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Abstract In the framework of a CO, storage feasi-
bility study, we evaluate porosity and permeability of
shale formations constituting the overburden of a
hydrocarbon reservoir, where the gas is stored. These
properties are required to perform fluid-flow simula-
tions and analyze possible leakages from the reservoir
to the surface. In this process, calibration with well
logs is essential. Standard log-interpretation proce-
dures on shales may induce errors, since the shale part
is discarded due to its apparent negligible permeability
compared to the clastic part. In this study, it is the
“shale effect” that we consider by introducing its
contribution to porosity and therefore to permeability,
so that new expressions are developed to obtain
porosity from density and traveltimes that consider
this effect. Indeed, shales have non-zero porosity and
finite permeability even if the flow rates are several
orders of magnitude smaller than those in sandstones.
Moreover, calibration does not mean to honour one
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single log profile but the interpretation should be
compatible with all the profiles available. We obtain
clay content, porosity and permeability from two wells
offshore Malaysia using the linear and Stieber rela-
tions between gamma ray and shale volume. The
results of using these relations are quite similar.
However, the analysis shows that the density logs
yield too small values of porosity. Instead, the sonic
log gives a better estimate of porosity that honours the
P-wave velocity. The verification is performed by
using the Krief-Gassmann equations to obtain the
P-wave velocity, either from the density-log or from
sonic-log derived porosities. This is also confirmed by
comparison to porosity obtained from the neutron log.

Keywords Porosity - Permeability - Well logs -
Overburden - CO, storage

1 Introduction

The emission of carbon dioxide (CO,) to the atmo-
sphere is a serious climate issue. Storing this gas into
the subsurface is one of the possible solutions. Storage
is currently taking place all around the world, such as
the large commercial-scale projects Sleipner in Nor-
way and Weyburn-Midale in Canada (Brown et al.
2017). These activities demonstrate that large volumes
of gas can be safely and permanently stored.
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Reservoir and overburden rock porosity and per-
meability are important in hydrocarbon production
and during the last 30 years, the success of CO;
storage relies on a proper estimation of these proper-
ties in the reservoir, as well as on the seal caprock and
overburden to avoid possible leakages (Picotti et al.
2012; Savioli et al. 2016; Fang et al. 2017). Low
permeability is required in this case and strongly
depends on grain size and sediment compaction. Fine-
grain sediments, mud and its lithified versions (mud-
stone and shale), form approximately 70 % of the
sedimentary basins. The permeability of shales is
several orders of magnitude lower than that of coarser
grain rocks, such as sandstones and carbonates (Ngo
et al. 2018). Actually, there are many factors that
control fluid-flow properties in porous media (e.g.,
Singh et al. 2015), which are a complex combination
of wettability, interaction of molecular forces, pore-
size range and distribution, permeability, gravity,
capillary pressure, location in the reservoir, tempera-
ture and pressure. In this work, we focus on how
permeability is affected by clay. Shales and even
sandstone with a moderate amount of clay particles
(shaley sandstones) control the fluid flow in the
underground. Clay particles can reduce the perme-
ability by increasing the tortuosity and blocking the
pore throats.

Evaluating the permeability of mudstone or shale is
a challenging task. Pressure-pulse decay is one of the
methods to deal with extremely low permeability
values, however, it is rather expensive, and the value is
often questionable, due to tedious sample preparation
process. Often, these values must be calculated/
estimated with what is available. In this work, the
permeability of the overburden shale layer is estimated
from a modification of the conventional wireline logs
equations.

In hydrocarbon exploration, the focus is normally
given in getting accurate flow properties of the
reservoir, with very minimal attention to the overlay-
ing sediments, and often the permeability of the shale
is assumed to be zero (no flow material). This
approach might be correct for modeling hydrocarbon
production, but it is not the case for CO, storage.
Permanent storage is the main objective, thus even a
very small permeability should be considered to avoid
any possibility of leakage. An essential quantity to
evaluate permeability is porosity. The equations
proposed here are not standard practice in log
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interpretation, but they are used in seismic explo-
ration, so their validity is guaranteed. Classical log
interpretation misses the shale effect, since it deals
with reservoirs, not the overburden, constituted mainly
of shales. The proposed equations to obtain the
porosity from densities and traveltimes are novel.
Then, we use the Voigt—Reuss—Hill and Gassmann
equations to verify the reliability of the porosity
estimation with the sonic log, which provides better
estimates than the density-derived porosity. This is
also confirmed by comparison to porosity obtained
from the neutron log.

