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ABSTRACT 

Well abandonment after CO2 storage demands a 
mitigation strategy for CO2 leakage along the 
wellbore. We propose forming a salt seal around 
the wellbore after CO2 has been injected into a 
depleted gas field, preventing possible CO2 
transport to the surface. The placed salt plug will 
protect the wellbore material from contact with 
supercritical CO2 and acid brine. We propose the 
concept of brine-alternating CO2 injection for 
intentional salt clogging of the reservoir. Injec-
tion of CO2 will evaporate water from previ-
ously injected brine, causing salt precipitation. 
The formation of a dryout zone is a known 
process occurring during CO2 injection in saline 
aquifers or depleted gas fields that leads to 
unintentional clogging and possibly injectivity 
issues. 
 
Modeling is performed with TOUGH2, simu-
lating injection of brine and subsequently CO2. 
Our model is based on the K12-B depleted gas 
field, using the elevated pressure conditions of a 
CO2-filled storage reservoir. The model results 
indicate that injecting multiple cycles of brine 
and CO2 could be used for controlled precipita-
tion of salt in the reservoir. The injection proce-
dure results in a 40 cm thick salt bank around 
the well, with the precipitated salt reducing the 
porosity from 10 to 8% at the location of maxi-
mum salt precipitation. This porosity decrease 
causes complete permeability impairment. We 
conclude that brine-alternating CO2 injection 
could pose an effective method for intentional 
salt-clogging of the near-wellbore area. 

INTRODUCTION 

Carbon capture and storage (CCS) has great 
potential for reducing CO2 emissions into the 
atmosphere and mitigating climate change 
(IPCC, 2005). Geological storage reservoirs are 

commonly pierced by multiple wells, especially 
reservoirs previously used for oil and gas 
production. Wells are potential CO2 leakage 
pathways to the surface. Hence, reservoirs for 
CO2 storage require a long-term wellbore seal to 
prevent CO2 leakage to the surface (Bachu, 
2003). 
 
A major concern is leakage along the wellbore 
after extended time intervals caused by 
mechanical loads and/or chemical degradation of 
well-cement. CO2 partially dissolves in the 
formation water, resulting in acid conditions in 
the storage reservoir. Wellbore materials react 
under acid conditions (e.g., Kutchko et al., 
2007), possibly affecting its containment proper-
ties. Techniques previously suggested to ensure 
well integrity in CO2 storage environment 
include, among others: improvement of cement 
design (Benge, 2009) and clogging of the reser-
voir by polymers (Hou et al., 2011) or by bio-
mineralization (Cunningham et al., 2011). We 
propose salt for sealing the reservoir section of 
the well, since salt has proven sealing capacities 
with respect to gas and may “naturally” precipi-
tate during gas storage or production. 
 
Salt clogging of the reservoir or wellbore is 
generally regarded as a possible problem in gas 
and oil production (e.g., Kleinitz et al., 2003), 
CO2 storage in saline aquifers (e.g., André et al., 
2007), and depleted gas fields (e.g., Giorgis et 
al., 2007, Tambach et al., 2011 and Tambach et 
al., 2012). Gas production and injection may 
lead to salt precipitation by the evaporation of 
water from the brine into the gas phase. Salt 
precipitation in the pore space reduces flow, 
negatively affecting gas injectivity or 
productivity. We propose to reverse this problem 
using this phenomenon for intentional salt 
clogging (Figure 1). Simulations are performed 
to investigate controlled salt precipitation by 
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brine-alternating CO2 injection. A practical 
injection strategy must be designed to facilitate 
the formation of an effective wellbore salt-seal 
while keeping operational time as short as 
possible. 
 

 
Figure 1. Illustration of the brine alternating CO2 

injection concept forming a salt seal 
around the wellbore.  

SIMULATION DETAILS 

Simulations are performed with the flow simu-
lator TOUGH2, using its ECO2N module for 
CO2 and brine mass transfer (Pruess and 
Spycher, 2007). Permeability changes are 
modeled with a tubes-in-series porosity-permea-
bility model, assuming 20% porosity clogging to 
result in complete permeability impairment 
(Verma and Pruess, 1988). Precipitation is stud-
ied by the pore-space fraction occupied by salt, 
the “salt pore volume fraction.” Chemical rock-
fluid, capillary pressure, permeability hysteresis 
and nonisothermal effects are neglected. 
 
