Shale Petrophysics, Rock Physics and Geomechanics with

Applications to the Indian Shale Prospects

Manika Prasad, Colorado School of Mines*

Analysis should be based on all available data to gain a geological interpretation of the reservoir.

Abstract

A major challenge in successful development of mudrock reservoirs,better known as shale plays, lies in determining the
sweet spots for completion and in estimating the available resource. The parameters needed for resource development must
be evaluated from rigorous rock physics and petrophysics analyses. These parameters are mostly obtained from rock
physics and rock mechanics assessment of well log and laboratory data as well as petrophysical analysis. For example,
understanding the elastic behavior of reservoir rocks can provide crucial information about the amount of generated
hydrocarbon, petrophysical properties and geomechanical characteristics. Similarly, knowledge about the pore topology is
required to model transport properties. The topology information is often obtained from microscopic images (SEM or CT

images) or from pore size distribution measurements.

In this paper, rock physics, rock mechanics, and petrophysics analyses to study unconventional reservoirs, such as shales
alongwith a few examples from tight sands are presented. Fundamentally, any analysis should honor all available data to
gain a geologically realistic interpretation of reservoir rocks and seismic or hydraulic units.

Introduction

Understanding the elastic behavior of source rocks and its
interrelation with organic content and maturity can provide
crucial information about the amount of generated
hydrocarbon, petrophysical properties and geomechanical
characteristics from well logs and seismic surveys.

There are various assessment criteria for resource
exploration, development, and completions strategy. In this
paper, some of the key parameters and their evaluations status
are discussed. Here, evaluations of the petrophysical
parameter, porosity, and the effect of kerogen maturity on
porosity determinations as well as its correlations with
acoustic properties are presented. These two parameters,
mostly obtained from rock physics and rock mechanics
assessment of well log and laboratory data, allow us to
evaluate shale reservoirs.

Pore topology information for modeling transport
properties in shales is often obtained from microscopic images
(SEM or CT images) or from pore size distribution
measurements. Kuila and Prasad (2013a; 2013b) and Saidian
et al. (2016a; 2016b) have shown the effects of fine grains,
small pores, high clay content, swelling clay minerals and
pores hosted in organic content on porosity measurements.
The measured porosity and pore or throat size distribution
using subcritical nitrogen (N2) gas adsorption at 77.3 K,
mercury intrusion (MI), water immersion (WI), and helium
porosimetry based on Gas Research Institute standard
methodology (GRI) showed significant differences based on
the method used. A key understanding from such studies was
that the method- dependent porosity measurements provided
more information about the formations. Our intent is to
provide a better understanding of the inconsistencies found in
modeling transport properties in shales using laboratory
measurements. An indiscriminate use of data without
evaluating the experimental methods can lead to ambiguity.

Horizontal stresses in the subsurface are evaluated using well
log information. Here, the acoustic logs are used to calculate
the Young's modulus and poisons ratio. A case is presented,
where adding the knowledge anisotropy to acoustic property
data allows a more realistic estimate of horizontal stress from
well logs. The horizontal stress field is critical during
completions to predict fracture containment and to prevent
unwanted loss of fracture energy in to surrounding formations.

Pore Topology and Preferential Fluid Coverage

Pores in shale reservoirs are typically very small, often in
the range of nanometers (Figure la, from Saidian et al.,
2015a). In such small pores, the molecular sizes of the
hydrocarbon and other fluids contained in the reservoirs play a
large role. The pore network in shale reservoirs can act as
molecular sieves to block or sorb fluid species. In Figure 1b,
Milliken et al. (2013) show relative proportions of various gas
molecules and their hypothetical distributions in pores hosted
by organic matter that have pore diameters ranging several
nanometers. Organic-matter hosted pores will preferentially
contain methane and held closest to the pore wall.Table 1
shows a comparison between pore sizes, areas occupied by
them and number of methane gas molecules hosted in the
pores.

The implications here are that in gas shales, pores smaller
than the detection limit by FE-SEM imaging will contain

Table 1: Pore size, its area and number of methane gas molecules it
can contain using a methane molecule diameter of 0.43nm.
Also, shown in the table are the number of methane
molecules that would be adsorbed to the walls.

Pore (nm) Area (nm’) Number of methane
molecules in pore

1 0.79 4

2 3.14 11

8 50.27 130
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a. from Saidian et al. (2016a).

b. From Milliken et al. (2013)

Fig.1: Figure la shows an image of pore sizes in a typical Haynesville shale sample (from Saidian et al., 2016a). The numbers represent
diameters of some of the larger pores. Figure 1b From Milliken et al. (2013) shows the relative sizes of gas molecules and OM-hosted
pores. The relative sizes of methane and CO2 gases are also presented. In the figure, adsorbed gas molecules are separated from free gas

by a darker shade.

dominantly adsorbed gas.Diffusion flow could dominate the
flow regime in such small pores. Free gas will mainly be
contained in larger pores, primarily pores that are large enough
to be imaged using, for example, FiB-SEM methods.