A depleted carbonate field offshore Malaysia has
been identified as a possible storage site for carbon
dioxide (Masoudi et al. 2011). The field is located
north of Central Luconia Province in the Sarawak
Basin, East Malaysia. Central Luconia is the major gas
contributor, containing 60% of the Malaysian gas
reserves. It extends for some 240 x 240 km and is
covered by the South China sea, which is up to 80 m
deep. More than 200 carbonate platforms have been
mapped and out of those 60 have been drilled so far in
the area of Sarawak, Malaysia. The corals and
coralline red algae are the chief contributors for the
growth of these carbonate platforms, where the
production is controlled by coralline red algae. More
information about the geological characteristics of the
area can be found in Janjuhah et al. (2017).

The reservoir is approximately 2 km below sea-
level where the water depth is approximately 120 m. It
is essential to predict possible migration patterns of the
CO; in the overburden, which may give rise to
dangerous leakages to the ocean. Knowing clay
content is required to obtain reliable values of
permeability, since it is strongly correlated with the
grain and pore size distributions. The term “clay” is
defined here as the volume fraction of particles less
than 4 pm in diameter, and not specifically to intrinsic
clay minerals. Therefore it is a synonymous of shale
particles. This innovative approach was tested on one
of the CO; storage candidates in Malaysia. A depleted
carbonate field offshore Malaysia has been identified
as storage site for carbon dioxide (Masoudi et al.
2011).
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2 Methodology

We modify the conventional density/porosity and
transit time/porosity relations to include the effects of
shale on the calculation of the overburden porosity.
Then, we verify the procedure by using the Krief-
Gassmann equations to obtain the P-wave velocity
from porosity, either from the density-log or from
sonic-log derived porosities. The fact that the latter
estimation is the best is confirmed by comparison to
porosity obtained from the neutron log. To compute
permeability, we use Kozeny—Carman type equa-
tions (Kozeny 1927; Carman 1961; Tiab and Donald-
son 2012) based on grain size (clay content) and
tortuosity.

2.1 Clay content

The shale volume is first obtained with the classical
linear relation,

? — Vmin

Pmax — Vmin

C= (1)
(Ellis and Singer 2008), where y is the gamma-ray
value in API, y.;, is the minimum value (pure
sandstone) and 7y, is the maximum value (pure
shale). We also perform calculations using the Stieber
equation (Stieber 1970) to obtain the clay content, i.e.,

IGR 7 — Vmin
= IGR=_‘_‘mn_
3 -2 IGR’ G

Ymax — Vmin

¢ (2)

2.2 Porosity

First, let us obtain the porosity from the density log. In
the scientific community, porosity ¢ is often calcu-
lated from this log by means of the following equation:

= g

(Crain 2018), where p, and p, are the quartz-silt
(clastic or sand) and shale-particle densities, respec-
tively, and Py is the fluid (brine) density. Here, p,. is the
log reading at 100% shale, i.e., C = 1. At this value,
p = p. and ¢ = 0, since it is implicitly assumed that
shale has zero porosity. This equation corrects the
density-log total porosity (first term of the r.h.s) to its
effective value by removing the shale contribution. As

P — Py
p=L"L
pf_ps

a consequence, if this effective porosity is used in the
Kozeny—Carman equation to obtain the permeability,
the result for shales is zero, and this is not realistic.
We follow a different approach, which is based on
finite porosity values of the shale component, where
porosity of the quartz-silt and shale components
contribute to the total porosity, i.e., there is no such
concept of effective porosity. Bulk density is

p=(1—=d)p, + oy, (4)

where ¢ is the porosity and p,, is the grain density. This
depends on the «clay ~content C  as
py = (1 = C)p, + Cp,, where here p, is the mineral
density of the shale. Therefore,

p=(1=9)(1-C)p;+Cp]+ dpy (5)
and from Eqgs. (4) and (5), we obtain the porosity as

