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CO2 plume in the case of interest.
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aquifer based on a structure situated below the south-western part of 
the Baltic Sea was modeled. To determine the CO2 saturation 
distributions at different times, the injection was numerically 
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homogeneous and isotropic properties was assumed and two different 
injection rates were studied, with the results analyzed at different 
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The saturation and density values resulting from the TOUGH2 
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Gassmann model. A synthetic velocity model was built based on both 
TOUGH2 and Biot-Gassmann models and synthetic seismic response 
fields before and after injection were generated. The results show that 
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small amounts of injected CO2, while noticeable signs of velocity 
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ABSTRACT 

 

Application of the reflection seismic method in monitoring CO2 injection in a deep saline 

aquifer in the Baltic Sea 

Time-lapse reflection seismic methods have proven effective for detecting and monitoring the 

injection and spreading of geologically stored CO2. These methods are based on interpreting 

changes in the media’s elastic properties that result from replacing the native saline water by 

the injected CO2, which in turn affects the seismic velocities of the media. Since applications 

of these methods in the field are expensive, and the interpretation process is time consuming, 

pre-study investigations should be done in order to determine whether or not reflection 

seismic surveys can successfully be applied to monitor the CO2 plume in the case of interest.  

In the present study, CO2 injection and migration in a deep saline aquifer based on a structure 

situated below the south-western part of the Baltic Sea was modeled. To determine the CO2 

saturation distributions at different times, the injection was numerically simulated using 

TOUGH2/ECO2N. A radial-symmetric model with homogeneous and isotropic properties 

was assumed and two different injection rates were studied, with the results analyzed at 

different times after the start of the injection. 

The saturation and density values resulting from the TOUGH2 simulation were converted to 

seismic velocities using the Biot-Gassmann model. A synthetic velocity model was built 

based on both TOUGH2 and Biot-Gassmann models and synthetic seismic response fields 

before and after injection were generated. The results show that the amplitude changes in the 

seismic response are detectable even for small amounts of injected CO2, while noticeable 

signs of velocity pushdown, as a signature of the CO2 substitution, could only be observed if 

the injection rate is high enough.  
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REFERAT  

Tillämpning av reflektionsseismik vid övervakning av CO2 injektion i en djup salthaltig akvifer under 

Östersjön. 

Tids-förlopp reflektionsseismiska studier har visats vara effektiva för att detektera och övervaka 

injektion och utbredning av geologiskt lagrad CO2. Metoden baseras på tolkningar av förändringar i 

mediets elastiska egenskaper, vilka uppstår då det ursprungliga saltvattnet ersätts av injekterad CO2 

vilket i sin tur påverkar den seismiska vågutbredningshastigheten i mediet. Tillämpning av metoden i 

fält är kostsam och bearbetning av mätdata tidskrävande, därför behövs förstudier i form av 

simuleringar. Sådana kan göras för att avgöra om reflektionsseismik är en framgångsrik metod för att 

övervaka CO2-plymens utbredning under jord. 

I denna studie har injektion av CO2 i en djup salthaltig akvifer i berggrunden under sydvästra 

Östersjön modellerats. Injektionen simulerades numeriskt i TOUGH2/ECON2N för att avgöra 

utbredningen av den koldioxidmättade regionen vid olika tidpunkter. En radialsymmetrisk, homogen 

och isotrop modell användes och två olika injektionshastigheter studerades. Resultaten analyserades 

vid två olika tidpunkter efter att injektionen startat. 

Resultaten i form av mättnadsgraden och densiteterna från TOUGH2 simuleringen omvandlades till 

seismiska vågutbredningshastigheter med hjälp av Biot-Gassmann modellen. Baserat på dessa 

hastigheter konstruerades en syntetisk hastighetsmodell, utifrån vilken den seismiska responsen före 

och efter injektionen beräknades. Resultaten visar att amplitudförändringarna i den seismiska 

responsen är detekterbara även för små mängder av injekterad CO2, men att märkbara förändringar på 

hastighetsreduktionen, som signatur för substitution av saltvatten mot CO2, endast kan observeras om 

injektionshastigheten är tillräckligt hög.   
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1- INTRODUCTION 

1-1 Why CO2 storage? 

The dramatic increase of anthropogenic carbon dioxide emissions in the atmosphere is 

considered as one of the main causes of global warming and climate changes. The main 

source of emission comes from the burning of fossil fuels, which are used as a source of 

energy for personal, industrial and commercial purposes. Despite the increasing interest of 

finding new sources of energy and reducing human dependency on hydrocarbon reservoirs, 

the problem of how to reduce carbon dioxide emissions is still a big challenge.  

One of the alternative energy sources, suggested to be used instead of burning fossil fuels, is 

nuclear power. In 2011, however, the Fukushima nuclear disaster called into question the 

safety and priority of using nuclear power to generate electricity. The other suggested sources 

of energy are renewable energies, such as wind power or hydropower, which are not yet quite 

developed and sufficient enough to meet the large scale needs. As a result, fossil fuels will 

continue to be the primary source of energy during the next few decades at least. This means 

the total amount of emitted carbon dioxide will continue increasing and finding proper ways 

to stabilize or mitigate its volume in the atmosphere will be a real concern.  

According to the International Energy Agency (IEA) report, the total amount of 

anthropogenic CO2 emitted in 2009 was 29Gt. Although this value shows a 1.5 percent 

decline in comparison to the previous year, the trend shows a great variation (IEA report, 

2011). The Kyoto protocol signed by 37 countries in 2002, including Sweden and the Baltic 

Sea countries, initially required members to reduce their greenhouse gas emissions for the 

period of 2008-2012 by 8% when compared to the base level of 1990 (Shogenova et al. 2009). 

In order to achieve Kyoto Treaty objectives, some industrialized countries considered, among 

other options, mitigating emitted CO2 by using carbon capture and storage (CCS) in 

geological formations. 

