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SUMMARY

The estimation of CO2 saturation and pore pressure from time-
lapse seismic data requires a physical model relating the vari-
ations in reservoir properties to the changes in seismic at-
tributes. We propose a complete rock physics workflow comb-
ing the modified Macbeth’s relation and Gassmann’s equation
to predict elastic properties as a function of porosity, mineral-
ogy, saturation, and pressure. We validate this workflow using
a published dataset. In particular, we demonstrate the advan-
tages of Macbeth’s model in predicting the effect of pressure
changes. Furthermore, we propose a full waveform inversion
(FWI) algorithm incorporating the proposed model for predict-
ing the time-evolution of CO2 saturation and pore pressure.
This approach allows for direct updating of reservoir proper-
ties from seismic data. We derive static rock properties, such
as porosity and clay content, from baseline data and use them
as input to predict dynamic reservoir properties (saturation and
pressure) from monitor data. We illustrate the potential of the
approach using a synthetic time-lapse dataset.

INTRODUCTION

An important technology supporting reduction of greenhouse
gas emissions is the geological storage of carbon dioxide (Davis
et al., 2019; Ringrose, 2020); Time-lapse seismic surveys pro-
vide a monitoring mode in which migration and distribution of
the injected CO2 can be tracked. Ideally, for reliable confor-
mance verification, quantitative estimates/maps of CO2 satura-
tion and pore pressure would be produced by such technology,
to be compared against reservoir modeling predictions (Dupuy
et al., 2021).

In a previous study (Hu et al., 2023), we proposed a full wave-
form inversion (FWI) algorithm for predicting the spatial dis-
tribution of CO2 saturation from time-lapse seismic data. The
method is based on the application of a rock-physics param-
eterized FWI scheme that allows for direct updating of reser-
voir properties (Hu et al., 2021). In this simulation, the dif-
ference in pressure between the baseline and monitor stages
is relatively small, so we assumed that the effect of pressure
on seismic changes is negligible. For some fields or segments
within a field, fluid and pressure changes affect the seismic
data to about the same extent (Landrø et al., 2003). To cope
with this situation, our proposed rock physics model and time-
lapse FWI strategy must be adjusted to account for the pressure
effect. With the fluid effect at seismic frequency being well de-
scribed by Gassmann’s equation (Mavko et al., 2020), the main
challenge is the description of pressure within the rock physics
model.

We first clarify the different types of geopressure. Pore pres-
sure (Pp) is the pressure of fluids in the pore space of the rock.

Figure 1: Example of different pressures with depth.

When pore pressure is hydrostatic, we have

Pp = ρwgz, (1)

where z is the depth, g is the acceleration of gravity, and ρw is
the density of water. When pore pressure exceeds the hydro-
static pressure, overpressure situation occurs. The confining
or overburden pressure Pc results from the weight of overlying
sediments and is generally obtained by integrating the density
log:

Pc = g
∫ z

0
ρ(z′)dz′, (2)

where ρ is the bulk density of the rock. Based on Terazaghi’s
(1965) principle, the effective pressure Pe is defined as the dif-
ference between overburden pressure and pore pressure:

Pe = Pc−Pp. (3)

In Figure 1, we demonstrate the typical trends of these three
pressures with depth, as well as possible overpressure anoma-
lies due to CO2 injection. Pore pressure and its development
over time is a critical parameter for storage safety and it is
also the main limiting factor for large-scale storage of CO2
(Ringrose, 2020). However, since the effective pressure is
more relevant to affecting the elastic properties of the rock,
seismic pore pressure prediction is generally achieved by an
accurate characterization of effective pressure on the assump-
tion that overburden pressure is known. Similarly, although
our inversion target is pore pressure, the key to this research is
the modeling of effective pressure.

ROCK PHYSICS MODEL

An important criterion for us to choose a pressure model is
whether it can be integrated into the entire modeling process
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based on the Gassmann’s equation, because only in this way
can the influence of other important parameters (such as poros-
ity, lithology and fluid) on rock elastic properties be considered
at the same time. Therefore, while there are many empirical
formulas describing the relationship between velocity and ef-
fective pressure in the literature (Han, 1987; Eberhart-Phillips
et al., 1989; Landrø, 2001; Jones, 1995; Sayers, 2006), these
are outside the scope of our study.