— p_p§’ _ p_ps+c(ps_pc)

Here ¢ = (p — p.)/(p; — p.) when C = 1. The dif-
ference between porosity at 100% quartz-silt and
100% shale is A¢ = (p, — p.)/(p; — p;) and this
difference increases for decreasing p,. This approach
is based on the fact that shale has porosity and that the
observed small permeability is due to the effects of
grain size, specific surface area and tortuosity. When
the grain size decreases and the specific surface area
increases (pore size decreases), permeability
decreases (e.g., Carcione et al. 2018).

An expression similar to Eq. (3) is used to obtain
porosity from the sonic log by replacing p; with the
transit time #;. Here, to incorporate the shale contri-
bution, we obtain porosity from the sonic log by using
the time-average Eq. (Carcione 2014). The transit
time is

t=(1=9)tg + 17, (7)

where 7, and #; are the transit times in the grain and
fluid, respectively, Since the solid part consists of
quartz-silt and shale, we have

¢ (6)

t, = (1 - O)t; + Ct, (8)

where the subindex s and c refer to quartz-silt and
shale grains, respectively. From Eq. (7), we obtain the
porosity as
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One method to check the reliability of the porosity
estimation is to obtain the P-wave velocity from
physical grounds and compare it to the actual sonic-
log velocity. The approach that we use here is the
Krief-Gassmann model, where the dry- and wet-rock
moduli are obtained with Krief and Gassmann equa-
tions, respectively (e.g., Carcione et al. 2006). The
Krief dry-rock bulk moduli are

_ 3
Km = Kg¢(1 - ¢)A/(1 <f>) and lum = :uG = gKma

(10)

where K, is the grain bulk modulus, A is a constant and
the shear modulus is that of a Poisson medium (the
Lamé constants are equal); p is the wet-rock shear
modulus (second Gassmann equation).

We assume that the composite bulk modulus of the
grains is given by the Voigt—Reuss-Hill (VRH)
average. The Voigt and Reuss averages are iso-strain
and iso-stress approximations, respectively (the stress
and strain are unknown and are expected to be non-
uniform). The VRH estimates were found in most
cases to have an accuracy comparable to those
obtained by more sophisticated techniques such as
self-consistent schemes and are valid for complex
rheologies such as general anisotropy and arbitrary
grain topologies. It gives values similar to the Hashin-
Shtrikman average and the equation is simpler (Picotti
et al. 2018). We have

1

ngi(KVﬂLKR% (11)
where

. 1-Cc C
Ky=(1—-C)K,+CK. and K;'= o +E’

(12)
where K; and K, are the quartz-silt and shale bulk
moduli, respectively. Gassmann bulk modulus is then

K, — K + ¢K,u (Ko /Kp — 1)
G =
1—-¢—K./K, + ¢K, /Ky

(e.g., Carcione 2014). The effective (bulk) density is
given by the arithmetic average:

(13)
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p=(1-9¢)p, +dp; = (1 = P)[(1 = C)p, + Cp.] + ¢p;.
(14)

Then, the P-wave velocity is

vp— Kot 4u6/3 (15)
p

2.3 Permeability

We estimate permeability by using three models
(Carcione et al. 2018). The first model (Model 1)
assumes that a medium composed of sand and shale
grains of total porosity ¢ and clay content C has a
permeability given by

-1
K= {(1;¢§/’)2 [(1-cy+ } : (16)

where a = r? /45 and b = r,/r., where r; and r. are the
radii of the sand and shale particles, respectively
(Carcione et al. 2000). Parameters a and b have to be
used as free parameters obtained from calibration of
available data. These parameters contain information
about the geometrical characteristics of the rock
frame, such as the mean radius of the grains and the
effective tortuosity 7 of the sand/shale frame network.
Actually the factor 45 has been obtained in Carcione
et al. (2018) as 18 7, with 7 = 2.5, which is an
idealization for spherical grains, but one cannot expect
to fitreal data by considering a and b aresult of such an
ideal assumption.

