Acta Geophysica
https://doi.org/10.1007/511600-023-01199-x

RESEARCH ARTICLE - SPECIAL ISSUE q

Check for
updates

Methodology to monitor the seismic response to injected carbon
dioxide

Model and synthetic seismograms of CO, injection

Mamdoh Alajmi’ - Davide Gei® - José M. Carcione?? - Ayman N. Qadrouh’ - Juan Santos®>** . Jing Ba?

Received: 31 May 2023 / Accepted: 26 September 2023
© The Author(s) under exclusive licence to Institute of Geophysics, Polish Academy of Sciences & Polish Academy of Sciences 2023

Abstract

Petrophysics and fluid-flow simulations are used to build a realistic pre- and post- CO, injection geological model for the
Utsira formation at the Sleipner field, and the Fourier pseudospectral method is employed to compute synthetic seismo-
grams. The methodology can be used to perform a seismic sensitivity analysis for the detection of carbon dioxide. We built
the model solely based on the porosity and clay content of the formations with the aid of fluid-flow and seismic simula-
tions. The pressure map before the injection is assumed to be hydrostatic for which a reference porosity map is defined.
The injection induces pore pressure variations and partial saturation, which affect the poroelastic properties and hence the
associated seismic response. A proper porosity—permeability—clay content relation is one of the key factors since perme-
ability determines the preferential flow directions and the distribution of the CO, plume. The petrophysical model is based
on a shaly sandstone (or sandy shale) to represent the caprock, Utsira Sand and embedded mudstone layers. The composite
permeability (anisotropic) is analogous to the inverse electrical resistance model. Gas viscosity depends on pressure and
temperature. The P- and S-wave velocities are obtained from Gassmann equation (pre-injection) and White’s mesoscopic
model (post-injection), which also yields the P-wave quality factor in the case of partial (patchy) saturation. To model a
realistic situation, we implement a fractal variation of the porosity and clay content, based on the von Karman correlation
function. We then compare the real and synthetic seismograms (pre-injection and post-injection) and show the effect of
attenuation on the seismic data. Simulations and real data show a remarkable match.
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Introduction

Carbon dioxide generated by anthropic activities contributes
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input the geometry of the layers, the porosity and permeabil-
ity maps, the fluid viscosities and the rock compressibilities,
and how porosity changes with pore pressure. The result
of the computation is the pore pressure and CO, saturation
at every location of the model (Savioli and Santos 2011).
Knowledge of these two variables then allows the generation
of a new geological model to simulate the time-lapse seis-
mic response. Another more advanced fluid-flow algorithm,
recently developed for modeling CO, storage, has been pre-
sented by Audigane et al. (2007, 2011), which considers
structural, dissolution and mineral trapping mechanisms
(Carcione et al. 2023).

The methodology proposed here is applied to the Sleip-
ner field at the North Sea (Chadwick et al. 2005; Carcione
et al. 2006) but can be used in other contexts as well. In
particular, Dupuy et al. (2017) provide well-log data and
have characterized the seismic response. Specifically, the
injection at Sleipner began in 1996 at an average rate of
1 million tonnes per year. The injection depth is 1012 m
b.s.I (Arts et al. 2008) and gas migrates upwards due to
buoyancy effects, accumulating below thin shale (mud-
stone) layers. These layers allow the gas migration to the
top because they are not fully sealing. Audigane et al. (2011)
show that after three years of injection, the primary trap-
ping process is structural, with solubilization less than 10 %
of the injected mass. Hence, the Black-oil formulation can
safely be applied to this field. Other equivalent fluid-flow
simulations at Sleipner field have been performed by Arts
et al. (2004) using the SIMED II simulator and by Chadwick
et al. (2006) using the TOUGH?2 simulator. The first authors
assumed an average permeability of 3.5 D for the Utsira sand
and 1 mD for the intra-reservoir mudstone layers. As men-
tioned above, the initial flow is upwards due to buoyancy,
and when it reaches a shale layer the flow is directed toward
the side and CO, accumulates below these layers, inducing
the strong reflections events observed in the seismograms.
These authors transformed the saturation model into a 3D
acoustic impedance model using Gassmann equations and
computed a synthetic seismogram, which resembles the field
data, where the pushdown effect caused by the presence of
CO, can clearly be observed. Chadwick et al. (2006) have
been able to characterize the topmost layer of the CO, and
quantify its rate of growth. The study suggests that transport
through the intra-reservoir mudstones is via a limited num-
ber of discrete pathways (openings in the mudstone layers)
that became established early in plume evolution.