An added complication arises when, as in most cases,
multiphase fluids are present in the pores. As shown in Figure
2, depending on their relative fluid mineral affinity, different
fluids will preferentially might cover separate regions in the
rock. Figure 2 shows a typical mineral assemblage in a
reservoir shale consisting of clay minerals, organic matter, and
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Fig.2: Adapted from Williams(2012) showing preferential
coverage depending on the affinity between the fluid and
mineral substrate. Here, the water molecules preferentially
adhere to clay minerals while the methane molecules attach
to the organic surfaces.

silt grains. Pore fluids, methane and water, will separate with
water in the clay mineral pores and methane in the organic
pores (Williams, 2012).

Effect of Residual Fluid on Pore Space
Measurements

Pore space quantification in shales depends on many
factors. Numerous studies have shown that various factors
lead to large errors in porosity measurements (Spears et al.,
2011; Passey et al., 2012; Sondergeld et al., 2010; Kuila and
Prasad, 2013a; Kuila and Prasad, 2013b; Saidian et al., 2016a;
Saidian et al., 2016b). In a systematic analysis of porosity and
surface area estimations, Zargari et al., (2015; 2016) showed
that porosity and specific surface areas can be grossly
underestimated in organic-rich shales. These discrepancy is
particularly large in shales with maturity in the oil window.
Figure 3 (from Zargari et al., 2015) shows pore size
distributions measured in a series of Bakken shales with
varying maturity. The measurements were made in the
samples as received, and after successive cleaning with
toluene, chloroform, and other solvents. As compared to
original state, there are large changes in pore size distributions
after washing with toluene and the other solvents. These
changes indicate that a considerable volume of pores in
organic-rich shales with maturity in the oil window remain
filled with immovable hydrocarbons leading to lower
estimates of their storage capacity. In cleaning the cores, the
hydrocarbons that might still remain trapped in the shale are
removed. These pores are available to the probing fluid and
lead to higher measured porosity after cleaning. Note that the

GEOHORIZONS November 2017/19



. Hi- 636 : Hl= 833 Hi=371
0.03 Fisfne Fmachon 0.03 N 0.0
| oluen Edrsebae 2uea Exdeaeked 0.008
= s AR B IR0 = e PSS SIS =i}
f? —a&— WAC Zelracicd l'% i —&— kAl Ex-agied 0’%
5 D2 | o b= moeacion 7 0.02 1 o e msiacea 5 0.008 -
= S = = I
o e a) =)
g0.01 /"., 80.01 g0.00 /"H
50 e | 2O S ;
2 j e 3 B Zo0002 | | B ot
T LA EXITECTR
—a— ke Edratsd
] = ] 0
1 10 100 1000 1 14 100 1000 1 10 100 1000
Pare Diarmeter {nr) Pcre Diameter (nm) Pore Diareter (nm)
_ Hl= 234 ) Hl= 126
0.0 Bfuie Ealialicn 0.28 Befne Exniada
TrliAms Fyimsnee e P
w0004 =ty A iy Eclrenien o i s CH1 e B el
ﬂ? et = 2] '-'5?;1 I:!" :.I':' il [ o 2T RERGC
E; 0006 —#— KW= Eaiac k] E —— N7 Salianled
5 5004 3
50.004 5
= = 0.92
% 0.002 i
1] . 2]
] 10 100 1000 1 10C 100 1000
Fare Diameter (nm) Faore DiaTete: [nm)

Fig.3: Large changes in pore size distributions show that in organic-rich shales with maturity in the oil window, there is considerable presence
of'hydrocarbons. Thus, cleaning the cores will result in higher measured porosity due to removal of heavier hydrocarbons that might still
remain trapped in the shale. This additional porosity will be dependent on the solvent used and on the maturity of the formation. (Figures

from Zargarietal.,2015)

additional porosity will be dependent on the solvent used and
on the maturity of the formation.

Changes in Acoustic Velocities

Acoustic velocity primarily shows an inverse correlation
with porosity. However, as shown by Rivera and Prasad
(2014), in addition to porosity, mineralogy also controls
velocity. Figure 4 shows P-wave velocity plotted as a function
of porosity for the porcelanites, dolomites and shales from the
Monterey formation. The porcelanites and the shales lie on the
same trend with porosity. However, the dolomitic rocks show
slightly higher velocities. Corresponding to the velocities,
NMR T2 relaxation data (Figure 5) show two distinct types of
pore structures: while the dolomites show a broad bi-modal
distribution of pore sizes. On the other hand, the porcelanites
show a dominance of smaller pores. These small pores might
also be an indication of fractures that would reduce velocities.