CO2 injection into geological formations has been used to enhance oil recovery (EOR) since 

the 1970’s. However, carbon dioxide injection into the subsurface in order to store CO2 

started only in 1996, when Statoil began to inject one million tons of CO2 per year into a 

saline aquifer at a depth of 1000 meters in the Norwegian North Sea. The injected CO2 came 

from gas production at the Sleipner gas field (Hosa et al., 2010, Benson and Cole 2008). The 

main types of geological formations suggested to store carbon dioxide are depleted oil and gas 

reservoirs, coal beds and deep saline aquifers (Doughty et al., 2001). 

There are several other injection projects that have been successfully carried out, including 

the In Salah project in Algeria (injection into a gas filed), the Weyburn project in 

Saskatchewan, Canada (EOR) and the Frio project in Texas, United States (injection into 

saline formation) (IPCC report 2005). One of the advantages of saline aquifers as carbon 

dioxide storages is that they are unused geological structures with no competition between 

countries to access them. Their widespread availability and high storage capacity also leads to 

increasing attention to these storage’s formations (Doughty et al., 2001; Kharaka et al., 2012). 

According to a report provided by the United States Department of Energy, saline aquifers in 

North America can theoretically store 3,900 billion tonnes of carbon dioxide (Thomson 

2009).   

Potential storage sites are located in both onshore and offshore sedimentary formations (IPCC 

report 2005). Considering the public concerns of onshore carbon dioxide storage, the legal 

issues regarding the interest conflict of some countries with land storages, and also the 
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advantages of offshore reservoirs in comparison with onshore reservoirs, injections into 

marine formations have been receiving more attention in recent years. One of the advantages 

of marine sedimentary reservoirs is that typically they are close to the sources of emission 

CO2 i.e. oil and gas fields. Also, the pore fluids of the marine sediments are less salty and 

contain less toxic metals than on-land sedimentary basins. Therefore, release of the pore fluids 

as a result of the replacement by the injected CO2 causes less harm to the environment 

(Schrag 2009). 

 

1-2 Trapping mechanism 

To increase the effectiveness of the injection process, CO2 should be injected in the 

supercritical state in which defuses better and takes much less space. Therefore, the pressure 

and temperature should exceed 73.8 atm and 31 , respectively (Figure 1). As a result, the 

desired aquifer should have some special characteristics: the storage layer should be a porous 

permeable sedimentary layer (typically sandstone with porosity more than 10% and 

permeability more than 200 mD), be located at a depth of more than 800 meters and be 

overlain by an impermeable formations (typically shale). The storage should also be big 

enough to hold large amounts of CO2 (Bentham and Kirby 2005, Smith 2010). The rate of the 

injection will depend on the permeability of the site and the number of wells (Hosa et al., 

2010).  

 

Figure 1. Phase diagram of CO2 (Pruess, 2005) 

The trapping mechanisms in saline aquifers can be categorized as physical and geochemical 

processes. The physical trapping mechanism includes blocking the upward movement of CO2 

by impermeable layers, so called caprock, as well as trapping by capillary forces. Among the 

geochemical trapping mechanisms; the hydrodynamic dissolution of CO2 in water, and the 

chemical reactions of the injected CO2 with the rock and the existing pore fluid are the 

important ones (Bentham and Kirby, 2005).   

1-3 Numerical modeling and seismic monitoring 

Despite the advantages of carbon capture and storage, the risk of leakage can be of great 

concern and needs to be treated carefully. Possible leakage path-ways are faults and other 

fractures. Groundwater resources can be affected by both acidification resulting from release 

of CO2 directly and penetration of brine because of CO2 replacement.  
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Since the reservoir needs to be effective for thousands of years, migration of CO2 in the 

storage layer should be investigated carefully to estimate the evolution of the plume as well as 

the possibility of leakage. Numerical modeling is a crucial tool to investigate the injection 

process, the capacity of the reservoir for CO2 storage and, the rate of dissolution and pressure 

change resulting from the injection.  

To detect a possible leakage after injection, and to monitor the migration of the dissolved CO2 

in the subsurface, several methods have been suggested, including underground sampling, 

gravimetry, airborne monitoring, satellite imaging, soil/gas permanent measurements, vertical 

seismic profiling and seismic reflection surveys (Smith 2010, Hosa et al., 2010).    

Propagation of seismic waves in rocks depends on parameters that include the porosity and 

elastic modulus of the rock, its lithological composition, pore fluid content and pressure. The 

concept of using seismic measurement for monitoring the expansion of a CO2 plume comes 

from the fact that substitution of CO2 with water affects the seismic propagation 

characteristics in saturated layers. The changes in the composition of the rock that result from 

the replacement lead to a reduction in density, bulk modulus and seismic velocity (Shi et al. 

2007). Usually P-wave velocities are more sensitive to pore fluid content than s-wave 

velocities and these variations can be interpreted as a signature of plume expansion (Avseth et 

al., 2005).  

Despite all the variations resulting from replacement of water by CO2, it is not always 

possible to detect the CO2 response in seismic data. Substructure heterogeneities and the 

temperature and pressure of the injected CO2 affect the quality of the seismic data. The 

amount of injected CO2 and the low rate of injection can also lead to very weak responses that 

may not be detectable by seismic measurements. Considering the expense and difficulties of 

seismic data acquisition, especially in marine investigations, it is important to do some pre-

study simulations and numerical modeling in order to be certain that the substructure response 

of the particular site can successfully be detected by the seismic method.  

Pruess et al. (1999) introduced the TOUGH2 model to simulate multiphase fluid transport in 

subsurfaces and Pruess (2005) extended it to model the CO2 injection in brine aquifers 

considering two phases (gas and liquid) and three components (water, salt and CO2). The 

governing equations describing the thermo-physical process during CO2 injection are derived 

from mass conservation equations developed in the petroleum industry and reservoir 

engineering.  

