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Abstract

One way to reduce the amount of CO2 in the atmosphere for the mitigation of climate change is to capture the CO2
and inject it into geological formations. The most important public concern about carbon capture and storage (CCS)
is whether stored CO2 will leak into groundwater sources and finally into the atmosphere. To prevent the leakage,
the possible leakage paths and the mechanisms triggering the paths must be examined and identified. It is known
that the leakage paths can be due to CO, - rock interaction and CO,— well interaction.

The objective of this research is to identify the geochemical reactions of the dissolved CO, in the synthetic
formation water with the rock minerals of the Sayindere cap rock by laboratory experiments. It is also aimed to
model and simulate the experiments using ToughReact software. Sayindere formation is a regionally extensive cap
rock for many oil fields in southeastern Turkey.

The mineralogical investigation and fluid chemistry analysis of the experiments show that calcite was dissolved
from the cap rock core as a result of CO2- water- rock interaction.

Using the reactive transport code TOUGHREACT, the modeling of the dynamic experiment is performed. Calcite,
the main primary mineral in the Sayindere is dissolved first and then re-precipitated during the simulation process.
The decreases of 0.01 % in the porosity and 0.03% in permeability of the packed core of the Sayindere cap rock are
observed in the simulation. The simulation was continued for 25 years without CO, injection. However, the results
of this simulation show that the porosity and permeability are increased by 0.001 % and 0.004 %, respectively due to
the CO,-water-rock mineral interaction. This shows that the Sayindere cap rock integrity must be monitored in the
field if application is planned.
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1. Introduction

CO, is the main greenhouse gas emitted into the atmosphere, causing the global warming. The CO, sources
responsible for its increased emission are thermal power generation, refineries, cement plants, petrochemical plants
and growing large industrial complexes.

There are several means to reduce the amount of CO, emission into the atmosphere such as increasing the energy
efficiency of energy production, reducing the carbon intensity by substituting lower carbon or carbon free energy
sources and finally carbon dioxide capture and storage (CCS). CCS is a process consisting of the separation of CO,
from industrial and energy-related sources, transport to a storage location and long-term isolation from the
atmosphere. CO, can be stored into geological formation such as deep saline aquifers, depleted gas and oil
reservoirs, oceans and unmined coal beds.

However, it is crucial to prove the long term reliability and safety of CO, geological storage. The injected and stored
CO, may migrate into groundwater sources and contaminate them and may even reach the surface and leak back to
the atmosphere. If it is the case, then it means the process is not working as a climate change mitigation method.
Therefore, the assessment of CO, sequestration needs to be carried out on the basis of a better understanding of in
situ physical and chemical processes induced by CO, injection and storage, of improved numerical modeling of CO,
fate and a detailed knowledge of relevant site characterization. There are many risks associated with CO, storage.
One of the risks is the dissolution of cap rock by acidic CO,-rich fluids resulting from CO, injection. During
underground CO2 storage, the containment of CO2 will be crucially dependent on the cap rock integrity above the
CO2. Thus, it is necessary to evaluate how the CO2 might impact cap rocks, since this could control the ultimate
longevity of CO2 storage.

It is known that the injected supercritical CO, moves upward with favorable vertical permeability and the buoyancy
effects, from the injection point and accumulates under the overlying cap rock after a few years of injection. Once
the CO, has reached the base of the cap rock it will dissolve into the cap rock formation water and then diffuse
vertically upward into the cap rock. The cap rock formation water is acidized as the CO, dissolves in it. The
acidification due the solubility of CO, into brine results in geochemical reactions with the rock minerals present in
the cap rock.

Geochemical reactions between dissolved CO, and the minerals present in the cap rock lead to porosity and thus
permeability changes. Porosity can be increased due the dissolution of initial cap rock minerals in the acidized
formation water whereas it can be decreased as a result of the precipitation of secondary minerals (minerals which
are not available at the beginning of the reaction). A porosity increase would be undesirable since this would make
the injected CO, leak through the cap rock while this is good for the reservoir rock regarding the higher storage
capacity. However, a porosity decrease is an advantage, which would further increase the sealing capacity of the cap
rock.

2. Materials for the research

For this work, 6 core plugs were provided by Turkish National Oil Corporation (TPAO) from Sayindere formation
which is a regionally extensive cap rock for many oil fields in southeastern Turkey, particularly; it is the cap rock
the Caylarbasi field. The Caylarbasi field is selected site for a prefeasibility study on CO, storage project. The
formation water analysis of Caylarbasi reservoir is available but not the Sayindere cap rock. Thus, the Sayindere
formation water is assumed same as the Caylarbasi reservoir water and according to this water composition, the
Sayindere cap rock water is synthetically prepared and used in the both static and dynamic experiments. Table 1
show the synthetic formation water analysis.
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Table 1.The s

thetic formation water composition

ppm
Sodium 693.2
Calcium | 41.92
Magnesium | 47.36
Iron 1.190

Sulfate 15

Chloride 725

Bicarbonate | 613
pH 7.453

3. Experimental investigation

Two different experiments are carried out: static (batch) and dynamic (flow through).