A classical model of permeability (Model 2) is
given in terms of tortuosity,

2 43
oo (17)
18T(1— ¢)
where
re=Cre+ (1 — C)ry (18)

is the average grain radius and 7 is the tortuosity given
by

T:l—O.S(l—%). (19)
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However, this tortuosity factor is most probably too
low for shales and this property has to be used as a
fitting parameter. Indeed, Backeberg et al. (2017)
(their Fig. 5) report values for shales as high as 1000.
Hence, the permeability values obtained here have to
be scaled down by a factor 100 or more.

Another approach to obtain permeability is based
on specific surface area s (Model 3), if available from
laboratory measurements. In this case, we avoid using
the clay content. Permeability is given by

3
= 2¢_T (20)

(Carcione et al. 2018).

3 Results

In this section, we obtain clay content, porosity and
permeability at two well locations. We consider a
geophysical dataset acquired for a hydrocarbon field
located north of Central Luconia Province in the
Sarawak Basin, East Malaysia. Figure 1 shows seven
main surfaces characterizing the 3D geological model
of the study area and the location of 2 wells considered
in this study. The analysis regards the formations
above the carbonate reservoir (in red) (mainly low
permeability shales). We focus on well XYZ-2 and
XYZ-3; the log profiles of the first well are shown in

Fig. 1 Location of the three

wells offshore Malaysia. 0
The carbonate reservoir is

indicated in red color. Depth

z is in meters 500 -

1000

1500

Depth (m)

2000 -

2500 -

3000 ———_
25 i .

Fig. 2. The depth of investigation ranges from 800 m
below the ocean bottom to approximately 2 km depth.
We proceed to make the calculations using the bulk
density, gamma ray and sonic transit-time profiles
exclusively, i.e., original—unprocessed—Ilogs.

3.1 Well XYZ-2

The gamma-ray log is represented in Fig. 3a and we
use Eq. (1) to obtain the clay content. From Fig. 3a we
consider y.;, = 50 and 7y,,,, = 120 (the actual values
are 50 and 139), giving the shale-content profile shown
in Fig. 3b. Default values in the literature are y,,;, =
15 and y,,,, = 115 (Crain 2018). Other laws other than
the linear one could be considered, such as the
Larionov, Stieber and Clavier equations (Larionov
1969; Clavier et al. 1971; Stieber 1970). Below, the
Stieber relation is considered as well. It is shown that
the results are not much different.

We consider the typical densities p; = 2650 kg/m?,
p. = 2600 kg/m* and py = 1040 kg/m® (brine). The
log transit times are actually slownesses given in
us/ft = 3.28 ps/m. We assume that the bulk moduli of
the sand and shale grains are K; =40 GPa, and
K. = 20 GPa, respectively. Moreover, the fluid bulk
modulus is Ky =2.25 GPa. Assuming a Poisson
medium (the Lamé constants are equal), the P-wave

velocity for the three phases is 31/K/(5p). These
values of the bulk moduli and density correspond to

Seabed

Surface2

Surface3

Top reservoir

5
00 X (km)
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the following transit times, ¢, = 58 ps/ft, tr = 207 ps/
ft and ¢, = 82 ps/ft, which correspond to the P-wave
velocities 5212 m/s, 1471 m/s and 3721 m/s, for sand,
brine and clay, respectively (typical values to process
sonic logs). We obtain the porosity profiles shown in
Fig. 4 (from bulk density and transit times). As can be
seen, the two profiles are very different, mainly below
1.4 km depth, where the sonic porosity has much
higher values.