Pruess and Garcia (2002) investigated one idealized case of the multiphase flow during the 

CO2 disposal into a saline aquifer and reviewed the mass balance equations for the system of 

water-salt-CO2. They studied the effects of salinity on CO2 dissolution as well as its effects on 

the fluid’s density and viscosity, finding that space discretization has much more effect on 

simulated pressure than phase saturation. The physical process of this replacement has been 

also addressed in Garcia (2003).  

 

Pruess et al. (2003) used numerical modeling to evaluate the amount of CO2 which can be 

trapped into various phases in different conditions of some typical reservoirs. The effects of 

carbonate precipitation, dissolution and diffusion processes, chemical reactions and mineral 

trapping have been investigated in Xu et al. (2004) and Pruess and Zhang (2008). Doughty et 

al. (2001) used the same module (ECO2), but taking into account the effects of heterogeneity 

on the flow transport simulation and storage capacity in order to investigate a more realistic 

case.  
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The effect of sequestration of CO2 on acoustic wave attenuation has been addressed in Xue et 

al. (2003), Xue and Lei (2006), Shi et al. (2007), among others. Xue and Lei (2006) showed 

that vertical velocity variation resulting from CO2 injection is higher than the variation 

parallel to the bedding. They also showed that supercritical carbon dioxide has the highest 

reduction effect on acoustic velocity in comparison with the gaseous or liquid injection states. 

Shi et al. (2007) compared the laboratory measurements of the P-wave velocity reduction 

resulting from the CO2 substitution with theoretical values resulting from the numerical 

simulation.  

 

The in-situ CO2 response on the surface seismic data has been studied in some sites, including 

Ketzin (Germany), one of the ongoing onshore CO2 injection projects in Europe. Kazemeini 

et al. (2010) compared the seismic forward model before and after the CO2 injection in order 

to determine if seismic monitoring can be useful in detecting the CO2 plume in that particular 

site.  

 

In the framework of the MUSTANG project, seismic modeling has been carried out in a test 

site at Heletz, Israel. Concerning the question of whether sparse seismic arrays can be useful 

in detecting injected CO2 plume, it has been reported that the lower frequencies can be used in 

seismic monitoring to reduce the number of needed sources and receivers, but this may reduce 

the resolution of the study (Enescu et al., 2011). 

 

The Baltic Sea Basin is one of the areas that have only recently received interest as a potential 

carbon dioxide storage formation. The storage capacity of this region has been investigated in 

several reports with focus on the Swedish part of the sea (south and east of the Gotland) 

(Erlströmet al., 2011) and the Baltic States’ part (Shogenova et al., 2008, 2009; Sliaupa et al., 

2008). A 3D hydrological modeling in the framework of the MUSTANG project addressed 

the sedimentary formation at a South Scania site, south-western Sweden (Niklas Gunnarsson, 

2011). 

The objective of this work was to investigate the effect of total amount of injected CO2 on 

seismic response on a specific site in the Baltic Sea formation. In fact, the combination of 

hydrogeological modeling and synthetic seismic modeling was used to answer the question 

whether the reflection seismic method can be used to detect the injected CO2 plume expansion 

in that particular saline aquifer. The ECO2N module of TOUGH2 was used for numeric 

simulation of a system including water, salt and CO2. Three time steps of one, three and six 

years of injection, using two different rates of injection, were considered in the area of the 

Yoldia well, located in the southeast of Sweden in the Baltic Sea. The resulting saturation data 

was converted to seismic velocities using Biot-Gassmann theory and both pre- and post-

injection scenarios of the synthetic seismic sections were compared.  
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2- MATERIALS AND METHODS 

2-1 Description of the site 

The Baltic Sea is located in northern Europe and bordered by the Scandinavian Peninsula, the 

mainland of Europe and the Danish islands. Its crystalline basement, generally formed during 

the pre-Cambrian era, is a syncline structure with a southwestern axis direction with 

sedimentary layers on top an almost complete geological sequence (from neo-Proterozoic to 

Cenozoic) (Usaityte 2000).  

The Cambrian sedimentary formations beneath the Baltic Sea have been assumed as suitable 

for geological storage of carbon dioxide. This formation consists of three sandy units 

including the Vik, När and Faludden sandstones. Decreasing with depth, the porosity of the 

Cambrian sandstone layers vary from 20-30% in the northern and eastern part of the basin to 

5% in the central and western part of the basin (Sliaupa et al., 2008; Shogenova et al., 2009; 

Nielsen and Schovsbo, 2011). This formation is overlain by an Ordovician shaly 

carbonaceous and thick Silurian shale layer with a thickness varying between 500 and 900 

meters.  

In this study, geological assumptions are based on data from the Yoldia well- one of the 

exploration wells in the Baltic region (Figure 2 and 3). This well is located south of Öland. 

The aquifer of interest is the När sandstone, which is a member of the mid-Cambrian File 

Haidar formation and consists of fine to medium grain rocks. Its thickness varies between 10 

to 60 meters and can be considered as a potential reservoir (Nielsen and Schovsbo, 2011). The 

Cambrian sandstone layer is overlain by a thick layer of mud and siltstone (Erlström et al., 

2011). The petro-physical properties of the aquifer were assumed from the sonic and gamma 

ray log data (obtained from SGU, Appendix A) alongside an investigation of the properties 

and structure of the Baltic basin in the Baltic States territory (Estonia, Latvia, Lithuania) by 

Shogenova et al. (2009).    

  

Figure 2. Seismic profiles and location of deep boreholes in the southern Baltic (Erlström et al., 2011) 



 

6 
 

 

Figure 3. Vertical profile of Yoldia file, När sandstone represents target layer (Erlström et al., 2011) 

 

Figure (4) shows the simple 1D velocity profile used in this study. The depth of sea water in 

the Yoldia well is 70 meters (Erlström et al., 2001). The second layer is assumed to be an 

unconsolidated layer due to its seismic velocity and also the  geological history of the area. 