In this work, we generate the pre-injection geological
model from the initial porosity (at hydrostatic pore pres-
sure) and clay content or permeability. The petrophysical
model assumes a shaly sand, which represents the Utsira
Sand, shale thin layers and cap rock, depending on the clay
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content. The permeability is assumed to be anisotropic and
is obtained from first principles as a function of porosity
and grain sizes. We model fractal variations of the Utsira
Sand porosity and clay content using a von Karméan autoco-
variance probability function of high fractal dimension (e.g.,
Carcione and Gei 2009). The model is calibrated to agree
with experimental data (well logs and seismic data), with the
pre-injection seismic velocities obtained by using Gassmann
equations. After the injection, the CO, fluid pressure and
saturation are used to obtain the properties of the gas at
in situ conditions and the petrophysical properties of the
Utsira Sand. These are obtained with White’s mesoscopic
model to model P-wave attenuation due to wave-induced
fluid flow (e.g., Carcione 2022). An improvement is to use
an extension of White model to angles different from normal
incidence (Liao et al. 2023).

We simulate two-phase fluid flow using a stress—strain
relation based on Biot’s theory of poroelasticity for partial
saturation combined with the mass conservation equations
(Carcione et al. 2014). To uncouple flow and elastic strain,
we use a correction to the stiffness of the medium under
conditions of uniaxial strain. The pressure and saturation
differential equations are then solved with an explicit time
stepping scheme and the Fourier pseudospectral method to
compute the spatial derivatives. We assume an initial pres-
sure state and at each time step compute the wetting- and
non wetting-fluid pressures at a given saturation. Then, we
solve Richards’s equation for the non wetting-fluid saturation
and proceed to the next time step with the updated satura-
tions values. An alternative is to use the STOMP simulator
(Subsurface Transport Over Multiple Phases), which simul-
taneously solves a conservation equation for each mass com-
ponent (White et al. 1995). The seismic modeling is based
on an isotropic-viscoelastic rheology, and the full wavefield
is computed with the pseudospectral method (e.g., Carcione
2022; Carcione et al. 2012).

The combined use of fluid-flow and seismic simulations
allows us to obtain a porosity-saturation map such that the
synthetic seismogram resembles the real data. Porosity, clay
contain and permeability obtained on the basis of these two
properties are essential to define the pre- and post-injection
geological models.

Petrophysical model

The Utsira formation at the injection site has 280 m thick-
ness (top at 820 m and bottom 1100 m b.s.1.). The sea
bottom is located at nearly z, = 100 m depth and the cap-
rock is a sealing unit, a silty-mudstone layer 200 m thick
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approximately (Arts et al. 2008). Within the reservoir, there
are eight mudstone layers ranging from 1 m thickness to 5 m
thickness. We build a geological model to approximately fit
the real seismogram [e.g., Fig. 14 of Chadwick et al. (2005)].
In the following, we illustrate the steps based on petrophysi-
cal theories.

The pressure-temperature conditions are as follows. The
temperature profile is approximately 7 = 31.7z + 3.4, where
T is the temperature (in degrees Celsius) and z is the depth
(in km b.s.1) (Chadwick et al., 2005; Table 1), which gives
aT =29 °C at the top and T = 38 °C at the bottom of the
formation. The hydrostatic pressure is py = p, gz, with p,, =
1040 kg/m? the density of brine and g =9.81 m/s? the grav-
ity constant. [We obtain 8 MPa and 11 MPa at the top and
bottom, respectively (Arts et al. 2008).] The confining pres-
sure is p, = p,,82, + pg(z — z,), where p =2100 kg/m? is the
average sediment density (taken from well logs). (We obtain
16 MPa and 21 MPa at the top and bottom, respectively.)

The density is given by:

p= (1~ ¢, + dpy. (1

where ¢(z) is the porosity, p; is the grain density and p; is
the fluid density. The grain density is p, = 2550 kg/m? (both
quartz and clay), while in the Utsira sand:

pf = (1 - Sw)pg + Swpw’ (2)

where §,, is the water saturation and p, is the gas density,
which can be obtained from the van der Waals or Peng—Rob-
inson equations as a function of T and p, where p is the pore
pressure (e.g., Carcione et al. 2006; Picotti et al. 2012).

We define the porosity of the Utsira Sand at the hydro-
static pressure (pre-injection) ¢, = ¢(pj) fractal (based on
the von Karman function (e.g., Carcione and Gei 2009), with
an average value of 37 % and a variation of + 1%, where
function ¢ is defined below. We consider a clay content C
=5 % for the Utsira Sand, with a fractal variation of + 5 %.

