols 
Vp  Compressional velocity
Vs  Shear velocity
ρ  Density
MVRH  Modulus of Voigt, Reuss and Hill 

average
MV  Voigt upper bound
MR  Reuss lower bound
fi  Volume fraction used to compose the 

rock constituent minerals
Mj  Modulus of the ith component
M  Shear modulus or the bulk modulus.
KKT  The effective bulk modulus of 

Kuster−Toksöz
�KT  The effective shear modulus of 

Kuster−Toksöz
ks  Bulk modulus of the matrix
Kdry  Effective bulk modulus of dry rock
Ksat  Effective bulk modulus of saturate rock
K0  Effective bulk modulus of the mineral 

material
kfl  Effective bulk modulus of the pore fluid
ms  Modulus of the inclusion
Gdry  Effective shear modulus of dry rock
Gsat  Effective shear modulus of the pore fluid
Ki  Bulk modulus of inclusion
Kfl  Bulk modulus of saturating fluid
�  Aspect ratio
y  Porosity
�s  Shear modulus of the matrix
�i  Shear modulus of inclusion
K*

DEM  Bulk moduli of the matrix of phase
K2  Bulk moduli of the matrix of phase 2
K*

DEM(y)  Effective bulk moduli of DEM
µ*

DEM  Shear moduli of the matrix of phase 1
µ2  Shear moduli of the matrix of phase 2

µ*
DEM(y)  Effective shear moduli of DEM

P and Q  The geometry factor for inclusion of 
material 2 in a background medium

Psi and Qsi  The geometry factors
�s  �

6

(9K+8�)

(K+2�)

1 Introduction

Unconventional reservoirs are a critical resource in 
this era of energy transition and sustainability due to 
their important contributions to energy production 
and geo-storage. Currently, there is an increased focus 
on CO2-enhanced oil recovery  (CO2-EOR) (Welk-
enhuyse et al. 2018; Wei et al. 2021; Kashkooli et al. 
2022) and geological  CO2 storage (GCS) (Eshkalak 
and Aybar 2015; Senger et  al. 2015; Levine et  al. 
2016; Azenkeng et  al. 2020; Kolawole et  al. 2021a, 
2022; Ozotta et  al. 2021a, b, c) in unconventional 
hydrocarbon reservoirs, and the extraction of hot fluid 
for energy through enhanced geothermal systems 
(Gholizadeh Doonechaly et  al. 2013; McClure and 
Horne 2014; Kolawole et  al. 2021b). These energy 
solutions can only be achieved through efficient 
stimulation to develop a complex fracture network 
and pore structure in the host rocks to extract heat 
and hydrocarbon, or for  CO2 storage. The linkage of 
hydraulic fractures and pre-existing natural fractures 
are important mechanisms for fracture network con-
nectivity and pore structure enhancement.

The distinctive ultra-low porosity and permeability 
of an unconventional reservoir, as seen in the Bak-
ken Formation in the Williston Basin, North Dakota, 
is the main obstacle to fluid recovery and production 
from the reservoir (Sorensen et  al. 2014). Without 
the enhancement of such hydrocarbon reservoirs via 
hydraulic stimulation to improve the porosity and 
permeability of the reservoir and improve its hydro-
carbon recovery, unconventional reservoirs cannot be 
produced economically (McGlade et al. 2013; Wang 
et  al. 2014). Here, identifying the mechanisms of 
the pore structure  of the reservoir formation  is cru-
cial since they can impact seismic velocities (Vp and 
Vs), and fracture initiation and  propagation. Previ-
ous research works have already investigated how 
pore morphology  affects the seismic velocities of 
rocks and composite geomaterials (Levin et al. 2004; 
Markov et  al. 2006; Paoletti 2012; Candikia et  al. 
2017; Handoyo et  al. 2019; Kolawole and Ispas 
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2019; Mavko et al. 2020; Kolawole 2022). The find-
ings from these investigations demonstrate that when 
porosity is held constant, cracks (low aspect ratio) 
dramatically reduce seismic velocities more than 
spherical pores (high aspect ratio). This shows that 
compressional and shear velocities play a part in the 
fracturing of rocks because their low values indicate 
regions that are more prone to fracturing and fault-
ing  (Paoletti 2012). Therefore, analyzing and mode-
ling seismic velocities can enhance hydraulic fractur-
ing and stimulation operations.

