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ABSTRACT. Brazilian pre-salt carbonates represent more than 70% of the produced hydrocarbons in
Brazil, which makes them of great interest for 4D seismic studies. 4D seismic modeling is crucial to
understand how production impacts the 4D seismic response. We propose including rock-fluid interaction
on the traditional methodology for 4D petro-elastic modeling (generally considering only variations of
pressure and fluid saturation) given the presence of CO; in the injected fluid. To model the rock-fluid
interaction, we consider expressing the dry rock bulk and shear moduli as a function of the porosity for
the monitor data. In the modeling, we focus in observing changes in the rock due to dissolution of CaCOs
by the CO,-rich injected fluid. We perform the analysis in the region around the injector wells and the
results show that rock-fluid interaction favors the 4D anomalies, considering the reservoir conditions in
this study. The higher AAI values obtained in petro-elastic modeling with rock-fluid interaction present
an optimistic scenario compared to a traditional petro-elastic modeling in 4D feasibility studies and as
another hypothesis that supports the interpretation of 4D anomalies.

Keywords: 4D feasibility study; CO,-rich brine injection; 4D anomalies

INTRODUCTION
4D seismic is an indispensable tool for monitoring reservoir changes due to hydrocarbon production. The

success of 4D seismic in a field depends on identifying these changes in the reservoir, which has already
been shown to be feasible in pre-salt reservoirs according to published 4D interpretation works (Cruz et
al.,2021; Izeli et al., 2024). Carbonate reservoirs are sensitive to chemical reactions with fluids, especially

when the CO; is present in the reservoir, favoring a rock-fluid interaction with dissolution and/or mineral
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precipitations due to water acidified in this process (Shekhar et al., 2006; Luquot and Gouze, 2009; Vialle
et al., 2010; Vanorio, 2015). These chemical reactions can alter the carbonate rock framework, potentially
leading to changes in the petrophysical and elastic properties of the rocks that were not originally predicted
(Vanorio et al., 2010; Rodrigues et al., 2012; Morschbacher et al., 2015; Clark and Vanorio, 2016).

The experiment by Clark and Vanorio (2016) on the cores from pre-salt wells off the southeastern
coast of Brazil verified that the presence of CO, facilitates the dissolution and transport of minerals
throughout the rock. Their observations were consistent with a chemically enhanced weakening of the
rock frame that generated compliance pores. The associated decrease in dry rock velocity can be
approximated with linear relations that depend on porosity and effective stress.

Morschbacher et al. (2015) present several results from laboratory on outcrop samples of Indiana
limestone composed mainly of calcite, which petrophysical characterization and geological description
can be found in the works of Churcher et al. (1991) and Ji et al. (2012). Despite these outcrops are not
considered analogous to the carbonates found in Brazilian pre-salt, they are relatively homogeneous and
excellent specimens for destructive tests, such as permeation tests with damage formation according to
Mohamed et al. (2010) and El Hajj et al. (2013), among others. The results of the tests realized by
Morschbacher et al. (2015) showed that the mixture of water with CO, gas (carbonated water), when
injected into samples of carbonate rocks, generates chemical reactions that can cause irreversible changes
in the petro-elastic properties of the rocks. Depending on the volume of fluid percolated, these changes
can become significant and can definitely modify the elastic response of the rock and, consequently,
generate implications for 4D seismic response.

In this study, we combined the results obtained by Clark and Vanorio (2016) and Morschbacher et
al. (2015) to include rock-fluid interaction in 4D seismic modeling and we compared these results with

those obtained by traditional methodology, where only pressure and/or fluid changes are considered.

Motivation

The presence of carbonate rocks with CO; in the pre-salt and the use of the CO,-rich WAG (Water
Alternating Gas) injection enhanced oil recovery favors the monitoring of these reservoirs through 4D
seismic.

In this context, modifications in the elastic properties of carbonate rocks due to rock-fluid interaction
require including this effect in traditional 4D seismic modeling studies (pressure, fluid substitution),
which assumes that the rock framework is not modified over time. Thus, the effects on the elastic
properties of the rock are caused only by the interaction between the CO,-rich fluid and the minerals of

the rock framework, hence not due to geomechanical effects, which may eventually be present.