3.1 Static experiment

The static experiment is performed at the temperature of 90 °C and the pressure of approximately 100 bar,
representing the field condition. In the static experiment, the original cores from the Sayindere cap rock are kept
within the CO,-synthetic formation water under the given reservoir pressure and temperature. The experimental set-
up is given in Figure 1. The static experiment is composed of two experiments: 30-day experiment and 100-day
experiment. After 30 and 100 days of the static experiments, SEM (Scanning Electron Microscopy) analyses of the
cores are made to see any mineralogical changes on the core surfaces. Moreover, the fluid chemistry analyses of the
mixtures in the core holders are made to investigate the possible geochemical reactions induced by CO, —formation
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Figure 1. Scheme of the static experimental set-up
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From the photos taken in SEM analysis of the 30 day experiment, it is seen that the near to surface are more loose
than the inner part of the core, which shows the CO, diffusion into the core (Figure 2).
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Figure 2. SEM photo of the core after 30- day static experiment

It is observed that there is a deposition layer, which is whiter colored in SEM photos of the 100 day experiment
(Figure 3). Since there was no flow in the static experiment, there was no transport of the reactant and reaction
products. Thus, the formation of deposition layer is explained as the dissolved particles, specifically the dissolved
calcite from the core minerals were deposited back on the core surfaces. Moreover, it is observed in the mineral
investigation by SEM analysis of 100-day experiment that there are wormholes on the core used in the experiment,
possibly created due to the heterogeneous pattern of calcite dissolution induced by the CO,-formation water (Figure
4)
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Figure 4. Wormholes

The fluid chemistry analyses of the 30- and 100- day static experiments show that the calcite is dissolved. The
anions available in the water are measured by Ion Chromatography (IP) and the cations present in the water are
measured by inductively coupled plasma-optical emission spectroscopy (ICP-OES). Alkalinity is determined by
titration technique.

3.2 Dynamic experiment

In dynamic experiment, the cores from Sayindere cap rock are grinded and packed into a core holder and CO,
saturated- synthetically prepared water is injected through the packed core for 99 days. Since the cores were very
impermeable, they were ground so that a flow could be maintained throughout the experiment. Moreover, grinding
of solid cores increases the rate of reaction in three ways. The first effect is to increase the surface area of the grains
which allows a larger interface for reaction; the second is that the creation of fresh surfaces often results in high
energy sites being exposed; and the third effect is that grains which were previously armoured by other grains, now
have surfaces which would be in direct contact with the water.

Before the dynamic experiment, the carbonate removal from the grinded powder of the cores with acid treatment
and XRD analysis are performed. From these analyses, the core from the Sayindere cap rock is composed of 76%
calcite, 22.7 % quartz and 1.3 % kaolinite. The experimental condition was at a temperature of 90 "C and an
injection pressure of 75 bar. The outlet pressure is set at the pressure of 74 bar.

The dynamic experimental set-up is given in Figure 5. The fluid is discharging out of the core holder under 1 bar
pressure difference. The discharged fluid is collected and water analyses are carried out from collected water
samples at 3 different times (23, 75 and 99 days) throughout the experiment to see changes in the amount of the
dissolved species in the synthetic formation water.
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Figure 5. Scheme of the dynamic experimental set-up
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Only water chemistry analyses of the dynamic experiment are made. Based on the water chemistry analysis, this is

interpreted as calcite is dissolved. Table 2 shows the fluid analysis of the discharged water during the dynamic

experiment
Table 2. Fluid Analysis of the Discharged Water during the dynamic experiment
ppm ppm ppm ppm
(prior to the exp.) | (after 23 days) | (after 75 days) (after 99 days)

Sodium 519.0+2.1 602.6£11.2 509.449.2 568+6.6
Calcium 37.5+0.6 219.943.1 87.95+1.73 35.29+0.01
Magnesium | 45.0+0.3 52.97+0.33 44.99+0.33 52.63+0.96
Iron 0.05 +£0.002 0.081+0.001 0.1460.004 0.676+0.004
Sulfate 14.0806 4717.3 26.79 25
Chloride 746.8860 723.25 840.58 979
Bicarbonate | 658 74 866 732
Normal - 444 _
carbonate
Silicon 21.72+0.19 17.58+0.16 5.55+0.03
pH (24 °C) | 7.789 8.360 6.678 5.928