Rock physics templates (RPTs) have been devel-
oped for sandstone reservoirs (Avseth et  al. 2000, 
2010; Singha and Chatterjee 2017) and carbonate res-
ervoirs (Yu et al. 2014; Hilman and Winardhi 2019) 
to guide seismic inversion interpretation results for 
reservoir characterization and fluid identification, but 
no RPT for an unconventional reservoir with a blend 
of siliciclastic and carbonate rock has been devel-
oped. For sandstone reservoir, rock physics models 
like the constant cement model (Avseth et al. 2000), 
the contact cement model (Dvorkin et al. 1996), and 
the friable sand model (Dvorkin and Nur 1996) has 
been developed. For carbonate rocks, the pores are 
often modeled as the ideal ellipsoid inclusions ( � < 1) 
using an effective medium inclusion—based model, 
such as Kuster and Toksöz (KT) model (Kuster and 
Toksöz 1974), Differential Equation Medium (DEM) 
(Norris 1985) and self—consistent approximation 
(SCA) (Berryman 1980a, b). Here, the most impor-
tant parameter to be defined is the pore geometry. 
When a fluid-filled porous medium is a composite of 
two porous phases, each of which could be described 
separately by the more conventional Gassmann rela-
tions. The generalized Gassmann’s equation describes 
the static or low-frequency effective bulk modulus 
of the porous medium (Berryman and Milton 1991). 
This is an improvement over the standard Gassmann 
equation, which assumes a single, statistically homo-
geneous porous constituent with a single pore-space 
stiffness and a single solid mineral in the porous 
medium. The generalized Gassmann formulation is 
independent of pore geometry like Gassmann’s equa-
tion (Mavko et al. 2020).

Therefore, for modeling pore geometry variations 
in carbonate rocks using inclusion-based models, we 
should assume rock as an elastic matrix including 
certain inclusions with changing pore aspect ratios. 
Yan et  al. (2002) showed that elastic moduli have a 

non-linear behavior when pore aspect ratios change. 
This demonstrates the problem of utilizing fixed 
pore aspect ratios for lithology uniformity over small 
depth intervals. Therefore, defining a variable pore 
aspect ratio is needed to have a better estimation of 
rock stiffness and velocities. The ‘velocity deviation’ 
term developed by Anselmetti and Eberli (1999) is a 
regularly used assumption for modeling pore struc-
ture effects on acoustic characteristics in carbonates 
(Kumar and Han 2005; Saberi 2020). Velocity devia-
tion is defined as the differences between the meas-
ured velocities and the time-average equation of Wyl-
lie et  al (1956). This quantitative method identifies 
intervals with strong positive deviations (stiff pores) 
while interparticle and micro-porosities (weak pores) 
make almost zero or negative deviations (Wyllie et al. 
1956). Then, the P- and S-wave velocities (Vp and Vs) 
are computed based on the characteristics of the min-
eral skeleton in relation to porosity.

The complexity of unconventional reservoir pore 
structures and related sensitivity to pressure and tem-
perature changes bring more challenges and uncer-
tainties to their elastic modeling. These uncertain-
ties may give overestimated, underestimated, or even 
accurate elastic changes due to different fluids based 
on the reservoir pore system. Pore geometries are 
a significant characteristic that must be taken into 
account when determining elastic moduli using any 
theoretical effective medium models since the pres-
ence of different pore structures modify the effective 
elastic properties of the rock frame (Kumar and Han 
2005). Intergranular, intragranular, moldic, cement 
dissolution, and fracture pore types are the most 
prevalent in unconventional reservoirs like the middle 
Bakken component, according to Ulmer-Scholle et al. 
(2014). Therefore, the key parameters in unconven-
tional reservoir petrophysical modeling are to account 
for the lithofacies, pore size, and pore geometry. The 
middle member of the Bakken Formation exhibits 
significant differences in pore structure, pore distri-
bution, and pore morphology as a result of the com-
plex variations in its lithofacies. These variations also 
affect the framework’s mineralogical composition, 
texture, porosity, and permeability. Such a heteroge-
neous interbedded reservoir like the middle member 
of the Bakken Formation requires rock physics mod-
eling study to model its multiple pore morphology 
present.
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Using Middle Bakken as a case study and rock 
physics models, the study aims to identify the post-
depositional effect of pore structure on seismic veloc-
ity, elastic moduli, and formation fluid; and further 
predict the best lithofacies interval for lateral and 
vertical well landing, and its implications for fluid 
(gas, oil, and water) recovery in naturally- and often 
systematically-fractured geosystems. Firstly, the 
measured logs will be integrated with the pore struc-
ture evaluation to assess how geometry interpretation 
of the pore structure of the formation may affect the 
seismic wave velocity of the formation, and the signif-
icance of this factor in fracture mechanical behavior 
and model predictions. These data raise the following 
questions: (1) what influence do pore morphologies 
and reservoir fluid saturation have on Vp and Vs?; (2) 
can we deduce the pore geometry and fluid satura-
tion phase from the seismic velocities (Vp and Vs)?; 
and (3) Is it possible to estimate Vp and Vs in reser-
voir environments given these rock physics  models, 
and can seismic data be used to determine the saturat-
ing fluid?. Subsequently, we will use the differential 
effective medium (DEM) and Kuster − Toksòz (KT) 
model to predict Vp and Vs, and finally, we will apply 
fluid substitution using the Gassmann model.

2  The geologic background of the Bakken 
formation

As shown in Fig.  1, the upper, middle, and lower 
members make up the three distinct members of the 
Bakken formation. The upper and lower members are 
black, rich in organic matter, and are well-known as 
the source rock of the Bakken.

The Bakken formation has  permeability values 
ranging from 0.01 to 20 mD. The middle Bakken 
member, which mostly consists of sandstones and 
siltstones but also has low porosity (1–15%) and low 
permeability (0.01–109 mD), it’s the principal hydro-
carbon-producing member, particularly for a reservoir 
formation (LeFever et  al. 1992; Pitman et  al. 2001; 
Nordeng and Helms 2010; Nojabaei et al. 2016; Liu 
and Ostadhassan 2017).

