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 Abstract - Temperature is one of the main parameters 

influencing CO2 properties during storage in saline aquifers, 

since it controls along with pressure the phase behavior of the 

CO2/brine mixture. When CO2 replaces brine as a free gas it is 

known to affect the elastic properties of porous media 

considerably. In order to track the migration of geologically 

stored CO2 in a saline aquifer at the Ketzin pilot site (Germany), 

3D time-lapse seismic data were acquired by means of a baseline 

(pre-injection) survey in 2005 and monitor surveys in 2009 and 

2012. At Ketzin, CO2 was injected from 2008 to 2013 in a 

sandstone reservoir at a depth of about 630 - 650 m. In total about 

67 kilotons of CO2 were injected. The present study is devoted to 

the 4D seismic dataset of 2005 - 2009. The temperature in the 

storage reservoir near the injection well was observed to have 

increased from 34 °C in 2005 to 38 °C in 2009. This temperature 

increase led us to investigate the impact of temperature on the 

seismic response to CO2 injection and on our estimations of 

spatial CO2 mass distribution in the reservoir based on the Ketzin 

4D seismic data. Both temperature scenarios in the reservoir of 

2005 and 2009 were studied using multiphase fluid flow modeling. 

The isothermal simulations carried out for both 34°C and 38°C 

show that the impact of temperature on the seismic response is 

minor, but the impact of temperature on the CO2 mass 

estimations is significant. The multiphase fluid flow simulations 

show a strong temperature impact on CO2 density stressing the 

need for temperature monitoring in a CO2 storage reservoir to 

support quantitative observations in the storage complex. 

 Keywords – CO2 storage, Seismic modeling, Multiphase flow, 

Reservoir temperature. 

 

I. INTRODUCTION 

It is well known that temperature along with pressure are the 

major parameters influencing CO2 storage (e.g. [1], [2]). 

However, only few experimental data are reported in the 

temperature and pressure range of interest [2, 3]. At the Ketzin 

pilot site in Germany [4], CO2 was injected from 2008 to 2013 

at about 640 m depth with the temperature data being 

continuously acquired with a permanently installed system [5]. 

Ketzin is the first European onshore pilot scale project for CO2 

storage in a saline aquifer [4]. This storage site is situated on 

an anticlinal structure hosting sandstones of the heterogeneous 

Triassic Stuttgart Formation [4] which serve as a reservoir. 

These sandstones vary in thickness between 15 and 30 m [4] 

at the injection site. The CO2 storage reservoir is sealed by an 

approximately 200 m thick cap rock section of playa-type 

mudstones of the Weser and Arnstadt Formations [4]. Totally 

about 67 kilotons of CO2 were injected at Ketzin. A number of 

reservoir simulations have been performed to enhance the 

understanding of CO2 migration at the Ketzin pilot site [4, 6]. 

Reservoir simulations and 4D seismic data analysis were 

successfully integrated at the Sleipner CO2 storage site [7]. 

This motivated us to integrate these two methods also at the 

Ketzin pilot site. 3D time-lapse seismic data were acquired by 

means of a baseline (pre-injection) survey in 2005 [8] and two 

monitor surveys in 2009 [9] and 2012 [10]. The present study 

is devoted to the 4D seismic dataset of 2005 - 2009. The 3D 

baseline seismic survey [8] at the Ketzin pilot site revealed a 
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sequence of clear reflections from approximately 150 ms to 

900 ms two-way traveltime in the stacked volume. In 2009, a 

subset of this baseline survey was acquired around the 

injection well after approximately 22–25 kilotons of CO2 had 

been injected [9]. This 3D seismic repeat survey showed a 

pronounced time-lapse amplitude anomaly at the top of the 

storage reservoir [9] demonstrating that CO2 can be monitored 

under such conditions. As a follow up, CO2 seismic signatures 

were used to make estimates on imaged amount of injected 

CO2. These estimates were done in [9] neglecting the impact 

of the reservoir temperature. However the temperature 

increased by 4° by 2009 due to the injection [3]. At the same 

time there was no significant change in the values of the 

reservoir temperature 50 m and 112 m away from the injection 

well [3]. Based on these observations, it appears likely that the 

CO2 density was 260 kg/m3 at the injection point (38°C) in 

2009, whereas it was near 320 kg/m3 in the more distant part 

of the plume, close to the ambient temperature (34°C) [3]. In 

order to investigate the impact of the reservoir temperature 

variation on the interpretation of the 4D seismic data at Ketzin, 

we deduce quantitative CO2 mass estimates for the both 

reservoir temperature values in 2009 (34°C and 38°C). In the 

first step we apply seismic forward modeling using so far 

established petrophysical models for the Ketzin reservoir 

sandstone [3]. Subsequently, CO2 mass estimations based on 

reservoir isothermal simulations for both temperature 

scenarios are compared to other ones obtained by the in situ 

CO2 saturation logging in [9]. 