Objective
The objective of this work is to develop a methodology that include rock-fluid interaction in the

petro-elastic modeling for technical feasibility studies and to support the interpretation of 4D seismic data.
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With this objective, the chemical phenomena involved in the rock-fluid interaction are represented by
changes in the elastic properties of the carbonate rocks. The results are analyzed in comparison with those

obtained by the traditional methodology of 4D seismic modeling.

Rock-fluid interaction (RFI)

According to Clark and Vanorio, 2016, P-wave velocity variation (AV,/V)) has a linear dependency
with porosity, which may be a proxy for pore connectivity, reactive surface area, and/or rock strength.
The authors concluded that, when a reactive fluid is injected into a rock formation, there will be a drop in
the P-velocity (V,) associated with partial fracturing of vulnerable components and/or etching of micritic
phases. This manifestation of compliant porosity will lead to an increase in the sensitivity of velocity to
pressure that favors overpressure detection. Any subsequent increase in pore pressure (Pp) will further
reduce V, (ignoring other factors) in a manner directly proportional to pressure as the new cracks are
allowed to open (Clark and Vanorio, 2016).

The associated decrease in velocity of the dry rock can be approximated with linear relations that
depend on both porosity and effective stress. Clark and Vanorio (2016) showed how the velocity slowed
on the order of several percent at differential stress (30 MPa), almost proportionally decreasing with
higher porosity for stromatolites and perhaps the other lithofacies.

According to Morschbacher et al. (2015), the injection of CO» into reservoirs can trigger complex
chemical reactions, starting with the dissolution of CO, in water (Equation 1). The intensity of these
reactions is determined by the reaction rate of calcite with the acid (Equation 2) and can be inferred by

measuring variations in Ca2+ concentrations, alkalinity, pH and carbon isotopes (Riding and Rochelle,

2005).
CO; + H,O © H»,CO3; & H ++ HCO; — dissolution of CO; in water (D
CaCOs + H + & Caxt + HCOs — reaction of calcite with acid 2)

The results obtained by Morschbacher et al. (2015) in permeation experiments indicate that the elastic
moduli of dry rock decreased between 5% and 8%, on average, due to the effects of rock-fluid interaction
in the presence of CO, and water. We consider these results to simulate the rock-fluid interaction (RFI)
in our traditional 4D seismic modeling methodology, due to calcite predominance in the reservoir (Silva

et al., 2020).

METHODOLOGY

The methodology proposed here aims to include the effect of rock-fluid interaction in feasibility
studies and to support 4D interpretation (Fig. 1). The detailed workflow from this work shows the rock-

fluid interaction is coupled with petro-elastic model for the monitor data.
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Figure 1 — Methodology used to obtain the final results in terms of AAI and AAmplitude from the
application of PEM with RFI in the monitor data (Time 1).

Petro-elastic modeling (PEM)

For petro-elastic modeling, we used the properties from flow simulator (porosity, pore pressure,
saturation, compressibility and density of the fluids), of a carbonate reservoir, for the Base (2017) and
Monitor (2026). The reservoir is composed of microbialite (stromatolite, spherulite, laminite) and coquina
and the CO, present in the oil corresponds to 40%.

The elastic moduli of the dry rock can be determined with well log data by rewriting the Gassmann
(1951) equation isolating the bulk modulus of dry rock (Kary) (Zhu and McMechan, 1990) (Equation 3).

The shear modulus (Gary) is considered equal to the shear modulus of the saturated rock (Gassmann, 1951)

(Equation 4).
Ksqe * (q);fll(m +1- CD) — K
Kgry = , 3
dary (D*Km+Ksat_1_(D ()
Kfl Km
Gdry = Gsqt, €))

where K. corresponds to the bulk modulus of saturated rock, @ corresponds to porosity, Km corresponds
to the bulk modulus of the effective background, Kn corresponds to the bulk modulus of the effective
fluid, and Gga: corresponds to the shear modulus of saturated rock.