The middle Bakken member lithology are differ-
ent throughout the Williston basin (North Dakota) and 
is made up of 7 unique lithofacies with a maximum 
thickness of 87 feet (LeFever et al. 1992; Pitman et al. 
2001). Clastic shales, silts, sandstones, and carbonates 

are some of the several types of lithology (LeFever 
et  al. 1992; Nordeng and Helms 2010). Shale, dolos-
tones, and limestones rich in silts, sand, and oolites 
may be found in smaller proportions (LeFever et  al. 
1992). The cementations in the middle Bakken forma-
tion include calcite, pyrite, dolomite, and some light- 
to medium-gray cementations with bioturbation are 
common within the formation. The middle Bakken 
member  fossils include articulate and less frequently 
inarticulate brachiopods, pelmatozoan pieces, gastro-
pods, and numerous trace fossils.

In brief, the middle member lithofacies unit in 
descending order adopted from LeFever et  al. (1992): 
(1) lithofacies unit 7 are massive to wispy laminated 
argillaceous siltstone, and generally cemented with 
calcite and dolomite. There are fossilized brachiopods, 
bryozoan remains, and crinoid fragments. Pyrite par-
tially or entirely replaces fossils; (2) lithofacies unit 6 
are an alternating sequence of siltstone, claystone to 
shale, very fine-grained sandstone, siltstone, and sand-
stone bed that commonly display planar or cross-ripple 
laminations and cemented with dolomite; (3) lithofacies 
unit 5 are an alternating sequence of argillaceous silt-
stone, very fine-grained sandstone, and shale. Parallel 
or slightly undulatory thin lamination with cemented 
dolomite, small folds, and faults from post-lithification 
within; (4) lithofacies unit 4 are argillaceous to sandy 
siltstones, very fine-grained sandstone, and local clay-
stone with irregular and wavy lamination. Pyrite fills 
intergranular pores and dolomite cements them; (5) 
lithofacies unit 3 is composed of very fine- to fine-
grained sandstone strata. The alternation of thickly 
laminated cross-bedded, and enormous beds. Cemented 
with calcite and occasionally by pyrite; (6) lithofa-
cies unit 2 are argillaceous siltstone or sandy siltstone 
to very fine-grained sandstone, with small-scale clay 
drapes, burrows filled with pyrite, scattered crinoids, 
and brachiopod fossils; (7) lithofacies unit 1 are argil-
laceous siltstone, cemented with calcite and scattered 
pyrite nodules and with crinoids and brachiopods fos-
sils intergranular porosity.

3  Method and data

3.1  Well data

As a result, the demonstration of rock physics mod-
eling and development of RPT of unconventional 
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reservoirs in the Williston basin will be relevant for 
seismic AVO (amplitude variation with offset) inver-
sion, fluid type identification, and substitution model 
generation. We are limited to seismic data for the 
field investigations in Williston Basin, and as such it 
is difficult to acquire spatial control over rock phys-
ics without seismic data, hence the rock physics mod-
eling example is based only on well log data. Well 
logs namely, gamma-ray, resistivity, density, neutron, 

P-wave, and S-wave velocities are considered from 
two wells located in the North Fork and Little Knife 
fields of the basin (Fig. 2).

3.2  Rock sample preparation

Rock samples from the upper and lower members of 
the Bakken Formation (source rocks) were retrieved 
from cores stored in the North Dakota Geological 

Fig. 1  Stratigraphic column of the petroleum source rocks and the reservoir in Williston Basin from well B
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Survey Core Library at the University of North 
Dakota. The samples were dried, crushed, and sieved 
with < 250 μm mesh for homogenization.

3.3  Mineralogical composition

To evaluate the mineralogical components of the res-
ervoir, the samples were crushed to a size less than 
0.125 mm using a 125 mesh. For the mineralogical con-
tent analysis, a D8 advanced X-ray diffractometer (XRD) 
was used with a scanning rate of 3°/min in the range of 
3°–90°. A curve-fitting method was used to delineate 
major minerals (major peaks) that exist in the spectrum.

3.4  Voigt–Reuss−Hill average moduli model

As the foremost step, the Voigt–Reuss–Hill (VRH) 
average method is adopted to create the matrix or 

background. The Voigt upper bound and the Reuss 
lower bound are averaged mathematically to produce 
the VRH average. According to Mavko et al. (2020), 
the relationship is shown as follows:

where

To estimate the effective elastic moduli of rock in 
terms of its constituents, the Voigt−Reuss−Hill aver-
age is commonly used (Man and Huang 2011; Mavko 
et al. 2020). The input parameters for the matrix mix-
ture are the volume fraction of the minerals, density, 
bulk and shear moduli, and mineral composition. 

(1)MVRH =
MV +MR

2

(2)MV =

N
∑

i=1

fiMi;
1

MR

=

N
∑

i=1

fi

Mi

Fig. 2  Location of the wells, areal extent of the Bakken Formation and Williston Basin in United States and Canada
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Table 1 displays the values of these variables for the 
Middle Bakken. Following that, the resulting com-
pressional modulus, shear modulus, and density are 
used as reservoir characterization input parameters. 
VRH assumes the rock is isotropic and the result is 
a heuristic, which can be useful and can accurately 
estimate the rock properties (Mavko et al. 2020).