In equations 4, the Gassmann’s equation and density equation
are given with underlined dependencies to the pressures and
CO2 saturation:

Ksat = Kdry(Pe)+
[1−Kdry(Pe)/Km]

2

φ/K f (Sco2 ,Pp)+(1−φ)/Km−Kdry(Pe)/K2
m
,

µsat(Pe) = µdry(Pe),

ρsat(Sco2 ,Pp) = (1−φ)ρm +φρ f (Sco2 ,Pp),

(4)

where the subscripts m, f ,dry,sat indicate solid matrix, fluid
phase, dry rock, and saturated rock, respectively. Based on the
principle that effective pressure and pore pressure are inter-
changeable at a given overburden pressure, the effect of pres-
sure on the elastic properties of saturated rock is due to its
influence on the bulk modulus and density of fluid (K f and ρ f )
and the elastic moduli of dry rock (Kdry and µdry). The for-
mer can be well described by the empirical formula proposed
by Batzle and Wang (1992), while the latter requires more
thought. An intuitive choice is a dry-rock theoretical model
that includes a pressure term, such as the granular media mod-
els based on the Hertz-Mindlin contact theory. However, in a
Hertz-Mindlin model, the dry-rock elastic modulus is propor-
tional to the cube root of effective pressure, Kdry ∝

3
√

Pe, which
may be inconsistent with the exponential relationship revealed
by various laboratory measurement data. After careful analy-
sis, we focus on the modified MacBeth’s equation proposed by
Grana (2016).

MacBeth (2004) proposed an analogous equation to link dry-
rock bulk modulus to effective pressure using an exponential
relation:

Kdry(Pe) =
K∞

1+AKe−
Pe
PK

, (5)

where K∞, AK , and PK are empirical parameters: K∞ rep-
resents the asymptotic value as effective pressure increases,
whereas AK and PK are related to the curvature. Grana (2016)
illustrated that K∞ and AK are not independent if the dry-rock
modulus K0 at a given effective pressure P0 is known, and
modified Equation 5 to include dependence on porosity φ and
clay content Vclay:

Kdry(Pe) =
K∞

1+ K∞−K0
K0

e−
Peff−P0

PK

; (6)

K∞ = λ1(φ +aVclay)+λ2, (7)

where a, λ1, and λ2 are empirical parameters that must be fitted
using lab measurements. Alternatively, datasets from literature
or from nearby fields can be used to integrate the available
core samples, as long as the observed pressure effect on elastic

properties has the same behavior. Similar results have been
obtained for the shear modulus:

µdry(Pe) =
µ∞

1+ µ∞−µ0
µ0

e−
Pe−P0

Pµ

; (8)

µ
∞ = λ3(φ +aVclay)+λ4, (9)

where µ0 is the dry-rock shear modulus at effective pressure
P0; λ3 and λ4 are empirical parameters.
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Figure 2: Calibration of rock physics model using Han’s sam-
ples. The Hertz-Mindlin model is combined with Gassmann’s
equation to predict saturated-rock velocity as a function of
effective pressure including porosity and mineralogy effects.
The model is calibrated using baseline data with pressure 10
MPa, then automatically predicts the data at 5,20,30,40 MPa.
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Figure 3: Modified Macbeth’s relation combined with
Gassmann’s equation to predict saturated-rock velocity. The
predicted data with Hertz-Mindlin equations at pressure 10
MPa are used as initial guess in Macbeth’s model.

The modified MacBeth’s equation focuses on the effect of pres-
sure on elastic properties and are lack of mechanisms to ac-
count for the impact of rock properties, such as porosity and
lithology. By contrast, the Hertz-Mindlin based models, al-
though have a pressure term in their expressions, are classi-
cally used to predict static rock properties rather than pressure



FWI monitoring of saturation and pressure

changes. To combine the advantages of both, we can use the
modified MacBeth’s equation as the dry-rock model for time-
lapse study, but with the initial/baseline moduli, K0 and µ0,
computed by the Hertz-Mindlin models.

Based on the above analysis, we propose a complete rock physics
modeling process for CO2 monitoring: 1) the mineral elastic
moduli are computed using Voigt-Reuss-Hill average; 2) the
fluid elastic moduli are computed using Brie’s equation, as-
suming semi-patchy mixing of water and CO2; 3) the dry-rock
elastic moduli are calculated using the modified MacBeth’s re-
lation, in which the initial guess is provided by Hertz-Mindlin
based models (e.g., soft-sand and stiff-sand models); 4) the
fluid effect is included via Gassmann’s equation to compute
the elastic moduli of the saturated rock. 5) the density of
the saturated rock is computed as a weighted average of the
densities of mineral and fluid components. Consequently, we
can express the velocity and density of the saturated rock as
a function of porosity, mineral volumes, CO2 saturation and
pore pressure.