We then use Krief critical-porosity model to obtain the
dry-rock bulk modulus,

gives K, = 37 GPa for the Utsira Sand. All the rocks are
formed with quartz (bulk and shear modulus of 39 GPa)
and clay (bulk and shear moduli of 15 GPa). The quartz and
clay proportions to be considered in the HS equations are
(1 = @)1 — C)and (1 — ¢p)C, respectively. At z=0.85 km,
hydrostatic pressure py (¢ = ¢, =37 %), C=0.05and A =
4.5, we have K,, = 1.36 GPa for the Utsira Sand, while C =
0.85 and A = 4.5 give K, = 3.26 GPa (mudstone layers), but
in this case ¢ = ¢, =24 %.

We assume the grain to be a Poisson medium, i.e.,
u, =3K,/5, and set the dry-rock shear modulus as:

)A/(1—¢)' )
Then, pu, =22 GPa and u,, = 0.82 GPa for the Utsira Sand.
Another critical-porosity model is:

K, =KY<1 - f),
A a0

(Mavko et al. 2009), where ¢, = 0.384 is the critical porosity
to obtain K,, = 1.36 GPa for the sand. This ¢, is quite low
and fractal ¢ may exceed this value giving negatives K,,,.
Another approach to model the properties of unconsolidated
sands is the CCT theory developed by Dvorkin et al. (1994)
(see also Guo and Han 2016; Carcione et al. 2023).

Now, we obtain the porosity of the sand as a function
of the pore pressure (the shale porosities are assumed to

be constant). It is:

l-¢ 1
_< Km __>d(pc_p)

K
(Carcione 2022). An approximation from Eq. (3) yields,

l—d’o_i
K, K,

m

U =p(1—¢

&)

do (6)

¢=¢o+< >(P—PH), (N
where we have assumed (1 — ¢)/K,, at p, and a constant
confining pressure at a given depth.

On the other hand, an implicit exact expression can be

obtained from Eq. (5),

K, =K, =gy, 3)
, . -9 ¢

where ¢ is the pressure-dependent porosity (see below) and K P—pru)=¢dg—d+¢.In ¢T . ®)

K, is the arithmetic average of the Hashin—Shtrikman (HS) 5 0

upper and lower bounds (e.g., Carcione et al. 2006), which

Table 1 Properties of the Formation & C ’ N N B .

Sleipner model at 100 % brine 0 s P 5 * ‘

saturation (%) (%) (kg/m~3) (km/s) (km/s) (mD) (mD)
Caprock 22 95 2218 2295 1010 0.97 0.097
Utsira 37 5 1991 2048 643 1926 193
Mudstone layers 24 85 2188 2283 973 1.66 0.16
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In order to perform fluid-flow simulations (Carcione et al.
2014) and obtain the pore pressure and fluid saturation, the
simulator needs the compressibility C,,, according to the
notation of Zimmerman et al. (1986), which is given by:

_l L_l+¢
CPP_¢<K K > &)

m s

(Carcione 2022).

The fluid-flow simulations and modeling of seismic
attenuation require the permeability. Carcione et al. (2000)
derived a model of permeability as a function of clay con-
tent. They assume that a shaly sandstone is composed of a
sandy matrix and a shaly matrix with partial permeabilities:

R2¢3
K = q
7 45(1- )1 -0)

R2 ¢3

= 1
= Bia-ge

respectively, where R, and R, denote the average radii of
sand and clay particles, respectively. Assuming that perme-
ability is analogous to the inverse of the electrical resistance,
we assume that the average permeability of the shaly sand-
stone along the horizontal direction is given by:

1_1-c_ c_4sa-¢2[ . R
PR R3¢’ l(l © +CR2 - ab

x q ¢ c

In this work, we consider R, = 50 ym and R, = 1.5 ym,
which gives k., = 1.9 Darcy (at ¢,) (Arts et al. 2008; Nilsen
et al. 2011). It is the case that to obtain a realistic saturation
map so that the post-injection synthetic seismogram resem-
bles the real one, the permeability has to be defined to satisfy
this requirement. In this case, the clay content is obtained
from «, by solving the quadratic Eq. (11) in the variable C.