The third layer consists of a thick layer of carbonaceous shale, siltstone and clay stone 

deposited during the Ordovicion and Silurian, overlying a thin (10 meters) Cambrian shale 

deposit. The target layer is the fifth one, which was considered a 35m thick sandstone layer 

(at the depth between 880-915m) followed by a 220 meters thick Cambrian shale. The target 

is characterized by low gamma ray; typical for sandstone. The crystalline basement is 

assumed at the depth of 1135 meters.  

Sandstone 

Alun shale 

Silts and clay stone 
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Figure 4. 1D velocity model based upon log data (provided by Daniel Sopher). 

 

2-2 CO2 injection modeling 

2-2-1 TOUGH2 

TOUGH2 (Transport Of Unsaturated Groundwater and Heat) is a three dimensional simulator 

for non-isothermal flows of multicomponent multiphase fluids in porous and fractured media. 

In this work, to numerically simulate the sequestration of CO2 in a saline aquifer, the ECO2N 

module of this code was used with some changes. ECO2N is a fluid property module of 

TOUGH2 for non-isothermal flows of water, salt and a CO2-rich phase (Pruess et al., 2011).  

 

The system components can be characterized in three different phases; the aqueous phase 

(mostly water which may contain some dissolved CO2 and salt), the liquid phase (which is 

CO2 rich phase and contains some water) and the gaseous phase (containing less dense CO2 

and water vapor). In the ECO2N module fluids are considered in two phases; the water-rich 

aqueous phase (liquid) and CO2-rich gaseous phase. Chemical reactions between CO2 and 

formation mineral are neglected but this module can take into account the precipitation and 

dissolution of solid salt by integrating Henry’s law.  

The situation investigated here is a two phase fluid compositions (liquid and gas) modeled by 

the means of four thermodynamic primary variables; pressure, temperature, salt mass fraction 

and initial gas saturation. Since solid saturation is a fraction of pores filled with precipitated 

salt, the effective porosity will be defined as φ(1-Ss) (Pruess, 2005).   
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Since the viscosity and density of the injected supercritical carbon dioxide is much lower than 

the brine the buoyancy effect is a dominant factor in flow transport. The mass conservation 

equations for two phases form a non-linear equation system that is solved within the 

TOUGH2 model (equation 1). 

 
 

  
∫   
  

    ∫            ∫   
  

     
                                     (1) 

where Vn is volume of arbitrary subdomain [m
3
], Γn is closed surface, n is normal vector on 

surface element d Γn [m
2
], M

k
 is specific mass of component k [kg m

-3
], F

k
 is mass flux [kg m

-

2 
s

-1
] and q

k
 is specific mass sink/source [kg m

-3
 s

-1
]. 

To numerically solve the equations discretization in time and space is needed. In this model 

the integral finite difference formulation is used. Space discretization can be done regularly or 

irregularly and in one, two or three dimensions. The Newton-Raphson iteration is used to 

solve the nonlinear algebraic residual equation while time steps automatically adjust during a 

simulation (more details are available at Pruess (2005) and Pruess et al. (2011)). 

The thermo-physical parameters needed for the simulation include; density and permeability 

of the fluid and formation, porosity, the fluid’s viscosity and hydrostatic pressure and the 

salinity of the aqueous phase and its temperature. The permeability of the formation may 

depend on solid saturation (Pruess and Garcia, 2002) which may change in the model due to 

salt precipitation.  

2-2-2 The Simulation scenarios 

To simulate the injection in this work, symmetrically radial flow from a vertical well is 

modeled in 2D dimension. The simulation layer was a 35meter thick sandstone aquifer at the 

atmospheric pressure of 9MPa. The aquifer layer in the vertical direction is discretized in 10 

equal units of 3.5m length. In the horizontal direction, smaller grid blocks were chosen to 

improve resolution next to the well. Their width gradually increased up to 3m until, after 1500 

meters from the well, the grid blocks were considered to have a width of 100meters - in order 

to reduce the CPU time demand for numerical calculation. The first 100 meters of the 

horizontal mesh is shown in figure (5). 

 

Figure 5. Schematic drawing of the first 100 meters of the 2d radial mesh, used for numerical modeling 
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Two different rates of injection of CO2 were used, namely 1kg/s and 10 kg/s (0.03 and 0.3 

Mtonne per year) and injection simulation has run for 2000 days for both injection rates. The 

sandstone’s permeability, porosity, density and salinity were obtained from well sampling, 

literature (Shogenova et al., 2009) and personal communication (Christopher Juhlin), and are 

summarized in table (1). 

Table 1. Field properties used for the simulation 

Parameter Value 

Permeability
1
(mD) 280  

Porosity
1
 (percent) 16 

Salinity
2
 (g/l) 90  

Rock compressibility
1
 (Pa

-1
) 4.7×10

-10
  

Density of the formation (kg/m
3
) 

(saturated sandstone)
1
 

2408  

Temperature
2
 (

o
C)  35 

Pressure
1
 (bar) 90  

1: Based on Gardners’s equation and available well data 

2: Based on literature (Shogenova et al., 2009) and personal communication 

 

To simplify the problem the rate of injection was assumed as constant and the aquifer was 

treated as homogeneous, isotropic. Since the lateral boundary is considered far enough, 

simulation would not be affected by the boundaries. The defined boundary conditions are a 

no-flow boundary on the top and bottom of the reservoir, and constant pressure at the lateral 

boundaries. The process was considered isothermal. Relative permeability for the liquid and 

gaseous phase, as well as capillary pressure, was calculated using Brooks-Corey-Burdine 

(1954) equations. Used parameters are mentioned in Appendix B.  

2-3 Seismic modeling and processing 

2-3-1 Seismic theory 

Seismic exploration is based on the propagation of elastic waves in the subsurface. Those 

types of elastic waves that can travel through the inner layers of the earth are called body 

waves. Passing through sub-layers in the earth, the velocity of the body waves will change. 

These body waves, generated on the surface, are recorded on the receivers and the signal can 

be analyzed as an indicator of the elastic properties of the material they have been passing 

through. Based on the location of data acquisition, i.e. land or marine environments, the 

receiver can be a geophone or a hydrophone.  