3.5  Kuster−Toksoz (KT) model

In the subsurface, where rocks are typically satu-
rated or partially saturated by fluids, seismic waves 
travel through two-phase media. For theoretical 
study, Kuster and Toksoz derived the first-order, and 
the long-wavelength scattering formulas for P- and 
S-wave velocities. This technique is one of the popu-
lar rock physics models used to calculate a medium’s 
elastic characteristic. For various inclusion forms, the 
formulae for the effective moduli KKT and mKT Eqs. 3 
and 4 respectively can be expressed as (Toksöz et al. 
1976; Vernik 2016; Candikia et al. 2017; Saxena et al. 
2018; Mavko et al. 2020):

where

(3)

KKT =

[

ks + f ⋅

4

3
⋅ ms ⋅

(

kfl − ks
)

ks +
4

3
⋅ ms

⋅ Psi

]

⋅

[

1 − f ⋅

(

kfl − ks
)

ks +
4

3
⋅ ms

⋅ Psi

]−1

(4)

�KT = ms ⋅

[

1 − f ⋅ Qsi
Vs

ms + Vs

]

⋅

[

1 + f ⋅ Qsi
⋅

ms

ms + Vs

]−1

And

Pores of different shapes are found in a typical rock. 
The pores range in size from moldic to extremely flat, 
needle-like shape. The KT model represents them as a 
set of spheroids with various aspect ratios. KT model 
assumes isotropic, linear, and elastic media; limited to 
dilute concentrations of the inclusions; and assumes 
idealized ellipsoidal inclusion shapes (Mavko et  al. 
2020). While needle-like pores with a very low aspect 
ratio can be compared to penny cracks, the moldic 
pores can be compared to circular spheroids. In the 
case of a mixed aspect ratio like the middle Bakken 
member, the formula is given by Eqs.  7−10 can be 
generalized as:

For spheres inclusions:

For penny shaped cracks:

3.6  Differential Effective Medium (DEM) model

The Kuster and Toksoz model is valid for a dilute 
pore volume (very low porosity) of tight formations, 
such as shales. However, the Differential Effective 
Medium (DEM) approach is often preferred for inves-
tigating the elastic characteristics of porous rock with 
higher porosity. The DEM theory models two-phase 
composites by incrementally adding inclusions of one 

(5)�s = � ⋅

3 ⋅ ks + �s

3 ⋅ ks + 4 ⋅ �s

(6)Vs =
�s

6
⋅

9 ⋅ ks + 8 ⋅ �s

ks + 2 ⋅ �s

(7)Psi =
ks +

4

3
⋅ ms

ki +
4

3
⋅ ms

(8)Qsi =
ms + Vs

mi + Vs

(9)Psi =
kss

ki + � ⋅ � ⋅ �s

(10)

Qsi =
1

5
⋅

[

1 +
8 ⋅ �s

� ⋅ � ⋅

(

�s + 2 ⋅ �s
) + 2.

ki +
2

3
⋅ �s

ki + � ⋅ � ⋅ �s

]

Table 1  The Middle Bakken input data for the mineral mixing 
using the Voigt–Reuss–Hill (VRH) model

Minerals Density, 
ρ (g/cm3)

Bulk 
modulus, K 
(GPa)

Shear 
moduli, µ 
(GPa)

Volume 
fraction (f)

Quartz 2.65 36.6 45.0 0.39
Pyrite 5.02 158.0 149.0 0.09
K-Feldspar 2.62 37.0 15.0 0.14
Calcite 2.71 76.8 32.0 0.16
Dolomite 2.87 94.7 45.0 0.17
Halite 2.16 24.8 14.9 0.04
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phase (phase 2) to the matrix phase. The effective 
moduli in the DEM approach are determined by the 
construction path chosen to reach the final compos-
ite. The DEM approach works by incorporating the 
background models with inclusions. DEM identifies 
one of the constituents as a host or matrix material 
in which inclusions of the other constituent(s) are 
embedded (Mavko et  al. 2020). DEM assumes the 
rock is isotropic, linear, and elastic; idealized ellip-
soidal inclusion shapes are assumed; the cracks are 
isolated with respect to fluid flow; and the process 
of incrementally adding inclusions to the matrix is a 
thought experiment and should not be used to provide 
an accurate description of true rock porosity (Mavko 
et  al. 2020). The models are updated regularly as 
inclusions are added. The DEM equation will be 
expressed as Eqs. 11 and 12 (Mavko et al. 2020):

The input parameters for the KT and DEM mod-
els are the compressional modulus, shear modu-
lus, and density obtained from the matrix mixture 
(Voigt−Reuss−Hill model) and the reservoir fluids 
(gas, oil,  CO2, and brine) as presented in Table  2. 
The aspect ratio parameter considered in the KT 
and DEM models are 0.01, 0.05, and 0.2. The KT 
and DEM models are used to estimate the elastic 
properties of the unconventional reservoir rocks. 
The pore morphology can be determined using the 
KT and DEM models, and the compressional and 
shear wave velocities can be calculated based on 
the effective matrix moduli. The calculated Vp log 
from the KT and DEM models with different aspect 
ratios is then compared with the measured Vp log.