Gassmann's equation has several assumptions, as noted by Smith et al. (2003), the model assumes
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that the rock is homogeneous and isotropic, which is considered a limitation when there are significant
contrast in elastic stiffness (Berge, 1998). Some these limitations include: (i) the overestimation of the
saturated bulk modulus, which increases with decreasing porosity, fluid compressibility, crack density
(fracture density), and effective stress decrease; (ii) the pressure build-up due to CO; injection may lead
to even great overprediction at higher pressure; and (iii) carbonates are cracked and very sensitive to
stress; and (iv) one of the main issues is that the carbonates may have a higher difference in pore type and
pore connectivity.

However, Adam et al. (2006) found that the brine-saturated bulk modulus for carbonates with small
differential pressure dependence (round pores or vugs) is well predicted by Gassmann’s equation at
seismic frequencies and high differential pressures. In contrast, for carbonates that are strongly influenced
by pressure (compliant pores or microcracks), Gassmann’s theory does not align with observations.
Therefore, understanding the geometry of the reservoir pore space can help in applying Gassmann's
theory, according to the authors.

Silva et al. (2020) demonstrate that there are similar values regarding the differences in elastic
attributes when comparing Gassmann's equation with the Xu and Payne (2009) models, which account
for the influence of carbonate pore geometry. They show that Gassmann's equations yield equivalent
results when the aspect ratios of carbonates are close to the representative values of siliciclastic rocks.

Fluid substitution: to model saturation changes (oil, gas, and water) in the rock, we used Gassmann
(1951) equations to perform fluid substitution for seismic frequencies. Wood's (1955) suspension model
is applied to obtain the acoustic properties of the fluid mixture (the compressibility moduli).

Pressure variation: for the pressure variation in the reservoir, we applied a logarithmic pressure (Pesr)
law from the data of the normalized dry rock bulk moduli (K4ry) and the normalized dry shear moduli
(Gary) showed in Silva et al., (2020) from microbialite rocks. The lithostatic pressure was considered equal
to 80 MPa to obtain effective pressure.

Rock-fluid interaction (RFI): the methodology was based on the variation of AV,/V, as a function
of porosity obtained in Clark and Vanorio (2016), (Table 1), for an effective pressure of 30 MPa (reservoir
pressure conditions), considering the measurements obtained in the stromatolite. We chose these
measurements due to their greater variation in relation to the other samples (grainstones and spherulites)
obtained by Clark and Vanorio (2016). From Table 1, we observe that the greater the porosity, the more
negative the variation of AV,/V,, which indicates that a more porous rock favors the reaction of brine rich
in CO, with calcite minerals. In the study by Clark and Vanorio (2016) the variation of S-velocity
(AV/Vs), AKary/Kary and AGary/Gary With porosity was not reported, so we used the study by Morschbacher
et al. (2015) where the variation of AVp/V,, AVy/ Vs, AKury/Kary and AGary/Gary were obtained for calcite
measurements. After finding these variations in the study by Morschbacher et al. (2015), which
correspond to: AVy/V, m=-5.4%, AVy/Vs m=-4.9%, AKary/Kary m = -12% and AGary/Gary_ M = -11%, the
relationships were applied as indicated by Equations 5 and 6, obtained by Clark and Vanorio (2016):
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where the subscript M indicates the variations found in the study by Morschbacher et al. (2015).

The values obtained from these relationships are shown in Table 1. Thus, for AV,/Vp =-1% obtained
by Clark and Vanorio (2016), we have: AVy/Vs = -0.91%, AKary/Kary = -2% and AGdry/Gary = -2%; for
AVp/Vp = -2.25%, we have AVy/Vs = -2.04%, AKdry/Kdry = -5% and AGdry/Gdry = -4%; for AVy/Vp = -
3.50%, we have AVs/Vs = -3.17%, AKdry/Kdry = -8% and AGdry/Gdry = -7%; and, finally, for AVp/Vp = -
4.75%, we have AVs/Vs = -4.30%, AKdry/Kdry = -11% and AGdry/Gdry = -9%.