As shown in Table 2, at the end of 99 days, Ca™ ion concentration is nearly same as that of the Ca* of injected
water. This is interpreted as calcite is dissolved in earlier time, like 23 days, of the experiment and the calcite
available for reaction in the core is decreased due to injected water sweeping the dissolved elements to production
end. At the end of 99 days, it is anticipated that Ca** available for reaction is depleted and Ca** produced is equal to

injected Ca*> amount.
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4. Modeling of the dynamic experiment

When assessing the impact of the long term CO, storage on geological formations, numerical modeling plays a
crucial role geochemical reactions are very slow and laboratory work under the field conditions is limited in time
and space.

The modeling and simulation study of the dynamic experiment is carried out by using the code TOUGHREACT.
Simple 2-D radial model composed of 4 cells is used to simulate the CO, saturated fluid and Sayindere core
minerals interaction in the dynamic experiment. In the simulation work, for the Sayindere cap rock formation water,
the Caylarbasi reservoir formation water is modified in a way that the cap rock minerals and cap rock fluid
chemistry are consistent. The results of the simulation work show that calcite is firstly dissolved and started to re-
precipitated. Moreover, continuous dissolutions of quartz and kaolinite are observed. Formation of new, secondary
minerals (hematite, magnesite and siderite) are observed but dissolved back in the simulation period. Dolomite,
which is also considered to be a secondary mineral in the simulation, is continuously precipitated throughout the
simulation time. Most importantly, the decreases in the porosity and permeability of the packed core minerals of the
Sayindere cap rock are observed during the simulation. The porosity is decreased by 0.01% and, on the other hand,
the permeability is decreased by 0.03%.

In addition to the simulation of the injection, the CO, saturated water injection into the packed core minerals of the
Sayindere formation is stopped after 99 days of the injection and the simulation is continued for further 25 years to
monitor the cap rock mineralogical and the water chemistry evolutions and particularly, the long term effect on the
porosity and permeability of the packed Sayindere core. Different from the injection period, the porosity and
permeability of the packed core are increased in long term after the injection process. The porosity and permeability
are increased by 0.001% and 0.004%, respectively. From the point of view of the monitoring CO, storage after the
injection and risk assessment associated with the CO, storage, the porosity and permeability increases as results of
the geochemical reactions induced of CO, storage are not desirable since these increases can result in possible
leakage paths for the CO, to escape into groundwater sources and finally into the atmosphere back.

5. Conclusion

The mineral investigation of the Sayindere cap rock is made. It is composed of the 76% calcite, 22.7% quartz and
the remaining, 1.3% is kaolinite. From the photographs taken in SEM analysis of the 30 day experiment, it is
interpreted that the near to surface appears looser than the inner part of the core, which may be due to CO, diffusion
into the core. The fluid chemistry analyses of the both 30- and 100- day static experiments show that the calcite is
dissolved in the water as a result of the CO,- water-rock interaction. A deposition layer is observed in SEM photos
of the 100 day experiment. The formation of deposition layer is explained as the dissolved particles, specifically the
dissolved calcite from the core minerals were deposited back on the core surfaces. It is observed in the mineral
investigation by SEM analysis of 100-day experiment that there are wormholes on the core used in the experiment,
possibly created due to the heterogeneous pattern of calcite dissolution induced by the CO,-formation water.

Only water chemistry analyses of the dynamic experiment are made. Based on the water chemistry analysis, it is
interpreted that calcite is dissolved, which is also observed in the static experiments.

The modeling and simulation study of the dynamic experiment is carried out by using the code TOUGHREACT.
The results of the simulation work show that main mineral in the Sayindere cap rock, calcite is firstly dissolved and
started to re-precipitated. Formation of new, secondary minerals (hematite, magnesite and siderite) are observed but
dissolved back during the simulation period. Dolomite, which is also considered to be a secondary mineral in the
simulation, is continuously precipitated throughout the simulation time. The decreases in the porosity (0.01%)and
permeability (0.03%) of the packed core minerals of the Sayindere cap rock are observed during the simulation

The simulation is continued for further 25 years, without CO, saturated water injection to monitor the cap rock
mineralogical and the water chemistry evolutions and particularly, the long term effect on the porosity and
permeability of the packed Sayindere core. At the end of 25 years, the porosity and permeability increase of 0.001%
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and 0.0039% respectively were simulated after stopping the injection process. This is a unwanted result in the
monitoring and risk assessment of the CO, storage. The increases in porosity and permeability show that the
Sayindere cap rock integrity must be monitored in the field if application is planned.
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