MODEL CALIBRATION

Here we take three samples from a published dataset of Han
(1987) to illustrate how to calibrate the rock physics model in
practical applications. Our goal is to calibrate the model so
that it can accurately predict velocity as a function of poros-
ity, clay content, and effective pressure. We assume that the
initial pressure is 10 MPa, and that the data at other pressures
correspond to the monitor survey. We first examine the model
which uses Hertz-Mindlin model only. This means that once
we calibrate the model at the initial pressure, the model auto-
matically predicts the value at future pressures. Figure 2 shows
that the Hertz-Mindlin model does not correctly approximate
the nonlinear behavior of velocity due to pressure changes. On
the other hand, the modified Macbeth’s equation predicts the
data accurately (Figure 3). In fact, the main advantages of this
model are the exponential trend and the inclusion of empirical
parameters that we can calibrate to match the observations.

TIME-LAPSE FWI STRATEGY

We modify the previous time-lapse FWI framework (Hu et al.,
2023) to include one degree of freedom for the pore pressure.
We first estimate the static rock properties, such as porosity
(φ ) and clay content (C) from baseline data (dobs b); we then
use these baseline models as prior knowledge (fixed values)
to estimate the dynamic properties, including CO2 saturation
(Sc) and pore pressure (Pp), from monitor data (dobs m). The
objective functions for this problem are expressed as

Eb =
∥∥dobs b(φ

t ,Ct)−dsyn b(φ ,C)
∥∥2

, (10)

and

Em =
∥∥∥dobs m(φ

t ,Ct ,Sct ,Pp
t)−dsyn m(φ

b,Cb,Sc,Pp)
∥∥∥2

.

(11)

NUMERICAL EXAMPLE

We apply the proposed approach to a synthetic model as shown
in Figure 4. The initial CO2 saturation is 0 everywhere and
the initial pore pressure is hydrostatic. The two models then
change locally due to the injection of CO2 at 500 m depth and
500 m position. In this simulation, we neglect the uncertainty
associated with the baseline model reconstruction. The details
of the pressure model are illustrated in Figure 1, where we
consider a clear pressure build-up due to the injection.
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Figure 4: True baseline, monitor, and time-lapse models of
CO2 saturation and pore pressure. The black line indicates the
location of the injection well.
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Figure 5: Theoretical curves of the proposed rock physics
model: P-wave velocity, S-wave velocity, and density versus
(a) CO2 saturation and (b) pore pressure.

In Figure 5, we compute the theoretical curves of velocities
and density as a function of CO2 saturation and pore pressure
based on the rock physics model. The results are consistent
with existing studies: if CO2 saturation increases, the P-wave
velocity and density decrease, whereas the S-wave velocity
slightly increases; both P- and S-wave velocities decrease as
pore pressure increases, whereas the pressure effect on density
is negligible.

In Figure 6, we plot the velocity and density models corre-
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sponding to the rock property model. The time-lapse elastic
changes are consistent with the analysis in Figure 5. Conse-
quently, we observe clear time-lapse events in the noise-free
synthetic data (Figure 7). The recovered monitor model of
CO2 saturation and pore pressure are plotted in Figure 8, which
shows a good agreement with the true models. The parameter
crosstalk is weak. We attribute this to the fact that the two
properties have very different sensitivities with respect to the
P- and S-wave velocities (Figure 5). In Figure 9, the conver-
gence properties of the inversion are summarized. We observe
the convergence characteristics of a reliable inversion.
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Figure 6: True baseline, monitor, and time-lapse models of
P-wave velocity, S-wave velocity, and density.
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Figure 7: Baseline, monitor, and differential seismograms
(horizontal and vertical displacements) computed for the true
model. Ricker wavelet with central frequency 15 Hz is used.

Conclusions

We proposed a complete rock physics model for modeling sat-
uration and pressure changes. A critical step in this model is
the use of modified Macbeth’s relation to account for the pres-
sure effect on dry-rock elastic moduli. We then incorporate
the rock physics model into an FWI algorithm for the quan-
titative prediction of CO2 saturation and pore pressure from
time-lapse seismic data. We demonstrate the effectiveness of
this approach using a synthetic dataset. Examination of com-
plex geological models and uncertainties associated with the
rock physics model, the observed data, and the baseline inver-
sion result are important steps in moving this research forward.
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Figure 8: Recovered monitor model of CO2 saturation and
pore pressure.
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