II. MULTIPHASE FLUID FLOW SIMULATIONS 

 We apply in this study 2D multiphase fluid flow simulations 

to account for the lateral variability in the petrophysical 

properties of the storage formation at Ketzin and, in turn, on 

the 4D seismic data regarding the impact of the reservoir 

temperature on the fluid migration. Hydrogeological studies at 

the Ketzin pilot site [11] have shown that a 2D radially 

symmetric model of the upper part (33 m) of the Stuttgart 

Formation can be used to interpret the 3D data acquired near 

the injection well. This model accounts for the presence of 

channel sandstones in the reservoir that are the most favorable 

for CO2 migration and contains effective porosities in the 

range of 20–25% [4]. Initial reservoir conditions and rock 

properties within the reservoir sandstone and the surrounding 

mudstone are listed in Table 1 [3]. They were assumed to be 

spatially constant for the flow simulations, which were 

performed using the numerical program TOUGH2 version 2.0 

[12] with the fluid property module ECO2N, which was 

designed for application to the geologic storage of CO2 in 

saline aquifers [13]. Two isotherm cases were considered with 

a constant reservoir porosity of 20%, one where the reservoir 

temperature is 34°C and the other where the reservoir 

temperature is 38°C (Table 1).  

 The resulting simulated CO2 saturation does not differ 

significantly between the two scenarios (less than 5%), 

whereas the CO2 density is notably lower for the higher 

temperature case (Fig. 1). In the vicinity of the injection well, 

the difference in CO2 density is up to 20% and on average 

12%. 

 

TABLE 1, MATERIAL PROPERTIES AND INITIAL CONDITIONS USED 

FOR MULTIPHASE FLUID FLOW SIMULATIONS [3] 

Material Property 

Porosity [-] 0.20 

Horiz. perm. [m²] 80 .10-15 

Vertic. perm. [m²] 26.7 .10-15 

Residual liquid saturation SIr [-] 0.15 

Residual gas saturation Sgr [-] 0.05 

Initial Conditions 

Pressure [MPa] 6.28 

Temperature [°C] 34 38 

Salinity [wt.-% NaCl] 20.0 

 

 III. QUALITATIVE IMPACT OF RESERVOIR 

TEMPERATURE ON SEISMIC DATA 

 In order to investigate the impact of temperature in the 

reservoir on the 4D seismic data at the Ketzin pilot site, CO2 

saturation and CO2 density, as well as the thickness of the CO2 

layer obtained by multiphase fluid flow simulations are used 

as input to seismic modeling [3]. The forward seismic 

modelling was done for three points: the injection well and two 

other points, distanced 50 m and 112 m away from the 

injection well (Fig. 1).  

 The resulting synthetic seismic differences of both the 34°C 

and 38°C options look very similar [3]. The synthetic 

difference (repeat-base) seismograms from near the top of the 

reservoir agree reasonably well with the real difference 

seismograms (repeat-base) for the injection well and for the 

distance of 50 m away from this well [3]. However, obvious 

disagreements are found 112 m away from the injection well, 

may be because the velocity model from [3] for this location 

is too simplified. Seismic amplitude differences between the 

38°C and 34°C scenarios correspond to less than 1% of the 

amplitude values of the baseline. Since the normalized root 

mean square differences in the 3D time-lapse data are greater 

than 10% [3] these temperature effects in the reservoir will not 

be resolvable with surface seismic methods at the Ketzin pilot 

site.  

 IV. QUANTITATIVE IMPACT OF RESERVOIR 

TEMPERATURE ON SEISMIC DATA 

 Although it is not possible to determine the reservoir 

temperature from the seismic amplitude at the Ketzin pilot site 

in 2005 and 2009, we are able to study here the impact of the 

reservoir temperature on quantitative interpretation of the 

seismic data [3]. We apply the method of volumetric 

estimation of [9] to both the 34°C and 38°C reservoir 

temperature scenarios and estimate the mass of the injected 

CO2 based on the above simulations.  

 As in [9] we put the minimum and maximum bounds in our 

quantification at the beginning and end of the 3D seismic 

repeat acquisition campaign in 2009 at Ketzin. The minimum 

total mass (25.6 kilotons) and the maximum total mass (29.3 

kilotons) for the 34°C scenario are considerably higher than 

the amount of injected CO2 at the time of the repeat survey in 

2009 (21.1–24.2 kilotons). However, for the 38°C option, the 
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minimum mass (22.3 kilotons) and maximum mass (22.8 

kilotons) are completely within the bounds of the amount of 

injected CO2 (21.1–24.2 kilotons) and match well with the CO2 

mass estimation from [9] (20.5–23 kilotons). This 

quantification shows that the impact of the reservoir 

temperature is considerable when trying to quantify the 

amount of CO2 in the subsurface and that it needs to be 

accurately estimated. Based on this quantification it appears 

that a significant portion of the reservoir containing CO2 was 

at 38°C at the time of the 3D seismic repeat survey in 2009. 