A simplified one layer model is built after the 
K12-B depleted gas field (Audigane et al., 
2007), a Dutch CO2 storage demonstration site. 
The model assumes a homogeneous sandstone 
reservoir of fluvial facies. The sandstone is 
characterized by a porosity of 0.11 and a perme-
ability of 22.4 mD. A 1D radial reservoir model 
is used, described by 59 grid cells with grid 
refinement towards the well interface. The 20 m 
near-well model extends from 3640 to 3780 m 
depth. Ambient conditions applied are a 90°C 
reservoir temperature and 300 bar pressure after 
CO2 storage. The reservoir is assumed dried out 
after CO2 injection (no brine) and CO2 filled (no 
methane). No initial salt due to previous gas 

production or storage (e.g. Kleinitz et al., 2003) 
is assumed for the base-case model. 
Injection details are shown in Table 1. The 
injection strategy is designed with a brine/CO2 
ratio allowing complete evaporation of injected 
water into CO2 at reservoir conditions. Note that 
over 200 times more CO2 than brine is injected 
in order to evaporate the injected brine. The 
injection rates versus times are chosen arbitrarily 
while respecting the brine/CO2 ratio. A 0.1 NaCl 
mass fraction brine (XNaCl) is used.  
 

Table 1.  One cycle of brine-alternating CO2 injec-
tion. 

Phase Time (hr.) Injection 
rate (kg/s) 

Injected 
mass (kg) 

Brine 0.2 1.4 945 
CO2 82.5 0.7 207347 

 

RESULTS 

Brine alternating CO2 injection 
Two cycles of brine-CO2 injection are modeled 
to assess the effect of repeated injection cycles 
on salt precipitation. Simulations results are 
shown in Figure 2 and 3. The injection cycle 
starts with brine injection. At the end of the 
cycle, brine has moved 0.23 m into the reservoir. 
Subsequent CO2 injection displaces the brine 
~0.1 m further into the reservoir. While pushing 
the brine forward, CO2 evaporates water from 
the brine at the CO2-brine contact. Precipitation 
occurs in one cell at each time step when 
dissolved salt reaches the solubility limit.. This 
precipitation front moves the reservoir inward 
with time as more CO2 is injected, leaving a salt 
bank behind. Salt precipitation progresses from 
the well, forming a 0.37 m thick salt bank at the 
end of the cycle (Figure 2, 82.7 hr.). 
 
The second injection cycle starts again with 
brine injection. Since the brine is NaCl under-
saturated, the salt bank formed in the first cycle 
is redissolved (Figure 2, 82.9 hr.). Brine salinity 
increases with flow through the reservoir as salt 
is progressively dissolved. This results in a 
higher salt mass fraction at the brine injection 
front (Figure 3, 82.9 hr.). Upon CO2 injection, 
the brine is pushed forwards and dissolves the 
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final part of the salt bank (~0.1 m). In addition, 
CO2 evaporates brine at the CO2-brine contact. 
This results in a high salinity peak at both the 
CO2 and brine injection front (Figure 3, 120 hr.). 
CO2 injection evaporates the brine starting from 
the well reservoir inwards, again forming a 
continuous salt bank. Furthermore, since the 
brine at the brine injection front has a higher salt 
content, a salt peak is formed (Figure 2, 165.4 
hr.). This salt peak is located at 0.3 m distance to 
the injection well, has a thickness of 0.2 m, and 
clogs up to 3.0% of the original pore volume. 
 

 
Figure 2. The fraction of pore space occupied by 

salt with distance from the well. The salt 
content is illustrated for different times, 
showing the built up of a salt bank (cycle 
1) and dissolution followed by re-precip-
itation of the salt bank, now forming a salt 
peak (cycle 2). 

 

 
Figure 3. The NaCl mass fraction of brine during 

cycle 1 and 2. The NaCl mass fraction is 
close to the initial value of 0.1 in cycle 1. 
Brine injection in cycle 2 shows an 
increase of salinity at the front. During 
CO2 injection the NaCl mass fraction 
shows the movement of brine and evapo-
ration from the back increasing the value. 