(11)(1 − y)
d

dy

[

K∗

DEM
(y)

]

=
(

K2 − K∗

DEM

)

P(∗2)(y)

(12)(1 − y)
d

dy

[

�∗

DEM
(y)

]

=
(

�2 − �∗

DEM

)

Q(∗2)(y)

3.7  Gassmann’s relations

In general, when a rock is subjected to an increase in 
compression, such as from a passing seismic wave, 
an increase in pore-pressure change is created, which 
resists the compression and so stiffens the rock. 
Gassmann’s equation is used to calculate the fluid 
replacement effect and elastic modulus with varying 
fluid saturation and porosities ranging from zero to crit-
ical porosity (Gassmann 1951; Biot 1956; Mavko et al. 
2020). The low-frequency Gassmann–Biot (Gassmann 
1951; Biot 1956) theory predicts the consequent effect 
in saturated rock effective bulk modulus, Ksat , using the 
following equation (Mavko et al. 2020):

Gassmann’s equation makes no assumptions on 
pore geometry and assumes a homogeneous min-
eral modulus and statistical isotropy of the pore 
space. Most significantly, it is only true at sufficiently 
low frequencies to dissipate excess pore pressures 
throughout the pore space (Mavko et al. 2020).

4  Results and discussion

The majority of the minerals found in the Bakken for-
mation, with different proportions found throughout the 
middle Bakken member, are quartz, k-feldspar, calcite, 
dolomite, pyrite, and halite, according to the XRD data. 
The primary mineral components of the Middle Bak-
ken formation analyzed in this study are quartz, calcite, 
dolomite and k-feldspar with 39%, 16%, 17% and 14% 
respectively. We neglected the influence on the elas-
tic properties of the clay minerals in this study due to 
their insignificant percentage composition. The volume 
fraction of the minerals in Table 1 also conforms to the 
trend of mineral percentage fraction compared with 
XRD results from other studies in the Middle Bakken 
(Liu et al. 2016; Xu and Sonnenberg 2016).

4.1  Predicted fractomechanical properties from KT 
model

The elastic properties of gas, oil, and water-saturated 
rock models are studied for a given aspect ratio as a 

(13)

Ksat

K0 − Ksat

=
Kdry

K0 − Kdry

+
Kfl

y
(

K0 − Kfl

) ,Gsat = Gdry

Table 2  Elastic properties of the reservoir fluids considered in 
the KT and DEM models

Pore fluid K (GPa) µ (GPa) ρ (kg/m3)

CO2 0.049 0.00 450
Water 2.498 0.00 980
Gas 0.03 0.00 109
Oil 1.008 0.00 801
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function of concentration were estimated as shown in 
Figs. 3a, b and 4a, b for three different aspect ratios 
of 0.01, 0.05, and 0.2, representing cracks, inter-
granular, and intragranular pores respectively. Both 

compressional and shear velocities (Vp and Vs) are 
affected more by the pores with the lowest aspect 
ratios ( � = 0.01) than by the pores with the highest 
aspect ratios ( � = 0.2) where the percentage of pores 

Fig. 3  KT model prediction of the effect of fluid type and pore 
shapes on compressional and shear wave velocities: a compres-
sional wave velocity (Vp) versus porosity, and b shear wave 
velocity (Vs) versus porosity. Both relationships are presented 

as a function of aspect ratio represented with different markers, 
and the color codes and line types represent the different fluids 
filling the pores
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with an aspect ratio of 0.01 reduced the velocities by 
about 20%. Accordingly, the rock stiffens up at higher 
aspect ratios while cracks and pores at lower aspect 
ratios are more brittle.

This is also described in Fig.  4a and b which 
show the stiffnesses variation with respect to dif-
ferent pore shapes. As pores take on a crack-like 
shape, both the bulk and shear moduli decrease, 

Fig. 4  KT model prediction of the effect of fluid type and pore 
shapes on bulk and shear moduli: a Bulk modulus (K) versus 
porosity, and b shear modulus (μ) versus porosity. Both rela-

tionships are presented as a function of aspect ratio represented 
with different markers, and the color codes and line types rep-
resent the different fluids filling the pores
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with the bulk modulus being affected more so than 
the shear modulus.

The plots (Figs. 3a, b, 4a, b) also show that the 
fluid type that fills the pores also has an impact 
on bulk modulus, shear modulus, and velocities. 
Because the shear wave in fluids is insignificant as 
there is no shear propagation in fluids and the shear 
modulus stays constant as the fluid type filling the 
pores changes, the effect on velocities is more pro-
nounced in Vp than in Vs. The small variation in Vs 
that occurs when the fluid is changed may be caused 
by the density characteristics of the various fluids. 
As a result, the figures show that the fluid type has 
less of an impact on velocities than the aspect ratios 
of the pores.