Table 1 — Values of AVp/V, and porosity obtained from Clark andVanorio (2016) for the
effective pressure of 30 MPa; and values calculated from AVp/Vy, for AVs/Vs, AKdry/Kdry, and

AGudry/Gdry, considering the variations obtained in measurements of calcite samples by
Morschbacher et al. (2015).

From Clark and Vanorio (2016) Analogy with Morschbacher et al. (2015)
Porosity AV,/V, AV,/Vs DKery/Kery AGary/Gary
0.05 -1.00 -0.91 -0.02 -0.02
0.10 -2.25 -2.04 -0.05 -0.04
0.15 -3.50 -3.17 -0.08 -0.07
0.20 -4.75 -4.30 -0.11 -0.09

In Table 1, it is observed that the variations in AVp/V}, and AVs/V; decrease with the higher rock
porosity, as well as the variations in the elastic moduli AKdry/Kdry and AGdry/Gdry, which can reduce up to

11% and 9%, respectively, at porosities of 20%. In this study, no variation in porosity was considered,

except for in the elastic moduli of the rock.
Figure 2 shows the behavior of variations in AKdry/Kdry and AGdry/Gdry as a function of porosity,
presented in Table 1, which is used in petro-elastic modeling to simulate the RFI in the injection well

regions where WAG injection occurs.
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Figure 2 — Linear relationship applied to the variation of AKdry/Kdry and AGdry/Gdry as a
function of porosity to consider the rock-fluid interaction, in the injector region, in 4D seismic

modeling in the reservoir.

Scenarios in modeling

To analyze the results obtained with the inclusion of the RFI effect, four different scenarios were

modeled: (i) Pp_Sat: traditional modeling with variation in pore pressure (Pp) and fluid saturation (ASw,

ASo and ASg); (ii) Pp_Sat_RFI: traditional modeling (variation in pore pressure and fluid saturation)

with the inclusion of the effect of rock-fluid interaction; (iii) Sat RFI: modeling considering only the

variation in fluid saturation, keeping the pore pressure constant, with the effect of rock-fluid interaction;

and (iv) Sat: modeling only with the variation of fluid saturation, with constant pressure and without the

effect of rock-fluid interaction.

The last two scenarios (Sat RFI and Sat) are aimed to understand the seismic response in the absence

of pore pressure changes with and without the inclusion of rock-fluid interaction.
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The flow simulator does not include changes in porosity over time, therefore it is not a geomechanical
or chemical simulator. The equations to consider the RFI are only included in the PEM, so the porosity
was kept constant in all scenarios, only the elastic moduli were changed in the modeling. Figure 3
shows the porosity values in the section passing through the IG-5 and [1-WAG injection wells and the
P-4 producing well, which shows the highest porosity values in the coquina. The Base (2017) and
Monitor (2026) scenarios include only the water-to-gas exchange (WAG) in this study, but the reverse
scenario (gas-to-water exchange (GAW)) is not considered. The RFI is applied in the petro-elastic
modeling only of the monitor data (Figure 1), impacting its seismic properties and, consequently, the

differences in attributes and seismic amplitude.

IGE!

w

Porosity S
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& 2 2 8
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Figure 3 — Section of the reservoir showing the porosity values for the
microbialite and coquina. The second horizon marks the base of the
microbialite and the top of the coquina (M/C).

RESULTS AND DISCUSSION
Figure 4 shows a vertical section of the flow simulator results corresponding to: pore pressure

variation (APp); gas saturation variation (ASg); water saturation variation (ASw); and oil saturation
variation (ASo). These properties are used as input in the petro-elastic modeling to obtain AAI, used to

analyze the results.
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It can be seen in Figure 4 that the depletion is below 5 MPa and this occurs practically uniformly in the
reservoir; the variations in water (ASw) and gas (ASg) saturation are in the region of the injection wells
(IG-5 and I1-WAG). The oil saturation variation (ASo) highlights the region where the oil was replaced

by gas or water.