Depending on the orientation of the rock particle’s movement in respect to the direction of the 

distribution propagation, body waves can be categorized in two types; compressional or 

longitudinal P-waves and shear, rotational S-waves. The former is parallel and the latter is 

orthogonal to the direction of wave propagation (Telford et al., 1990). This propagation can 

be described based upon the elastic moduli of the medium (bulk modulus (K) and shear 

modulus (G)) as well as its density (ρ): 

   √
  

 

 
 

 
     (2) 



 

10 
 

   √
 

 
     (3) 

where Vp  is P-wave velocity and Vs  is S-wave velocity.   

Bulk and shear moduli are defined by the ratio between the pressure and volume change of 

the medium and the ratio between shear stress to shear deformation, respectively.  

Typically seismic velocities will increase with depth as a result of more compact material due 

to the higher pressure. Following Snell’s law, in the reflection seismic method the arrival time 

of the reflected signal (i.e. that from sub-layer interfaces) is recorded on a set of receivers of 

different distances. Since the velocity of seismic waves is different in each layer, the 

difference in recorded arrival times is interpreted as the different interfaces and the depth of 

sub-layers can be ascertained. 

The point halfway between a shot (wave generator) and a receiver is called a mid point.The 

four main shot-receiver configurations are commom shot point, common receiver point, 

common mid point and common offset (Figure 6). 

 

 

Figure 6. Main seismic configurations, common shot point (1), commom receiver point (2), common mid point (3), 

common offset (4) (Yilmaz 1989) 
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2-3-1-1 Deconvolution 

The recorded signal in the receiver is in fact the input wavelet, multiples, noise and earth’s 

impedance response superimposed upon one another. To detect the earth response which is 

the only term we are interested in, the other effects should be removed. Deconvolution is a 

filtering process to remove these effects from the recorded trace.  

 

2-3-1-2 Normal moveout correction 

In the common mid point (CMP) configuration one mid point may be sampled several times 

by different shots during the data acquisition (Figure 6). To increase the signal to noise ratio 

the shotgathers should be sorted based on CMPs and summed (stacked). In the case of the 

horizontal reflector (which is the case in this study) one main correction should be done 

before stacking. This correction is called normal moveout (NMO) and it transforms the 

records on the receivers from the source point, as if source and receiver are at the same point. 

This is needed to eliminate the effect increases travel path when source and receiver are 

offset.  

In general for a given horizontal reflection (Figure 7), the wave-path equation can be written 

as 

 

Figure 7. Geometry and traveltime curve for horizontal reflector (Telford et al., 1990) 

    
  

   
   

   
  

     
     (4) 

where t0 is the travel time for the receiver at the source location and V is the layer velocity. 

The travel time difference (  ) for two receivers located at x1 and x2 is given by 

    
  
    

 

     
     (5) 
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As a result for normal moveout, the travel time difference between every single receiver’s 

location and source, will be defined as  

     
  

     
     (6) 

It is clear from the equation (6) that normal moveout is greater for larger distances.  

 

2-3-2 Synthetic data generating and processing 

Seismic Unix is free software created as a seismic processing environment based upon the 

Unix system. This software was used to generate a synthetic seismic model consisting of 70 

shots and 133 channels with regular intervals of 30 meters. The initial parameters are 

presented in Table (2). Since the thickness of the layer of interest is 35 m, the average 

frequency of 35 Hz can generate a reasonable resolution based on the following equations (by 

reasonable resolution we mean that the one quarter of wavelength should be smaller than the 

layer thickness)  

  
 

 
     (7) 

where λ is the wavelength, ν is the frequency and V is the P-wave velocity of the interest 

layer: 

  
        

     
=104 m and 

 

 
    m. 

Table 2. Parameters for generating synthetic data 

Parameter Details  

Number of source points  70 

Profile length (m) 4000  

Near Offset (m) 30  

Number of channels 133 

Geometry  Linear  

 

To create the baseline section (before CO2 injection) a simple one dimensional model (Figure 

4, Table 3) was used. The interval velocities in this model are based upon sonic log data 

provided by SGU. To create the injection sections, the velocity and density values of the fifth 

layer were replaced by the matrices of obtained values from equations (8-19) (see next 

section). 

To process the synthetic data Globe Claritas software was used. The processing steps are 

summarized in Table (4). This sequence was used to process the baseline and was also applied 

to the other six sections with the same parameters. These six sections represent the cases with 

two different rates of injection with simulate recording on three different occasions.  
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Table 3. Summary of the layer properties of the model used in this study, based on the log data from the Yoldia 

well 

Layer lithology layer 

thickness 

(m) 

depth to top 

of layer (m) 

depth to 

base of 

layer (m) 

Seismic 

Interval 

Velocity m/s 

Density g/cc 

layer 1 Sea water 70 0 70 1430 1.025 

layer 2  Sediment and 

poorly 

consolidated 

rock 

65 70 135 1800 2.1 

layer 3  carbonaceous 

shales and 

marls and 

carbonates 

735 135 870 3750 2.675 

layer 4 Cambrian 

shale 

10 870 880 3750 2.675 

layer 5 Cambrian 

sandstone 

35 880 915 3640 2.200 

layer 6 Cambrian 

shale 

220 915 1135 3750 2.675 

layer 7 Crystaline 

basement 

365 1135 1500 6000 2.75 

 

Table 4. Data processing steps used in this study 

1- Reading input file and setting the headers 

 

2- Create geometry (extracting shot and receiver coordinates from input file) 

 

3- Apply geometry  

 

4- Common depth point (CDP) sorting 

5- Deconvolution (to remove the effects of multiples) ( see 2-3-1-1) 

(TD-on:0 ms, TD-off:1500 ms, length:500ms, gap:16ms) 

 

6- Initial velocity analysis 

 

7- NMO correction (see 2-3-1-2) 

 

8- Muting (primary key: SHOTID, secondary key: OFFSET) 

 

9- Band pass filtering  

(0-1500 ms, 3-5-50-100 Hz)  

 

10- Iterative velocity analysis 

 

11- Stacking 
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2-4 Converting saturation data to seismic velocity (Biot-Gassmann) 

Propagation of seismic waves, i.e. P-wave (Vp) and S-wave (Vs), in a media is defined by the 

equations (1) and (2). Passing through the pore fluid, an elastic wave implies a pressure 

gradient (from wave induced pore pressure) that will cause a fluid movement. This flow is 

attenuated by friction and the fluid will eventually reach a new equilibrium.  