From these results (Figs.  3a, b, 4a, b), it is also 
shown that the fluid effect has more impact on veloci-
ties at lower aspect ratios than at higher aspect ratios, 
especially for gas. Figure  1 shows that at � = 0.01, 
due to the substantial difference in density and bulk 
modulus between gas and water, where gas is, by 
far, more compressible than water and its density is 
lower, changing the fluid from water to gas causes a 
significant change in velocities.

The comparison of the change in Vp and Vs at dif-
ferent aspect ratios between oil and water shows that 
the impact of changing the fluid type from water to 
oil, or the opposite, is less significant for the elastic 
properties’ changes. This is because these two fluids’ 
characteristics, as compared to those of gas, are more 
similar to one another. The effect on rock stiffness is 
also demonstrated by the observations in Fig. 4a and 
b. Although it has been demonstrated that the pore 
aspect ratio decreases both compressional and shear 
wave velocities, the reduction is more pronounced in 
Vp than in Vs because shear does not capture fluids. 
Fluid change is more responsive to elastic properties 
at low aspect ratios than at large aspect ratios. This 
may be the result of several factors, including the fluid 
compressibility parameter, which affects gas more so 
than other fluids, and crack pores, which also permit 
this behavior. However, this parameter becomes less 
important, and the elastic properties become closer as 
the pore shapes tend to be circular. This phenomenon 
has also been observed in other studies (Toksöz et al. 
1976; Levin et al. 2004; Markov et al. 2006; Candikia 
et al. 2017; Handoyo et al. 2019; Ozotta et al. 2021d). 
The uncertainties in our KT model predictions are 

presented in Supplementary Information (Fig. S1 and 
Fig. S2).

Both Vp and Vs decrease as porosity increases, and 
the decreasing trend is more significant at low aspect 
ratios than at higher aspect ratios. This phenom-
enon is caused by the way these pores are shaped; 
cracks are weaker than intragranular pores, which are 
known as stiff pores, and as the pore spaces increase, 
this stiffness difference becomes more pronounced. 
Regarding the susceptibility of rocks to faulting and 
fracture, the seismic velocities  (Vp and Vs values) are 
extremely important (Kolawole et  al. 2019, 2021b). 
Therefore, fracturing and faulting are strongly associ-
ated with pores that have a low aspect ratio (0.01 and 
0.05). Lithofacies with a low aspect ratio are more 
susceptible to fracturing than lithofacies with a high 
aspect ratio, and this range of seismic velocities (Vp 
and Vs) is the target for hydraulic stimulation.

For model prediction comparison, the fluid-fill-
ing method was investigated by coupling the KT 
model and Gassmann fluid substitution methods. 
The Gassmann method underpredicts both Vp and Vs 
due to the assumption of interpore connectivity. This 
interpore connectivity was later related to KT which 
assumes pores to be isolated relative to the fluid 
transport into pores while incorporating the inclu-
sions using KT. This variation increases with respect 
to the decrease in aspect ratio when the pore connec-
tivity becomes more significant. From the analyses in 
Fig.  5a–d, the fluid substitution has a smaller effect 
when the invading fluid is gas when compared to 
water or oil due to its compressibility nature. Further, 
because Gassmann assumes that shear moduli of sat-
urated rock are similar to dry rock, Vs is less affected 
by the Gassmann substitution method compared to 
Vp and is only affected by density change due to the 
addition of fluid into pores.

4.2  Predicted fractomechanical properties from 
DEM model

The properties affecting the curves are predominantly 
the pore aspect ratios (pore type) and the saturat-
ing fluid (fluid type). The penny-like (smaller aspect 
ratio) pores affect both the compressional and shear 
velocities much more than the moldic pores for a 
given concentration. The compressional velocities are 
affected more by the saturating fluids than the shear 
velocities. The aspect ratio of the pores affects the 
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relative effects of the given reservoir  fluid on com-
pressional and shear velocities, as shown by all the 
cases (Fig.  6a, b). Upon gas saturation, the changes 
in compressional velocity are strong compared to 
the shear velocity. At a low aspect ratio (α = 0.01) 
the change is significant but at a high aspect ratio 
(α = 0.2) the change is small. This is due to the fact 
that the effective bulk modulus varies greatly as the 
saturation changes from water to gas, because the 
shear modulus changes very little (Fig.  7a, b). This 

phenomenon has also been observed in other studies 
(Toksöz et al. 1976; Levin et al. 2004; Markov et al. 
2006; Candikia et  al. 2017; Handoyo et  al. 2019; 
Ozotta et  al. 2021d). As the aspect ratio decreases, 
the separation increases monotonically. Because the 
saturant also changes the density of the composite 
medium, the effects of saturating fluids on velocities 
are much more intricate.