D

Figure 4 — Input data from the flow simulator used in petro-elastic modeling: A) pore pressure variation
(APp) in MPa; B) Variation in gas saturation (ASg) in fraction; C) Water saturation variation (ASw) in
fraction; and D) Oil saturation variation (ASo) in fraction.

The variations in the bulk and shear moduli of dry rock, considering the rock-fluid interaction, are
shown in Figure 5, featuring the regions with the greatest variation in moduli of AKdry and AGary,

occurring predominantly in coquina in well I1-WAG.

Braz. J. Geophys., 43, 2, 2025



10 4D Seismic Modeling With Rock-fluid Interaction
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Figure 5 — Difference in the values (GPa) of Kary (AKdry) and Gary (AGary) as a result of applying the
rock-fluid interaction. Note that the variation in the AKqry is greater than AGary in magnitude.

In the reservoir, the difference in absolute values of AK4y and AGary between modeling without RFI
and with RFT can reach 14% and 12%, respectively, as shown in Figure 6, in which it is also possible to
compare the standard deviations obtained for both modules. These results are the outcome of the variation
imposed in the methodology, where we saw that the variation of AKyn/Kary 18 greater in relation to
AGury/Gary, mainly with the increase in the porosity of the rock, reaching a difference of 2% between them.

In Figure 7, the results of the scenarios with and without rock-fluid interaction are compared (Figs.
7A and 7B), in which the weakening of the elastic moduli of the dry rock is observed, thus favoring the
detection of the variation in fluid saturation in the reservoir. Comparing Figures 7B and 7C (scenarios
Pp_Sat RFI and Sat_RFI), we observe that the positive AAI values are very similar, differing in the
background values because of the pressure considered only in Figure 7B. In the Sat scenario (Fig. 7D),
the absence of pressure and rock-fluid interaction favors the detection of gas saturation variation, while

not intensifying water saturation variation.

0 2 4 6 8 10 12 14
400 1400 AKg,y (Pp_Sat)
1200 . A 1200 Min: -1.5%
Max: 14%
1000 AGdry 1000 DP:1.6%
£ 800 800
8
800} o AGd”, (Pp_Sat_RFI)
400 400 Min: 0%
Max: 12%
200 DP: 1.4%
0

AKyp, o AGyy, (%)

Figure 6 — Histogram with the variations of the ratio values (%) AKary (in yellow) and
AGury (in red) between the scenarios without and with RFL.
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From the histogram in Figure 8 and the values of AAI in Table 2, when comparing the scenario
without and with RFI, the maximum value obtained for AAI increases from 1.7% to 8% in the scenarios
Pp_Sat RFI and Sat RFI, resulting in greater 4D positive amplitude anomalies (hardening) in Figure 9B
and 9C, when compared to Figure 9A.

In Figure 8 and Table 2, one may also notice that in the scenario without pressure variation and rock-
fluid interaction (Sat), the minimum values obtained when compared with the other scenarios will be
responsible for the 4D negative amplitude anomalies (softening) in Figure 9D, since in the absence of
depletion and RFI effects, variations in gas saturation have a significant impact on the 4D seismic response
in the coquina. This impact can also be observed in the region of the producing well P-4, in which we
have a 4D negative anomaly (Fig. 9D), which does not occur in the other modeled scenarios (Figs. 9A,

9B, and 9C).

3 X5 Pta 11-WAG 1G5 P4 1 -‘-.EAG

Figure 7 — AAl results for different scenarios of pore pressure and fluid saturation. Note in the scenarios
without RFI: (A) Pp_Sat and (D) Sat, the positive 4D signal is less intense in relation to the other
scenarios with RFI: (B) Pp_Sat RFI and (C) Sat_RFI.