III. DISCUSSION 

 It is likely that in 2009 the simulated scenarios of 38°C and 

34°C are representative in the vicinity of the injection well and 

in the remaining reservoir, respectively. This is based on a 

measured temperature of approximately 38°C at the injection 

well in 2009, while at the observation wells distanced 50 m 

and 112 m away from the injection well the temperature was 

at 34°C. Since most of the CO2 was concentrated around the 

injection well in 2009, the higher temperature value plays an 

important role in estimating the mass of CO2 from the seismic 

data of the real difference seismograms (repeat-base) [3]. The 

integration of seismic modeling and multiphase fluid flow 

simulations allows for synthetic time-lapse difference 

seismograms (repeat-base) that demonstrate the main features 

of the real seismic data. Taking into account assumptions made 

constructing the model we consider the correlation between 

the synthetic and real seismic sections to be satisfactory. But 

the following points should be considered when evaluating the 

modeling results. The constant 20% reservoir porosity [3] used 

for modeling of the temperature effects is probably an over-

simplification since the reservoir is quite heterogeneous [4]. In 

addition, sound waves may have a frequency dependent 

propagation velocity so that the higher the frequency the 

higher the speed. Although velocity dispersion is probably 

present in the Ketzin reservoir sandstones, we do not consider 

it to be large enough that it could considerably affect the 

qualitative and quantitative interpretation of our time-lapse 

seismic data [9].  

 Besides, our seismic interpretation of the time-lapse 3D 

dataset 2005-2009 contains an uncertainty contributed by 

experiments on core samples at 40°C, because temperature in 

the reservoir at Ketzin was 34°C before the injection and 34-

38°C in 2009, respectively. After [14] and [15] temperatures 

near the CO2 critical point have just a minor effect on the 

seismic velocity in sands saturated with brine and CO2. Via the 

Gassmann’s equations [16] this translates into 9 m/s as the 

maximum change in Vp between the options of 34°C and 

40°C. Therefore, this effect can be disregarded. 

 The estimation of the CO2 mass based on the Ketzin 4D 

seismic data shows that the impact of temperature is significant 

for the calculations due to its impact on CO2 density. Hence, 

temperature monitoring is an important component for 

quantitative seismic interpretations at a saline aquifer. Using 

the temperature measured at the injection well at Ketzin in 

2009 for the mass estimation results in a better CO2 mass 

quantification. This result is completely within the bounds of 

the known injected CO2 mass at the beginning and end of 3D 

seismic repeat acquisition campaign and in very good 

agreement with the CO2 mass estimation based on in situ CO2 

saturation logging. Nevertheless, it has to be taken into 

consideration that the quantitative analysis contains 

considerable uncertainties as discussed above and in [9]. 

 Future issues to be considered include expanding the 

temperature range (34–38°C in this study) to be investigated 

and the resulting effects on the seismic response and the role 

of the reservoir heterogeneity. It would be also important to 

investigate the impact of temperature on CO2 storage at other 

sites with favorable P-T conditions in the reservoir. A similar 

approach applied to the impact of pressure in the reservoir 

would also be important for CO2 monitoring using 3D time-

lapse seismic methods.  

 

 

 

Fig.1, Simulated distributions of CO2 saturation (left panel, blue scale) and density (right panel, yellow–orange scale) with an isothermal 

temperature of 34°C and 38°C for October 28, 2009 [3]. CO2 free rocks of the Stuttgart Formation are dark green. Parts of this formation 

saturated with brine only are indicated with the light green color. “Ktzi201” is the injection well. “Ktzi200” and “Ktzi202” are 

observation wells distanced 50 m and 112 m away from the injection well respectively [4]. 
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IV. CONCLUSIONS 

 By integrating seismic modeling and multiphase fluid flow 

simulations, we have estimated the impact of temperature in 

the reservoir on 4D seismic data from Ketzin. We studied two 

options, one where the injection was performed at 34°C and 

the other at 38°C. Results from the multiphase fluid flow 

simulations show that the difference between these options is 

small for the CO2 migration. Likewise, the temperature does 

not affect significantly the seismic amplitude response, in spite 

of the fact that CO2 density is considerably lower for the higher 

temperature case. Therefore, the modeled time-lapse seismic 

differences for the two temperature scenarios show that the 

effect of reservoir temperature is minor for the qualitative 

analysis of the 4D seismic data from the Ketzin pilot site. 

 However, the CO2 mass quantification based on the 4D 

seismic data from Ketzin using results from the multiphase 

fluid flow simulations shows that the impact of temperature in 

the reservoir at the monitoring time is significant for such 

quantification. This is mostly due to the impact on CO2 density, 

which strongly depends on temperature. The simulated CO2 

saturation levels also influence volumetric estimation. The 

results show that temperature monitoring is very important for 

quantitative seismic interpretation at the Ketzin pilot site. 

Using the higher temperature scenario, corresponding to that 

measured at the injection well, gives a better result for the CO2 

mass. This estimate is completely within the bounds of the true 

amount of injected CO2.  
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