Replacement of pore fluid by injected CO2 will affect the bulk modulus, density of the 

medium and, consequently, the velocity of the elastic waves. To quantify these changes, 

which are the key factors in monitoring the CO2 plume expansion, a formula between the 

rock’s elastic properties and wave propagation velocities is needed. 

2-4-1 Biot-Gassmann theory 

Biot-Gassman theory (Gassmann 1951, Biot 1956) is one of the approaches suggested to 

model fluid substitution. This equation relates the bulk modulus of a saturated rock (Ksat) to 

its porosity (φ), frame bulk modulus (Kd), pore fluid bulk modulus (Kfl) and matrix bulk 

modulus (Kg) (Mavko et al., 1998; Smith et al., 2003): 

         
   

  
  

  

 

   
 

   

  
 

  

  
 

    (8) 

This theory is valid under several assumptions; first, the formation is considered isotropic, 

homogeneous and elastic with all the pore spaces connected. The seismic frequency is low 

enough (<100Hz) so that pore fluid can reach pressure equilibrium. Also, there is no 

interaction between pore fluids and rock minerals, meaning that the rigidity of the reservoir 

and, consequently, the shear modulus, remain constant (Kazemeini et al., 2010).  

2-4-2 Fluid properties 

Density and bulk moduli for both carbon dioxide and brine was calculated using the empirical 

equations of Batzle and Wang (1992), which consider the conditions of salinity, temperature 

and pressure according to Table (1). For this calculation the relative density of gas (ρgas/ρair) 

was assumed as 1.54. The bulk moduli of CO2 and brine were estimated as 54.47 MPa and 

2.73 GPa, respectively (Table 5).  

2-4-3 Grain properties 

The matrix of a media consists of several minerals that may have different bulk and shear 

moduli. The effective elastic modulus of the matrix depends upon the volume fraction and 

elastic moduli of each mineral, as well as the geometry of their connection. Since the 

geometry cannot be determined accurately, all the models suffer from uncertainty and their 

real value will fall between two (upper and lower) bounds (Mavko et al., 1998).  

If the difference between the upper and lower bounds is small the arithmetic mean of these 

values can represent the effective elastic moduli. Among several methods suggested to predict 

these bounds, the Hashin-Shtrikman method has the narrowest range and was used in this 

study. The general form of these higher and lower bounds is defined as 

               (9) 

      [        ]      (10) 
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where 
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                         (13) 

     and      are upper and lower bounds of the bulk and shear moduli, + and – subscripts 

represent the maximum and minimum moduli of each constituent and    denotes the fraction 

of the i
th 

constituents (Carcione et al., 2006; Kazemeini et al., 2012).  

Considering the available sample core data for the Yoldia well, the components of the 

sandstone formation were assumed as quartz (80%) and clay mineral (20%). Using the 

arithmetic mean as upper and lower bounds (equations 14 and 15) the bulk (Kg) and shear 

(Gg) moduli of grain were estimated as 30.5 and 30.1 GPa, respectively. 

   
         

 
                       (14) 

   
         

 
                       (15) 

 

2-4-4 Dry frame bulk modulus 

To get the dry bulk modulus, the equation (8) was rewritten as 

   
     

   

   
     

   

   
  

    
  

    
    (16) 

The known parameters in this equation are; porosity ( ), fluid and grain bulk modulus (from 

equations 14 and 15) and the Ksat value for fully saturated sandstone with water. The latter 

parameter was obtained from the rewritten equation (2) with respect to K. Then it is possible 

to get the bulk modulus of the dry frame and this value was later used to calculate the bulk 

modulus of gas fully saturated media so that it could be substituted in equation (17) in order to 

obtain the patchy saturation bulk modulus.   

2-4-5 Patchy saturation 

In the case of mixed fluid, the other important factor in determining bulk modulus is how well 

the fluids are mixed. In this case, if the frequency is not low enough and the time scale of the 

propagation wave is too small for all the fluid phases to reach the pressure equilibrium, phases 

will remain separated and each phase will react differently to the induced pore pressure 

change. This condition, in which phases distribute non-uniformly, is called patchy saturation 

and can be formulated as 

        [∑
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    (17) 
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where Xi is the volume fraction of the i
th

 patch, Ki is the bulk modulus of the rock fully 

saturated with the i
th

 fluid and G is the shear modulus of the rock (Kazemeini et al. 2010, Shi 

et al. 2007).  

It has been shown that the upper and lower bounds of the bulk modulus and phase saturation 

obtained from Gassmann theory correspond to patchy and uniform saturations (Shi et al. 

2007).  

2-4-6 Density calculation 

The density of the saturated rock can be calculated as 

                   (18) 

where   and     are matrix and fluid density, respectively. Knowing gaseous (  ) and liquid 

     density, alongside gaseous (Sg), water (Sw) and salt (Ss) saturation, the density of the fluid 

is defined as  

                                          (19) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

17 
 

3- RESULTS AND DISCUSSION 

3-1 TOUGH2 simulation 

Simulation of the CO2 plume expansion was carried out using the TOUGH2 model.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

The results show occurrences of salt precipitation close to the injection well. For the highest 

amount of injected CO2 this solid precipitation can be observed up to 3 m from the well while 

for the lowest amount, the precipitation of salt is limited to less than 1 meter away from the 

well. For the highest amount of injected CO2, the average amount of the salt precipitation with 

respect to the distance from the injection well is shown in Figure (8). 