In anisotropic media, the permeability components
depend on saturation in a different manner (Bear et al.
1987; Bear and Bachmat 1990; Carcione et al. 2003). This
behavior can be modeled with the following horizontal and
vertical dependence of permeability on saturation (Carcione
etal. 2003):[1 — (1 — 0.3a) sin(xS,,)]and a[1 — 0.5 sin(xS,,)]
where a is a permeability-anisotropy parameter. These equa-
tions model the rotation of the ellipses of directional perme-
ability versus saturation obtained by Bear et al. (1987) by
means of numerical experiments. Then, we have:

k, 1-(1-03a)sinzs,

k. a(l—05sinzxS,)

12)

Note that for S, = 0 or 1, x, = ax,. A value of a = 1/10 is
assumed here (Nilsen et al. 2011). Itis x, > . at full water
saturation, due to pore cross sections which are larger in the
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x-direction. As water saturation is reduced, and the larger
pores drained first, a saturation is reached at whichx, = k..
Then, as saturation is further reduced, x, < k. At the other
end (full gas saturation), we have again k, > ..

The viscosity of the fluid is required for both the compu-
tation of synthetic seismograms including attenuation and
the fluid-flow simulations. We assume that the viscosity
of water is independent of pressure and temperature as an
approximation, 77,, = 0.0018 Pa s. For the gas viscosity 7,, we
assume the equation proposed by Luo and Vasseur (1996). It
depends on pore pressure and temperature 7:

nolPasl =107+ 1.5x 1082 —22x 107(T - T,
P8
(13)

where T, is the surface temperature.

The pre-injection P-wave velocity can be obtained from
the Gassmann equation. The low-frequency bulk modulus of
the wet rock is given by the Gassmann modulus:

K=K, +a’M, (14)
where:
K, a-¢ ¢\
=1--2 and M= = .
a X an ( X + Kf) (15)

(e.g., Carcione 2022), where K, is the fluid modulus.

When the fluids are not mixed in the pore volume, but
distributed in patches, the effective bulk modulus of the fluid
at high frequencies is higher than that predicted by Wood
(Reuss) modulus. We then use White’s mesoscopic model
(Carcione et al. 2006) to obtain the P-wave velocity and
quality factor (see below).

The pre-injection P-wave and S-wave velocities are then:

K+4u,/3
v,,=‘/+'”/ and vg = ”7'". (16)

The velocities of the Utsira Sand at p,; and full water satura-
tion are vp = 2045 m/s and vy = 641 m/s in agreement with
reported values (McKenna et al. 2003; Chadwick et al. 2005;
Arts et al. 2008; Rabben and Ursin 2011).

The post-injection P-wave velocity and attenuation (qual-
ity factor) are obtained with the White model (see Fig. 7
in Carcione et al. 2006), which requires as input the fluid
saturations, the size of the gas patches, the viscosities and
the permeability of the sand. (The horizontal permeabil-
ity is used.). The patch size has an important influence on
attenuation.
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In the pre-injection case (full brine saturation), this model
predicts no wave-energy loss (Carcione et al. 2006). Shear
waves are assumed to be lossless. We also consider the
possibility that CO, can go into solution in the brine. This
process affects the saturation of the gaseous phases and the
density and bulk moduli of the liquid phases (see Carcione
et al. 2006). We model the thin mudstone layers with C =
85 % and ¢, = 24 %, while the caprock values are ¢, = 22
% and C =95 %.

We consider that the layer underlying the Utsira forma-
tion has the same properties of the caprock. Table 1 sum-
marizes the properties of the different formations at 100 %

Fig. 1 Porosity ¢ a and clay
content C b panels. The bars
indicate the variations in the
Utsira sandstone. The thin
mudstone layers have C = 85 %

0.0 0,2

0,85

saturation. The initial porosity and clay content models are
shown in Fig. 1. The thin mudstone layers can be seen as
black lines in the Utsira formation. We have used fluid-flow
simulations, based on the theory in Carcione et al. (2014),
to build the post-injection model.

Synthetic seismograms

We first consider the pre-injection case at full water satura-
tion. Figure 2 shows the P- and S-wave velocity panels (a,
b) and the density panel c. The synthetic seismograms are

Distance (km)

04 0.6 0.8 1.0

0
0,80: 4 A))as.oo
35,35

and ¢ = 24 % and the caprock
and lower medium have ¢, = 22
% and C =95 %

35,70

Kl D TG { DAPUUATL CL) o S
090 J 36,05
’ . -

YR W T W et 36,40

0,95

Depth (km)

1,054

36,76

'ﬂ_ 37,11
1,004

37,46

pa b Y o 37,81

38,10

Depth (km)

Distance (km)