Intentional clogging of the near-well area 
Modeling of two cycles of brine alternating CO2 
injection indicated increased pore clogging 
within the second cycle. To increase the effec-
tiveness of clogging multiple injection cycles are 
modeled and more salt is added to the system 
with every brine-CO2 injection cycle. The 
modeling will help assess the amount of cycles 
required for effective clogging. 
The model results for the salt content at the end 
of a cycle are shown in Figure 4. They indicate 
that the salt peak grows with every cycle while 
salt clogging near well remains constant. 
Furthermore, the width of the peak and extent of 
the salt bank into the reservoir are equal after 
each subsequent cycle. The salt content near-
well remains constant since this salt precipitated 
out of newly injected brine with constant salinity 
every cycle. Only the first part of the injected 
brine dissolves salt, yielding more salt precipita-
tion with each cycle. Because the same amount 
of brine is injected each cycle, the salt bank 
reaches an equal distance from the well follow-
ing drying out at the end of every cycle.  
 

 
Figure 4. The fraction of pore space occupied by 

salt with distance in the reservoir. The salt 
content for eight subsequent Brine-CO2 
injection cycles is illustrated. With every 
subsequent cycle, salt is added to the salt 
peak while the near-well part of the salt 
bank remains constant.  

Following the porosity-permeability relationship 
of Verma & Pruess (1988), the permeability is 
effectively impaired after a 20% reduction in 
pore space. Modeling predicts that eight cycles 
of brine-CO2 injection are required to reduce the 
porosity from 10% to 8% and effectively clog 
the reservoir (Figure 5). The porosity is roughly 
gradually decreased with subsequent cycles (as 
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also shown in Figure 4). In contrast, permeabil-
ity slightly decreases at first but reduces signifi-
cantly when approaching 20% clogging. Note 
that the TOUGH2 simulation stops before 
reaching zero permeability, since the pressure 
increases to the limit upon complete clogging.  
 

 
Figure 5. Porosity and permeability development 

with subsequent cycles of brine and CO2 
injection. Note that the permeability scale 
is logarithmic. Permeability calculated 
after the implemented porosity-permea-
bility relationship (Verma and Pruess, 
1988). 

Sensitivity of the number of cycles 
Brine-alternating CO2 injection is used to 
increase salt precipitation around the wellbore 
with every cycle. The number of cycles required 
for clogging depends on the amount of salt 
added per cycle (brine salinity and injection 
rate/time), the amount of salt initially in the 
reservoir (solid salt or brine), and the spatial 
distribution of the injected salt. To assess the 
sensitivity of the predicted clogging towards 
these factors, two scenarios are run with a higher 
NaCl mass fraction of 0.2 and with initial salt 
present (salt mass fraction 0.0125). 
 
The results are compared with the base-case 
model results. The first cycle already shows 
clear differences (Figure 6). A higher NaCl 
mass-fraction brine yields a salt bank with a 
higher percentage pore clogging (2.5% vs. 
1.7%). Initial salt gives a similar salt bank near 
well, since the injected brine salinity and hence 
resulting salt is equal. However, this model 
already forms a salt peak in the first cycle 
because salt is initially present that is dissolved 
and re-precipitated further in the reservoir. For 
initial salt in the reservoir, the shape of the salt 

peak remains equal to the base case for subse-
quent stages (Figure 6, cycle 4). Conversely, a 
higher salinity brine increases the width of peak 
and enhances clogging in the near-well area. 
Both scenarios yield faster clogging than the 
base-case model and require seven instead of 
eight cycles for effective clogging (Figure 7). 
 

 
Figure 6. The fraction of pore space occupied by 

salt with distance from the well, presented 
for cycle 1 and 4. The salt content is 
shown for the base case and two scenarios 
with higher salinity and initial salt in the 
reservoir.  

 
Figure 7. The fraction of pore space occupied by 

salt with distance from the well, presented 
for the final cycles yielding 20% salt 
clogging. The salt content is shown for the 
base case and two scenarios with higher 
salinity and initial salt in the reservoir.  

DISCUSSION 
The model results indicate that controlled CO2 
injection into a brine-containing reservoir (after 
brine injection) can result in intentional salt 
clogging. Furthermore, the salt precipitation 
induces significant permeability impairment. 
This is in agreement with studies on CO2-
induced salt precipitation. Muller et al. (2009) 
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report permeability reductions of up to 60% for 
16% salt clogging. Experimental work by Bacci 
et al. (2011) showed an 86% permeability 
decrease for a ~30% porosity reduction. 
Although significant permeability reduction is 
observed, complete clogging could require more 
(or less) precipitation than the 20% salt satura-
tion assumed. Knowing the amount of precipita-
tion required for effective clogging is crucial for 
modeling and designing a clogging strategy. 
Consequently, accurate porosity-permeability 
relations are required (Bacci et al., 2011). 
 