Simulated gas saturation in the injection layer and the total density of the cells for two rates of 

injection and for three time steps of injection (365 days, 1000 days and 2000 days) is shown 

in Figures (9) and (10) respectively. Note that the upper interface of the injection layer is at a 

depth of 880 m from the water surface and that the thickness of the layer is 35 m. The effect 

of buoyancy can be seen clearly in these results. For the lower amount of injected CO2, the 

buoyancy effect dominates the plume expansion, while in the case of the higher injection rate 

the plume will be pushed away from the well by the effect of the injection pressure. 

The stepwise distribution in the vertical direction is a result of the even mesh size assumed. 

The maximum plume expansion, related to the higher rate of injection and after 2000 days of 

injection, is about 950 meters from the well. The smallest radius of expansion is 178 meters. 

For the higher rate of injection the gas saturation next to the well will almost reach 100 

percent, leading to much lower density values. As gas saturation decreases with increasing 

distance from the well, the total density of the media increases until it reaches the initial value 

of the medium density (mentioned in Table 1). 

 

 

Figure 8. Simulated salt precipitation in respect to the distance from the injection well for injection rate of 10kg/s 

after 2000 days of injection. 
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Figure 9. Gas saturation after injection: (a) 365 days after injection with injection rate 1kg/s, (b) 1000 days after 

injection with injection rate 1kg/s, (c) 2000 days after injection with injection rate 1kg/s, (d) 365 days after injection 

with injection rate 10kg/s, (e) 1000 days after injection with injection rate 10kg/s, (f) 2000 days after injection with 

injection rate 10kg/s. 

 

a b 

c d 

e f 
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Figure 10.  Density of the cells after injection: (a) 365 days after injection with injection rate 1kg/s, (b) 1000 days after 

injection with injection rate 1kg/s, (c) 2000 days after injection with injection rate 1kg/s, (d) 365 days after injection 

with injection rate 10kg/s, (e) 1000 days after injection with injection rate 10kg/s, (f) 2000 days after injection with 

injection rate 10kg/s. 

 

3-2 Rock physics model 

The calculated bulk moduli and material properties are summarized in Table (5). Based on 

these values and using equation (17) the bulk modulus of a patchy saturation model for every 

single grid block was calculated. The variations in bulk and shear moduli of the formation, as 

a function of gas saturation, for the shallowest grid blocks are plotted in Figures (11) and (12). 

a b 

c d 

e f 
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These figures compare patchy and uniform saturation models for the highest amount of 

injected CO2.  

 

Table 5. Material properties of the aquifer 

Parameter Value 

Grain bulk modulus
1
 30.507 GPa 

Dry bulk modulus
2
 13.321 GPa 

Brine density
3
 1053 Kg/m

3
 

Brine bulk modulus
3
 2.735 GPa 

CO2 density
3
 501.9 Kg/m

3
 

CO2 bulk modulus
3
 0.125 GPa 

Bulk modulus of water saturated media
4
  17.746 GPa 

Bulk modulus of gas saturated media
4
 13.567 GPa 

1- Based on Hashin-Shtrikman method (equations 9-13) 

2- Based on equation (16) 

3- Based on (Batzle and Wang model, 

www.crewes.org/ResearchLinks/ExplorerPrograms/FlProp/FluidProp.htm) 

4- Based on equation (8) 

 

Equation (17) implies that, for a fully saturated formation, patchy and uniform saturation 

models will be equal. The unexpected pattern at the highest saturation rate in Figure (11) then 

can be related to the existence of salt precipitation next to the injection well; salt precipitation 

can affect the porosity and permeability as well as bulk modulus. This interpretation can be 

verified in Figure (12), which shows the estimated bulk modulus of the formation when the 

effect of the solid saturation is removed.  

 

Figure 11. Bulk and shear modulus as a function of CO2 saturation in the patchy and uniform saturation models (for 

the higher amount of injected CO2) 

http://www.crewes.org/ResearchLinks/ExplorerPrograms/FlProp/FluidProp.htm
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Figure 12. Bulk and shear modulus as a function of CO2 saturation in the patchy and uniform saturation models for 

the higher amount of injected CO2 without salt precipitation effect. 

 

Figures (13-18) show the calculated P-wave velocites based on the patchy saturation model. It 

is clear that the maximum drop in P-wave velocities can be observed next to the injection well 

where the CO2 saturation is also maximum. Decreases in P-wave seismic velocity and slight 

changes in S-wave velocity, as a result of increases in gas saturation, are plotted in Figures 

(19) and (20) respectively. 

The results for the highest injection rate show a decrease in P-wave velocity by 4.7 % while 

shear wave velocity increases by 1.26% (Figure 20); a consequence of the density change 

(equation 3). For the lowest amount of injected CO2, the P-wave velocity attenuation rate is 

4.65% and S-wave velocity increases by 1.41 %. It is also clear from Figure (11) that bulk 

modulus values (as a function of gas saturation in the patchy saturation model) show a more 

gradual decrease in comparison to the uniform saturation model. This results in a more 

gradual decrease of the P-wave velocity as a function of saturation in Figure (19).  
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Figure 13. P-wave velocities 365 days after injection with 1kg/s injection rate 

 

Figure 14. P-wave velocities 1000 days after injection with 1kg/s injection rate 
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Figure 15. P-wave velocities 2000 days after injection with 1kg/s injection rate 

 

Figure 16. P-wave velocities 365 days after injection with 10kg/s injection rate 
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Figure 17. P-wave velocities 1000 days after injection with 10kg/s injection rate 

 

Figure 18. P-wave velocities 2000 days after injection with 10kg/s injection rate 
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Figure 19. P-wave velocity decreases with respect to gas saturation in the patchy and uniform saturation models (for 

the higher amount of injected CO2) 

 

Figure 20. S-wave velocity increases with respect to gas saturation (for the higher amount of injected CO2) 

 

The range of velocity changes is somewhat lower in comparison with other similar studies; 

Xue and Lei (2006) reported a 10% decrease in P-wave velocities for laboratory 

measurements on several sandstone samples. They showed that the P-wave velocity reduction 

primarily depends on dry bulk modulus; softer rock would show a larger reduction and stiffer 

rocks (higher Kd) have a smaller sensitivity to fluid substitution. Vera (2012) investigated a 

CO2 effect on seismic velocity changes on a sandstone aquifer near Calgary, Canada and 
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reported a 6-7% reduction in P-wave velocity and 0.64% increase in shear wave velocities, 

which is comparable to this study.  