1,133
2,266

3,398

4,531

@ Springer



Acta Geophysica

Fig.2 P- and S-wave veloc-

ity (a, b) and density ¢ models
corresponding to pre-injection.
The bar ranges indicate the vari-
ations in the Utsira formation.
The values for the caprock and
mudstone layers are given in
Table 1
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Fig.3 Comparison between the real (left) and synthetic (right) seis-
mograms a and wiggle-trace version of the synthetic seismogram b
before the injection (real data from Chadwick et al., 2004)

computed with a modeling code based on an isotropic and
viscoelastic stress—strain relation. The equations are given
in Section "Synthetic seismograms" of Carcione (2022) and
in Carcione et al. (2012). The algorithm is based on the Fou-
rier pseudospectral method for computing the spatial deriva-
tives and a fourth-order Runge—Kutta technique for calcu-
lating the wavefield recursively in time. As stated above,
the P-wave velocity and quality factor are those predicted
by White’s model, where we consider the central frequency
of the source f;. The modeling approximates the relaxation
peak with a Zener element whose peak frequency is f, and

White’s velocity at this frequency. Details can be found in
Carcione et al. (2012).

The grid has 1200 x 400 points, with squared cells of
1 m size, and the source is a Ricker-type wavelet with a cen-
tral frequency f, = 50 Hz. A localized plane wave acts as a
source above the top of the aquifer. Figure 3 compares the
real (left) and synthetic (right) seismograms a and wiggle-
trace version of the synthetic seismogram b before the injec-
tion. Simulations and real data show a remarkable match.

Carbon dioxide has been injected at Sleipner a constant
flow rate of one million tons per year. The fluid-flow simu-
lator computes the post-injection model of saturation and
pore pressure. There are preferential pathways or openings
through the mudstone thin layer, where the CO, migrates
upwards. In those locations the permeability of the medium
is assumed to be 0.6 D. The CO, saturation and pore pres-
sure after two years of injection are shown in Fig. 4a and
b, respectively. The CO, has accumulated below the intra-
reservoir mudstones as reported by Chadwick et al. (2005).

Knowledge of pore pressure allows us to obtain the bulk
modulus and density of the gas phase as a function of depth
by using the Peng—Robinson equation of state (Picotti et al.
2012). The size of the gas patches in White’s model is 0.05
m (see Carcione et al. (2012) for more details). Figure 5
shows the post-injection P-wave velocity a, density b and
Q-factor ¢ panels. The latter are those at the central fre-
quency of the source f,. The P-wave velocity has substan-
tially decreased in the aquifer compared to the full water
saturation case. The low Q-factors indicate the high wave-
energy attenuation within the aquifer due to wave-induced
fluid flow.

Finally, Fig. 6 compares the pre-injection (a) and post-
injection (b) seismograms. Panel c corresponds to the dif-
ference between the post-injection elastic and viscoelastic
simulations. The deeper events show higher amplitudes, as
expected, due to the stronger effect of the finite Q factor of
the layers. This underlines the importance of considering
attenuation in computing reliable synthetic data. A statisti-
cal analysis of the detectability of the time-lapse signal can
be done with the method proposed by Alajmi et al. (2016).

Conclusions

We propose a monitoring methodology based on a petro-
physical model, fluid-flow and wave simulations for a
seismic characterization of formations partially saturated
with carbon dioxide. The methodology has been applied
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Fig.4 CO, saturation a and
pore pressure b panels after two
years of injection 0,80

0,85

0,90

0,95

1,00

Depth (km)

1,05

1,00

Depth (km)

1,054

1,104

1,154

to the Sleipner field in the North Sea, but can be used for
another storage site, provided that the in situ pressure and
temperature conditions can be computed and well logs are
available to calibrate the model. The workflow consists of
(1) building a preliminary geological model on the basis of
porosity and clay content or permeability; (2) performing
fluid-flow simulations to obtain a map of partial satura-
tion and pore pressure; (3) calculating the wave velocities,
density and attenuation factor at different injection stages;
(4) generating synthetic seismograms and comparing these
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to the real data to refine the model. The methodology can
first be used to test the performance of seismic inversion
algorithms to detect the presence of gas and quantify its
partial saturation. Use of a mesoscopic-loss model based
on White’s theory describes the P-wave quality factor,
which can be inverted with attenuation tomography and
obtain more information on the formation properties such
as porosity and permeability. The technique can be applied
to CO, storage problems or the detection of gas in hydro-
carbon reservoirs.
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Fig.5 Post-injection P-wave Distance (km)
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Distance (km)
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Fig.6 Comparison between the pre-injection a and post-injection b synthetic seismograms and difference between the elastic (lossless) and vis-
coelastic (lossy) cases ¢. The latter shows events due to the effect of finite Q-factors
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