The Vp and Vs in moldic pores are greater when 
the medium is saturated with gas than when saturated 

Fig. 5  KT model predic-
tion of the effect of gas 
substitution method (KT 
versus Gassmann) on 
compressional and shear 
velocities: a compressional 
wave velocity (Vp) versus 
porosity, and b shear wave 
velocity (Vs) versus poros-
ity. Both relationships are 
presented as a function of 
aspect ratio represented 
with different markers, and 
the color codes and line 
types represent the different 
fluids filling the pores
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with water. This is because, with gas saturation, den-
sity drops faster than both bulk and shear moduli, 
resulting in greater velocities. Shear velocity is some-
what greater and compressional velocity is lower for 

gas saturation than for water saturation for a high 
aspect ratio ( � = 0.2). Both the compressional and 
shear velocities are lower in the gas-saturated case for 
small aspect ratios ( � = 0.05 and 0.01), however, the 

Fig. 6  DEM model prediction of the effect of fluid type and 
pore shapes on compressional and shear wave velocities: a 
compressional wave velocity (Vp) versus porosity, and b shear 
wave velocity (Vs) versus porosity. Both relationships are pre-

sented as a function of aspect ratio represented with different 
markers, and the color codes and line types represent the dif-
ferent fluids filling the pores
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net difference is relatively higher for compressional 
velocity than in shear velocity.

Because the effective shear modulus is less sensi-
tive to the properties of the saturating fluids, shear 
velocities are less impacted by saturation. The 

difference in gas-saturated shear velocity is caused 
mostly by differences in effective densities. Since 
compressional and shear velocities change in different 
directions when saturated with gas, their combined 
properties may be utilized to detect saturation fluids 

Fig. 7  DEM model prediction of the effect of fluid type and 
pore shapes on bulk and shear moduli: a Bulk modulus (K) 
versus porosity, and b shear modulus (µ) versus porosity. Both 

relationships are presented as a function of aspect ratio rep-
resented with different markers, and the color codes and line 
types represent the different fluids filling the pores
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in a reservoir. The shear modulus has a more distinct 
grouping of the pore types than the bulk modulus.

As with the KT model, the DEM model also has 
the same trend of change but the rate of change on 
the  Vp,  Vs, bulk modulus, and shear modulus is more 
significant in the DEM model (Figs.  6a, b, 7a, b) 
compared to the KT model (Figs. 3a, b, 4a, b) for all 
fluid types. The uncertainties in our DEM model pre-
dictions are presented in Supplementary Information 
(Fig. S3 and Fig. S4).

Furthermore, pore morphology interpreted the 
impacts of seismic wave velocity on the reservoir 
rock of the study area, where stiff pores or increasing 
aspect ratio values cause the seismic wave velocity to 
increase significantly and crack pores or decreasing 
aspect ratio values cause the seismic wave velocity 
to decrease significantly. According to the findings of 
the pore morphology modeling study, the result will 
define the rate at which the reservoir can be suitable 
for exploration (Lucia 1999; Handoyo et  al. 2019). 
Interparticle and micro-cracks pore permeability 
reservoirs may significantly enhance and define the 
sweet spots of permeable reservoirs.

Based on the effective moduli of the reservoir, the 
models provided the pores morphologies and as well as 
the estimation of the shear wave velocity. Both models 
consider nearly the same parameter. However, as the 
procedure or method for obtaining the effective moduli 
differs, the outcomes of the two approaches vary. In 
this case, the obtained information has the same trend. 
To determine a better model, both models will have to 
be correlated with the well data to determine the model 
with a close match with the reservoir data.

4.3  Implications for fluid flow in Bakken formation

KT model predictions are often valid for uncon-
ventional reservoirs with very low porosity, and the 
DEM model predictions are often preferred for for-
mations with higher porosity. Thus, we infer that KT 
and DEM predictions in this study are useful ana-
logs that are relevant for unconventional reservoirs in 
other places. The KT and DEM models predicted that 
distinct formation intervals will exhibit needle-like 
pores and have higher seismic velocities (Vp and Vs) 
and elastic moduli (K and µ), relative to other forma-
tion intervals that exhibit moldic pores. Similarly, our 
analyses show that the fracture mechanical property 
of the reservoir rock controls the fluid circulation 

pathways and recovery which influences fracture 
nucleation and propagation.

Previous field observations, experimental, and 
numerical studies have demonstrated that fractures 
propagating from a stiff interval towards a less-stiff 
one tend to propagate more efficiently and commonly 
penetrate the contacts (Laubach et  al. 2009; Gud-
mundsson et  al. 2010; Slatt and Abousleiman 2011; 
Ferrill et al. 2014; Galvis et al. 2018; Kolawole et al. 
2021b). These suggest that induced fractures from 
target lithofacies characterized by low aspect ratios, 
and stiffer rocks with higher bulk and shear modulus, 
will tend to generate a coherent and connected frac-
ture network that can connect with other pre-existing 
natural fractures or reactivate faults. Therefore, in the 
Bakken formation used for this case study, we sug-
gest that the middle Bakken formation has a higher 
susceptibility to fracturing and faulting, and hence 
will achieve greater fluid recovery than the upper and 
middle Bakken formations. Since the bulk and shear 
moduli are lower for the gas-saturated case than the 
oil or water-saturated cases for all the pore shapes 
investigated, our results suggest that the middle Bak-
ken formation will have higher recovery and produc-
tion of oil and water than gas.