For the Ketzin site in Germany, the bulk modulus reduction has been stated as around 41% 

(Kazemeini et al., 2010) much higher than the 20.6% result found in this study. In the Ketzin 

case, the porosity of 30%, shallower depth of the aquifer (650 m) and higher range of salinity 

(230 gr/lit) might explain the difference. Again, the estimated dry bulk modulus for the Ketzin 

site is less than in this study. 

3-3 Synthetic seismic modeling 

The seismic velocity model, based on a simple 1D model, (Figure 4) is shown in Figure (21) 

comparing the seismic velocities of the baseline, i.e. before injection, and after 2000 days of 

injection, at the injection rate of 10 Kg/s. The injection layer can be seen at the depth of about 

880- 915 meters.  

 

Figure 21. Velocity model (a) before and (b) after injection  (2000 days after injection with injection rate of 10 kg/s) 

The effect of fluid substitution on seismic measurements can be addressed by regarding either 

the changes in signal amplitudes, or the time delay in the corresponding injection layer 

(velocity pushdown). Amplitude changes are shown in Figure (22) which compares the 

amplitude difference of the baseline with the highest and lowest injection volume. The target 

layer located at the depth of 880-915m corresponds to 567-588ms in this figure. It can be seen 

that the amplitude of the layer below the target layer (at the depth 1135 m), and basement (at 

the depth of 1500m corresponding to 714ms), are not affected by gas saturation for the lower 

rate of injection but the difference is visible when the amount of carbon dioxide increases 

(Figure 22b). 

To qualitatively investigate the seismic response as a result of variation in gas saturation, the 

stacked sections of each injection scenario were subtracted from the stacked section of the 

baseline. The results are shown in Figures (23-24). 

a b 
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Comparing Figures (23) and (24) can also show the effect of the total amount of injected gas 

on the change of seismic velocities. This reduction is obviously less for the lower total 

amount of CO2 in the aquifer. The effect of the time delay can also be observed on the lower 

layer. It means that velocity reduction of the layer above leads to increase in the travel time of 

the seismic wave recorded from the lower layer.  

It should be mentioned that in the real world, with real field measurements, the observations 

might not be the same as from these simplified simulation scenarios and synthetic seismic 

modeling. This is due to possible coherent or random noise. These sources of noise in marine 

seismic recordings, which are absent in this synthetic modeling, can come from rigs and 

vessels (backscattering from a shallow device recorded in hydrophone, ship’s propeller, other 

passing ships, drilling and so on). The other source of problems in seismic monitoring of CO2 

injection is that it can be very hard if not impossible, to do the data acquisition with the same 

source and receiver positions before and after injection. The slight changes in geometry can 

generate a problem in the data processing in terms of the comparison of before and after 

injection sections.  

The other simplifying assumption here, that of homogeneous and isotropic media, can also 

lead to overestimating the accuracy of the method. Another factor that is ignored here is the 

effect of long term chemical reaction of CO2 with formation minerals which may result in 

carbonate precipitation, variation in porosity and reduction in permeability. These variations 

might violate the assumptions for Gassmann-Biot theory in terms of lowering the porosity and 

disconnecting pores.  

 

 

 

 

Figure 22. Comparison of wavelet amplitude difference of baseline and (a) lowest and (b) highest amount of injected 

CO2 (vertical axis is time in millisecond and horizontal axis is distance in meter) 

 

a 

b 
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Figure 23. Subtraction from the baseline of seismic response for lower injection rate: (a) 365 days, (b) 1000 days and 

(c) 2000 days after injection, vertical axis is time (s) and horizontal axis is distance (m). 

a 

b 

c 

750 0 -750 
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Figure 24. Subtraction from the baseline of seismic response for higher injection rate: (a) 365 days, (b) 1000 days and 

(c) 2000 days after injection, vertical axis is time (s) and horizontal axis is distance (m) 
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4- CONCLUSION 

The TOUGH2 simulation, of two different rates of injection resulting in different total amount 

of injected CO2, shows the dominant effect of buoyancy upon the expansion of injected CO2.  

It was found that Biot-Gassmann theory is a practical tool to model fluid substitution and can 

be used to link hydrological and geophysical approaches in subsurface investigations. The 

detectable drop in P-wave velocities, as a result of CO2 injection, showed that a 2D Seismic 

survey could be successfully used in monitoring the carbon dioxide plume expansion within 

the depth of interest of the test site. This conclusion is valid for this synthetic test as it 

includes several assumptions. 

The amplitude change resulting from gas saturation was visible in the seismic response for 

both lower and higher injection rates, while the velocity pushdown was clearer in the 

subtraction sections of higher amounts of CO2 from the baseline (before injection scenario). 

The effect of gas saturation on P-wave velocity reduction, in the case of the higher injection 

rate, was also observable on seismic records from the deeper layers.  

The estimated rate of P-wave decreases for this particular site was found to be lower in 

comparison with other studies. This variation can be explained by the different geological and 

petro-physical properties of the different sites, meaning different stiffness’s as well as 

different injection rates and saturation model effects.  
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Appendix 

Appendix A: Log data for the Yoldia well, (obtained from SGU) 
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Appendix B. Relative permeability and capillary pressure relations based on Brooks-Corey-

Burdine equations used in TOUGH2 simulation (P0 (entry pressure) was calculated from 

Leverett scaling):  
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