Systematic acoustic, petrophysical and flow property
analysis allow a better understanding of the seismic, storage,
and flow properties. They are also useful to build realistic rock
physics models and to estimate the storage capacity or
organic-rich shales. Acoustic properties also allow us to
estimate in situ horizontal stresses. Figure 6 shows gamma ray
and porosity logs from the Bakken formation. Upper Bakken
shale and Lower Bakken shale are marked by very high GR
values. Middle Bakken shows lower GR. It lies between
Upper and Lower Bakken shales and is the target producing
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Fig.4: Velocity porosity correlations in the Monterey shales,
dolomites and porcelanites (modified from Riveraand
Prasad,2014).

formation. Since the target zone within Middle Bakken is
often only 20 ft thick, the completion strategy must be
carefully designed. One of the main criteria is the horizontal
stress. A large stress contrast between the target and seal
formations ensures that the induced fractures do not breach the
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a. Dolomites

b. Porcelanites

Fig.5: NMR T2 relaxations in the dolomites and porcelanites from the Monterey formation(modified from Rivera and Prasad, 2014). Figure Sa
shows the broad bi-modal pore sizes in the dolomites with slightly larger relaxation times indicating presence of larger pores as
compared to the porcelanites. Figure 5b shows NMR T2 relaxations in the porcelanites. Here the pores appear smaller with a
predominance of the smaller pores over the larger ones. The vertical red line in both figures indicates instrument sensitivity limit.
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: zone and fracture also adjacent zones. Such a breach would not
10250 e . . .
only contaminate but also potentially loose fluids.
Furthermore, the low stress contrast would waste valuable
fracture energy in unwanted zones.

Fig. 6: Typical well log from the Bakken formation showing gamma
ray log in the left track and porosity logs in the right track.
The Upper Bakken shale lies between 10070 and 10090 ft
while the Lower Bakken shale lies between 10155 and 10200
ft. Both shales are marked by high GR values. The Middle
Bakken shows lower GR and lies between the Upper and
Lower Bakken shales between 10090 and 10155 ft.

Horizontal stresses are often calculated from dipole sonic
logs. Here the P- and S-wave velocity and the density logs are
used to calculate Young's modulus and Poisson's ratio. Using
these values, in Equation 1, the horizontal stress can be
calculated.
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v
(0, - om,) = 5 ~(0 - am,) +Tectonic stress (1)

Here, ¢ denotes stresses with the subscript 'h' marking
horizontal and 'v' marking vertical stresses; P, denotes pore
pressure; o is the Biot's effective stress coefficient; E is the
Young's modulus; and v is the Poisson's ratio.

ISOTROPIC CASE: Equation 1 describes the relations for
isotropic cases. Thus, presuming tectonic stresses to be
negligible and Biot coefficient = 1,the isotropic in situ stress
equationyields almost constant horizontal stress throughout
upper, middle, and lower Bakken (Figure 7). In such a
scenario, fractures would not be contained in target Middle
Bakken.

ANISOTROPIC CASE: Sincethe assumption of isotropy is
not very realistic, it is necessary to calculate horizontal
stresses for anisotropic formations. We first calculate the
Biot's effective stress coefficient using the mineral modulus
based on the formation lithology (Kmin)and the bulk modulus
(K) as shown in Equation 2.

K
2
Kmin) @
Using Equation 2 to calculate Biot's effective stress

coefficient for Bakken formation, the values for Biot's
coefficient are shown in Figure 8.

a=(1-

In a simple scenario, honouring anisotropic texture and
anisotropic velocities, horizontal stress can be calculated
using Equation 3.

v
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Fig.8: Biot's coefficient calculated for Bakken formation shales
(From Prasad et al., 2010). Note that the higher stiffness in
the bedding parallel direction leads to lower Biot's
coefficient in that direction.
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Fig.9: Anisotropic horizontal stress calculations using information
from the Bakken formation well logs shown in Figure 6. The
horizontal stress logs shown in the right track now present a
much larger stress contrast between the Middle Bakken and
the Upper and the Lower Bakken shales.

Here, o denotes stresses with the subscript 'h' marking
horizontal and 'v' marking vertical stresses; P, denotes pore
pressure; o is Biot's effective stress coefficient; E is Young's
modulus and v is Poisson's ratio with the subscript 'h' marking
bedding parallel and 'v' marking bedding-perpendicular
directions.(Young's modulus: Eh horizontal, Ev vertical;
Poisson's ratio: ch horizontal, ov vertical). The variation
between Ev and Eh gives a different horizontal stress profile.
Increased oh in the upper and lower Bakken imply that they
will be more effective in hydrofracture containment.
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