In Gassmann (1951), which provided the origi-
nal work widely applied to porous rocks, the bulk 
modulus of the medium depends upon the matrix 
bulk modulus and the frame modulus. Just the total 
porosity can be used to determine Vp and Vs, and elas-
tic moduli; not the pore shape specifically. The shape 
effect comes in through the parameter of the total 
porosity. Additionally, it is assumed that the saturat-
ing fluid has no impact on the effective shear modu-
lus. This assumption is not true for needle-like pore 
or cracks but hold  for spherical pores (Toksöz et  al. 
1976).

There are certain limitations to the models used in 
this study. VRH, KT model, DEM and Gassmann’s 
are limited to isotropic, linear and elastic media. KT 
model is limited to dilute the concentration of the 
inclusions. KT model and DEM assumes idealized 
ellipsoidal inclusion shapes. The cracks in DEM are 
isolated with respect to fluid flow and the process 
of incrementally adding inclusions in the matrix is a 
thought experiment. Gassmann’s equation assumes 
a homogeneous mineral modulus and most signifi-
cantly, it is only true at sufficiently low frequencies 
to equilibrate the produced pore pressure throughout 
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the pore space (Mavko et al. 2020). Also, the differ-
ence between results from KT and DEM models may 
be due to the amount of clay content in the samples 
from the Bakken formation, and this distinction could 
be better validated with Gamma Ray (GR) logs since 
GR is a proxy of clay content. However, in the GR 
logs from the Bakken formation, the upper and lower 
members of the Bakken formation have unusually 
high GR readings (Ostadhassan et  al. 2012; Para-
puram et al. 2017), but this might be further consid-
ered in other geologic formations.

Even though we only considered the effect of pore 
shapes and reservoir fluids (gas oil and water) on the 
seismic velocities and elastic moduli of the middle 
Bakken, there are other factors not considered in this 
paper that might also affect the seismic velocities and 
elastic moduli like pressure effect, effects of satura-
tion with mixed fluids, partial saturation, and rocks 
with a mixture of pore shapes.

This study is however limited due to the non-avail-
ability of experimental data to correlate our numeri-
cal predictions of the fractomechanical properties.

5  Conclusions

In this study, the seismic velocities were corre-
lated with a range of pore shapes, and the influence 
of pores shapes was investigated on the Vp and Vs, 
the relative effects of saturating fluids (gas, oil, and 
water) on the seismic waves. We assumed that differ-
ent aspect ratios of pore morphology may be used to 
depict pore shapes. This was essential so that bound-
ary conditions across defined surfaces are satisfied. 
Pore shapes are less regular in reality. It is evident 
from studies made with a scanning electron micro-
scope that certain pores are rounded or vugular while 
others are flat. Cracks and extremely small grain 
boundary gaps play a significant part in regulating 
the elastic characteristics of rocks. The idea, although 
oversimplified, may consider these significant impli-
cations of pore shapes.

The major insights from this study are:

1. For a given matrix, increased porosity causes a 
drop in the elastic moduli and seismic velocities 
of rocks. The flatter pores have a considerably 
bigger impact on velocities than spherical pores 
for a given concentration of pores. If the aspect 

ratio of the pores is small enough, even in cir-
cumstances of extremely low porosity (less than 
1% pores), the velocities would shift dramatically 
depending on the saturating fluids.

2. Shear velocities are often less affected by the 
properties of the saturating fluid than the com-
pressional velocities. For all pore shapes, the gas-
saturated case has lower bulk and shear moduli 
than the water- or oil-saturated case. Density 
dependency cause velocities to exhibit more 
complex behavior.

3. The gas-saturated case yields greater Vp and Vs 
for moldic pores than the water- or oil-saturated 
cases. Gas-saturated velocities are lower in pores 
that are penny-like shaped. For sedimentary rock 
models, Vs for gas-saturated rocks are either equal 
or greater (particularly for extremely porous 
rocks) than in dry or water-saturated cases. Vp for 
both cases are typically lower than for water-satu-
rated cases.

4. Vp, Vs, and elastic moduli in Middle Bakken 
increase with a decrease in the porosity. The 
needle-like pores (crack) have a greater effect on 
Vp and Vs than the intergranular and intragranular 
pores depending on the saturating fluids.

5. In Middle Bakken, the Vp is more affected by the 
pore geometry than Vs depending on the density 
and properties of the saturating fluid. For all pore 
shapes considered, the gas-saturated case has 
smaller bulk and shear moduli than the oil- or 
water-saturated cases. In the lower aspect ratio 
(0.01) as opposed to the higher aspect ratio (0.2), 
the change in the bulk and shear moduli is more 
noticeable.

6. Lithofacies with needle-like pores (low aspect 
ratio) are more susceptible to fracturing than 
lithofacies with intragranular pores (high aspect 
ratio). This range of seismic velocities (Vp and 
Vs) with low aspect ratios is the target for hydrau-
lic stimulation.

7. Middle Bakken has varying aspect ratios and var-
ying pore morphology because of the distinctive 
lithofacies.

8. The middle Bakken formation will have a higher 
susceptibility to fracturing and faulting, and 
hence will achieve greater fluid (oil and water) 
recovery.

9. Specifically, the recommended lithofacies for 
lateral well landing for fracturing and reservoir 
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stimulation would be at lithofacies units 1, 2, 
and 4 because they have inherent low Vp and low 
aspect ratios.
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