To be consistent, we consider that the K, K., p,, p,.
and p; values are those indicated above to obtain the
porosity from the sonic and density logs, that A = 3.5
(a typical value in many basins worldwide), and that
the density values are those to obtain the porosity from
the density log. Figure 5 compares the velocities
obtained with Eq. (15), considering the sonic-log
(black) and density-log (red) porosities with the actual
sonic-log values (blue). As can be appreciated, the
porosity derived from the sonic log yields a velocity
which coincides with the actual sonic-log velocity,
unless in the range 1.2—1.5 km depth. This can be due
to the assumption of a Poisson medium, but we do not
have data to obtain the S-wave velocity. Another
possibility is the use of a different equation to obtain
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the clay content (see below). The decrease in velocity
below 1.5 km depth agrees with the porosity increase
in that range (see Fig. 4). This analysis poses doubts
about the reliability of the density log. Of course, the
density used in Eq. (15) to obtain the velocity using
the density-estimated porosity is taken from the
density log. Instead, to compute the velocity with the
sonic log-estimated porosity we use the bulk density
given by Eq. (14). However, the correct velocity is
obtained with the sonic-estimated porosity and den-
sity. These two density profiles are shown in Fig. 6,
where the black curve corresponds to the last quantity.

Another partial confirmation is to compare the
porosities obtained from the density and sonic logs
with the neutron porosity (Fig. 2, panel 5). Figure 7
shows the three curves, where it can be seen that the
sonic porosity coincides with the neutron porosity. In
this case, the neutron porosity should not be corrected
for the shale effect (e.g., Ellis and Singer 2008), since
this correction implicitly assumes that the shale
porosity is zero. These types of shale corrections
apply to clastic reservoirs but not to shale formations.
Methodologies that remove the shale effect are
implemented because shales cannot produce
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Fig. 3 Gamma-ray log (a) and clay content (b) of well XYZ-2.
The red lines indicate the minimum and maximum—inter-
preted—gamma-ray values used in the calculation of the clay
content
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Fig. 4 Porosity profiles obtained from the density (red) and
sonic (black) logs for well XYZ-2. Anomalous spikes in the
sonic log generate anomalous values of porosity
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Fig. 5 P-wave velocity for well XYZ-2 obtained with the
Krief—-Gassmann model based on the sonic porosity (black) and
the density porosity (red) compared to the sonic-log velocity
(blue)

hydrocarbons and their contributions to the measure-
ments is subtracted from the total porosity to obtain the
so-called effective porosity, solely related to the
quartz-silt component of the rock.

Let us obtain permeability from Eqs. (16), (17) and
(20). The pore sizes in shales are in the range of 1—
100 nm, with typical specific surface areas of s, =
14 mz/ g (mass normalized) (see Kuila and Prasad
2013, Table 2, Pierre shale values). The volume
normalized surface area is s = s,,p, where p is the
density of the shale. For p = 2.3 g/cm?, we have s =
32 x 10% 1/m. For spherical grains, surface area and
grain size are related as s = 3(1 — ¢)/r, (Carcione
et al. 2018).

The radii of the sand and shale particles assumed
here are ry = 30 um and r, = 0.05 um, respectively,
and the specific surface area for Model 3 is that of
Pierre shale. Figure 8 compares the results of the three
models, which are similar. Re-scaled with realistic
tortuosity values (factor 100), we obtain permeabili-
ties of the order of 10 nano-darcies.

Alternatively, we can use Stieber equation (2) to
obtain the clay content. The results are shown in
Figures 9, 10, 11, 12, 13 and 14. Basically, the dif-
ferences with the linear law (1) are that the clay
content estimated with the Stieber equation is smaller.
On the other hand, the fit between the P-wave velocity
derived from the sonic porosity and the actual one is
better than above.