Figure 10 shows the relationship between porosity, input data, and the values obtained for AAIL This
figure shows that the best porosity values above 20% are precisely those where the negative 4D anomalies
appear, while for positive 4D anomalies, they already appear in porosities above 6% given the greater
weakening of the elastic moduli in these regions. However, the most porous regions are precisely those
with the greatest variation of AAIL with the variations of 4D amplitudes being positive in the scenarios

with RFI (Pp_Sat RFI and Sat RFI) and negative for the scenario with only variation of fluid saturation

Braz. J. Geophys., 43, 2, 2025
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(Sat), according to the cut-off of AAI > 2% shown in Figure 10, since this value has shown sufficient for

detectability of the 4D signal.

Table 2 — Minimum and maximum values with standard deviation for AAI
obtained for each scenario in petro-elastic modeling. Note the maximum
values in scenarios with RFI (Pp_Sat RFI and Sat RFI).

AAI - results from modeling
Scenarios Minimum Maximum Std. Deviation
Pp_Sat -1.46 1.73 0.16
Pp_Sat_RFI -1.20 8.06 0.76
Sat_RFI -1.07 7.34 0.77
Sat -2.89 1.07 0.48

3000

2800 - Pp_Sat
2600
2400- - Pp_Sat_RFI

2200+
2000- Sat_ RFI

1800
ol P
€ 1600+
3
O 1400
1200+

1000
800
600+
400-
200—

4 -7 6 5 -4 3 2 -1 0 1 2 3 4 5 6 7 8
AAIL(%)

Figure 8 — Histograms with AAI values for the scenarios with RFI (Pp_Sat RFI and Sat RFI) and
without RFI (Pp_Sat and Sat), where one can compare the combination between the effects of rock-
fluid interaction, pore pressure, and water saturation fluids that impact the 4D response.
Highlighting the histograms with maximum values of AAI (approximately five times higher) in
scenarios with RFI compared to those without RFI.
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Figure 9 — 4D amplitude results for different scenarios of pore pressure and fluid saturation. Note in
the scenarios without RFI: (A) Pp_Sat and (D) Sat, the 4D anomalies are lower in relation to the
other scenarios with RFI: (B) Pp_Sat RFI and (C) Sat_RFI. Highlighting the 4D anomalies in the
Sat (D) scenario due to the variation in gas saturation (softening), which in the absence of pressure
variation in the reservoir, generates an impact on the 4D response in the coquina.
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Figure 10 — Crossplot of porosity versus AAI shows that scenarios with RFI (Pp_Sat RFI
and Sat_RFI) present the highest values of AAI with positive 4D anomalies (hardening).
Negative anomalies (softening) are not related to rock-fluid interaction.

CONCLUSIONS

The use of the WAG method for production of hydrocarbons in pre-salt carbonate reservoirs raises
the question about the possible interaction of the rock with the fluid due to chemical processes in this
system, resulting in the dissolution of minerals in the rock framework, which can result in the weakening
of the elastic moduli of the rock.

The impact of these processes in the regions around injector wells and on the 4D seismic response
was addressed through the application of the presented methodology, which resulted in obtaining more
pronounced anomalies in the reservoir when considering the rock-fluid interaction. The results showed
that the weakening of the bulk and shear moduli in the rock favored the detectability of the fluid in the

pore space.
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The comparison of modeling with and without variation in pore pressure shows that, in the presence
of RFI, the result is practically the same in terms of 4D amplitude anomalies, as can be observed in the
region of the injection wells.

In the absence of pore pressure and RFI variations in the reservoir, 4D amplitude anomalies appear
both in the injector and producer regions, showing that under constant pressure conditions in the reservoir,
variations in gas saturation are favored in the 4D response in the coquina reservoir. However, when in
the presence of reservoir depletion, it was not possible to observe a 4D response to variations in gas
saturation.

The inclusion of RFI in petro-elastic modeling in 4D feasibility studies will return optimistic results
for decision-making on the most appropriate time for a seismic survey, when compared to the result in
which it is not considered. In this case, we recommend presenting both scenarios to the decision maker.
Its application in studies to support the 4D interpretation of real seismic data must also be evaluated, since
the effect of RFI presents itself as a new hypothesis for interpreting the effects observed in the injection

well regions, when other effects cannot explain the observed 4D seismic response.
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