Modeling predicts that the salt bank has a lateral 
extent of 0.4 m into the reservoir at the end of a 
brine-CO2 injection cycle. A broader salt bank 
could be formed for longer intervals of brine and 
subsequent CO2 injection or higher injection 
rates. Special care must be taken to design a 
practical and economic strategy of injection 
rates and times. Further research is required to 
study the desired width of the salt bank. This 
width will depend on the mechanical and chemi-
cal stability of the salt bank. 
 
The model predicts the presence of a lower-salt-
content zone around the well, while complete 
clogging is modeled further in the reservoir at 
the salt peak. Clogging the reservoir up to the 
well-reservoir interface provides higher safety in 
terms of leakage prevention along the wellbore 
and well-material protection. Salt precipitation 
can be enhanced near the well by increasing the 
salinity of the injected brine. For example, 
injecting saturated brine prevents redissolution 
of the salt bank with a subsequent injection 
cycle. This allows the buildup of a salt bank 
from the wellbore interface. Although increased 
salinity is favorable for clogging up to the well-
bore-reservoir interface, high salinity brines can 
also lead to unintended salt precipitation, which 
can clog the well before a proper salt plug has 
been placed. Alternatively, the remaining open 
pore space around the well could be sealed by 
injection of a synthetic polymer (Hou et al., 
2011). 
 
The current model consists of a homogenous 
reservoir. However, heterogeneities do exist in 
the reservoir (vertical and lateral) such as 
changes in lithology and fractures. Heterogenei-
ties influence the flow of CO2 and the porosity-
permeability relationship and consequently the 

location of salt precipitation (Pruess and Müller, 
2009). Hence, heterogeneities should be 
considered to insure effective clogging around 
the entire wellbore in future work. 
 
Currently, capillary-pressure effects are ignored. 
However, capillary pressure can affect salt 
precipitation and already precipitated salt by 
inducing backflow of brine towards the evapo-
ration front (Pruess and Müller, 2009, Alkan et 
al., 2010, Ott et al., 2011, Zeidouni et al., 2009). 
Brine backflow enhances precipitation by adding 
salt to the system. On the other hand, backflow 
could lead to dissolution of the salt bank after its 
emplacement. Intentional salt clogging appears 
therefore particularly suitable for application to 
depleted gas fields that have low water content 
and accordingly little chance of salt seal re-
dissolution by the backflowing water. Future 
modeling work is required regarding the long-
term stability of the salt bank and its resistivity 
to redissolution. This process will eventually 
define the size of the salt bank required for 
effective long-term sealing of CO2 injection 
wells. 

CONCLUSIONS 
Intentional salt clogging is proposed to protect 
wellbore cement against corrosive CO2 and to 
mitigate leakage of stored CO2 to the surface. 
Brine-alternating CO2 injection has been found 
to be effective for intentional clogging of the 
near-well area. TOUGH2 modeling predicts that 
multiple cycles of brine-CO2 injection are 
required for effective clogging and permeability 
impairment of the reservoir. For the presented 
injection strategy and model characteristics, the 
formed salt bank extends 0.4 m into the 
reservoir. The salt bank clogs 3% of the original 
reservoir porosity near the well, whereas the salt 
peak is responsible for 20% porosity clogging 
further in the reservoir. 
 
The current injection strategy requires eight 
cycles of brine-alternating CO2 injection for 
complete permeability impairment. However, 
the number of cycles required for effective clog-
ging depends on the brine salinity and amount of 
injected brine. Additionally, initial salt or brine 
present in the reservoir reduces the amount of 
salt that has to be introduced to the reservoir for 
clogging. Moreover, when changing the poros-
ity-permeability relationship, more or fewer 
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stages are required as more or less salt clogging 
is required. 
The presented injection strategy predicts effec-
tive clogging in relatively short time periods. 
Nevertheless, experimental or field case tests are 
required to assess if intentional salt clogging can 
be practically applied without, for example, 
clogging the wellbore. In conclusion, intentional 
salt clogging potentially provides a practical 
solution for protecting the wellbore against 
corrosive CO2 attack, as well as blocking the 
flow of CO2 along the wellbore and mitigating 
leakage to the surface. 
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