@ Springer
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Fig. 6 Density profiles
obtained from the sonic log
(black) compared to the
reported density profile
(blue) for well XYZ-2
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Fig. 7 Comparison of the density and sonic porosities with the
neutron porosity

Fig. 8 Permeability profiles
for well XYZ-2 obtained
from the sonic-log porosity,
corresponding to the three
models
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3.2 Well XYZ-3

Figure 15 shows the log profiles of well XYZ-3. The
clay content profile is obtained with the Stieber
equation (2). Gamma ray and clay content are shown
in Fig. 16. We obtain the porosity profiles shown in
Fig. 17 (from bulk density and transit times). As can
be seen, the two curves are quite different. Figure 18
compares the velocities obtained from the sonic
(black) and density (red) logs with the actual one
(blue). To be consistent, we have used the same
properties and parameters to process well XYZ-2. It is
evident that the velocity derived from the sonic
porosity agrees with the actual velocity. The two
density profiles are shown in Figs. 19 and 20 compares
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Fig. 9 Gamma-ray log (a) and clay content (b) of well XYZ-2.
The red lines indicate the minimum and maximum—inter-
preted—gamma-ray values used in the calculation of the clay
content. The calculations are based on Stieber equation (2)
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Fig. 10 Porosity profiles obtained from the density (red) and
sonic (black) logs for well XYZ-2. Anomalous spikes in the
sonic log generate anomalous values of porosity. The calcula-
tions are based on Stieber equation (2)
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Fig. 11 P-wave velocity for well XYZ-2 obtained with the
Krief-Gassmann model based on the sonic porosity (black) and
the density porosity (red) compared to the sonic-log velocity
(blue). The calculations are based on Stieber equation (2)
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Fig. 12 Density profiles obtained from the sonic log (black)
compared to the reported density profile (blue) for well XYZ-2.
The calculations are based on Stieber equation (2)

the results of the three permeability models. Model 3
yields smaller permeabilities, since these are obtained
for pure shale (specific surface area of Pierre shale in
this case).

An effect that it is worth studying in the future is the
sorption of CO, by smectite. In particular, this may
lead to swelling, closure of fractures and the reduction
of fracture apertures, thereby affecting the permeabil-
ity of the shale. An initial study has been performed by
Busch et al. (2016), that can be extended to the
permeability models presented in the present work.
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Fig. 13 Comparison of the
density and sonic porosities
with the neutron porosity.
The calculations are based
on Stieber equation (2)
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Fig. 14 Permeability profiles for well XYZ-2 obtained from the
sonic-log porosity, corresponding to the three models. The
calculations are based on Stieber equation (2)

4 Conclusions

Well-log processing methodologies that remove the
shale effect are implemented in reservoir geophysics,
because shales cannot produce hydrocarbons and their
contributions to the measurements is subtracted from
the total porosity to obtain the so-called effective
porosity, solely related to the quartz-silt component of
the reservoir. This correction implicitly assumes that
the shale porosity (and permeability) is zero, so that it
applies to clastic reservoirs but not to shale forma-
tions. When the target is the overburden and not the
reservoir, we have to consider that shales have a non-
zero porosity and a finite permeability even if the flow
rates are several orders of magnitude smaller than

@ Springer
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Fig. 15 Log profiles of well XYZ-3

those in sandstones. In CO, monitoring, we are
concerned with fluid flow at the scale of years and
decades, not days and months as in reservoir produc-
tion. We show that the sonic log gives a better estimate
of porosity that honours the P-wave velocity. The
verification is performed by using the Krief-Gass-
mann equations to obtain the P-wave velocity from
porosity. It is verified that the sonic porosity coincides
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Fig. 16 Gamma-ray log (a) and clay content (b) of well XYZ-3.

The bars indicate the minimum and maximum—interpreted—
gamma-ray values used in the calculation of the clay content
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Fig. 17 Porosity profiles obtained from the density (red) and
sonic (black) logs for well XYZ-3
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Fig. 18 P-wave velocity for well XYZ-3 obtained with the
Krief-Gassmann model based on the sonic porosity (black) and
the density porosity (red) compared to the sonic-log velocity
(blue)
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Fig. 19 Density profiles obtained from the sonic log (black)
compared to the reported density profile (blue) for well XYZ-3

with the neutron porosity. Permeability is then
obtained with three different models, based on grain
size, tortuosity and surface area, respectively.
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Fig. 20 Permeability profiles for well XYZ-3 obtained from the
sonic-log porosity, corresponding to the three models
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