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Abstract

Sandstone of the Pentalofos formation from the Mesohellenic Trough was examined
as a potential reservoir for CO, sequestration. Experiments were carried out into
batch reactors for 6 months by mixing a simplified porewater solution saturated with
CO2 (150 bar, 70°C) with crushed sandstone. The sandstone is mainly composed of
carbonates, feldspars and quartz, and secondly of clays and phyllosilicates. Chemical
analysis of aqueous samples showed an increase in the concentration of dissolved
ions as the experiment progressed. Geochemical kinetic models that were constructed
using the PHREEQC geochemical code showed that the fluid chemistry is controlled
by carbonate and feldspar dissolution, clay and quartz precipitation and cation
exchange reactions. The proposed models were also used to estimate the future
changes in mineralogy of the sandstone in order to evaluate its suitability as a CO;
reservoir.
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Hepiinym

Kovioromuévo wopyutino viiko ano to oynuotiono Ievialopov e MeooeAlnvixng
AdAoxog ypnoyoromnke oe wewpdpoTa avtorleioTov Omov aviedpaoce ue dAun (0,5M
NaCl) kopeouévny ue CO, (150 bar, 70 °C) yia 6 pijveg. TO wouputid viiké omotedeito
Kvopiwg omod ovlpokika, aotpiovg koi yolalio, pe OevTEPELOVIO. OPYLAIKG KoL
pvMomvprtia. O1 yRuIKES OVOADGEIS TV PEVETOY EJe1éoy avénon Twv 10VIwV, Eve
010 VAIKO dramiotlnkay orloyés atny ovaloyio twv pacemv. XpHoyomoimviag to
Aoyrouiké PHREEQC karackevdotnke yewynuikd KIVHTIKO HOVTIELO GOUPDVO. UE TO
0m0i0 01 KUPIES AVTIOPAOEIS TOV Aaufavovy ywpo. eivai 1 S1dAvan TV avOpaKikwv Kol
aotpioy, kobong ko 1 1ovioovioriayn. To poviédo ypnowonoiOnke otnv mpofieyn
e mbaviic eleliéng tov vipopdpov oe fabog ypovov yia v extiunon THG
KOTaAAnAdTHTOS TOV TETPOUOTOS WS am0OnKevTIKOS YDpos COy.

Aéeig Kieroa: oéoucvon, wouuitng, PHREEQC, taucvtipag, didivon.
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1. Introduction

CO; capture and underground storage (CCS) has been proposed as a satisfactory method to reduce
the atmospheric CO; concentrations, that play the key role in greenhouse phenomenon. Storage can
be attained through injection into deep saline aquifers or gas depleted reservoirs. However the
selection of the proper reservoir and its caprock is not trivial as CO, can cause a number of
geochemical reactions that can affect their integrity and trapping potential. Some of them include
the acidification of pore waters, dissolution of the primary minerals and precipitation of secondary,
less stable, phases, changes in porosity and permeability of the whole (Black, et al., 2015; Gaus,
2010).

A useful way to study geochemical processes, and water-rock reactions linked to CO; storage, is
through geochemical modeling applied to the lithology encountered in the Mesohellenic Trough
(MT) in NW Greece. The MT is a basin with a length of over 200 km and a width of 30-40 km in
NW Greece. It is characterized as the largest and most important basin of the last orogenic stage
(molasse basin) of the Hellenides (Figure 1).
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Figure 1 - Geological map (a) and stratigraphic column (b) of Mesohellenic trench (modified
after Brunn (1956) and 1.G.M.E. (1983) Tsotylli and Pentalofos Formations are highlighted -
see text).

The sedimentary formations of the basin include deltaic conglomerates, alluvial scree, sandstones
and clays of turbiditic and deltaic origin, floodplain and sandy shelf sediments, with a maximum
thickness of 4 kilometers. The Tsotylli and Pentalofos Formations, correspond to local cap rock and
reservoir respectively. The current work focuses on the Pentalofos Formation, with an age of Late
Oligocene-Lower Miocene (25-23 Ma), which can be used as a reservoir due to its composition
consisting mainly of loam and fine-grained sandstones (Vamvaka, 2009; Zelilidis et al., 2002).

2211



2. Materials and Methods
2.1. Materials

A sandstone sample from the Pentalofos Formation was used in batch reactor experiments.
Quantitative mineralogical analysis of the sample before and after the reaction with CO, was attained
by XRD analysis and data were processed using the Rietveld method.

2.2. Experimental set up and procedure

The sandstone sample was crushed and sieved to give 3 size fractions (<250, 250-500 and >500 pm).
The 250-500 um fraction was rinsed with acetone and filtered using a Buchner funnel containing a
Whatman no.1 filter paper. 20g of this crushed and cleaned sandstone was mixed with 200ml of
0.5M NaCl solution (simplified porewater) inside the reaction vessel and heated in the oven to 70°C.
In order to ensure good rock-fluid mixing, it was stirred with a magnetic stirrer for 2 minutes every
4 hours (Figure 2). Periodic, rather than continuous, stirring ensured that the sandstone powder did
not suffer too much mechanical abrasion.For the initial 37 days the sandstone and solution were
allowed to partially equilibrate on CO,-free conditions, with 15 bar of inert nitrogen in the headspace
of the reaction vessel aiding sampling of the fluid. By day 37, the fluid had been sampled twice and
addition of supercritical CO; (sCO;) followed, which displaced the nitrogen initially present. CO,
was maintained at a pressure of 150 bar for the rest of the experiment using a Teledyne ISCO 500D
pump running in constant pressure mode. An additional number of 8 fluid samples were taken over
this period. After a total duration of 184 days all the remaining aqueous solution that could be
drained from the experiment was removed via a ‘dip tube’ that reached to the close to the bottom of
the vessel, and its volume recorded. It was then slowly depressurised and dismantled to allow
sandstone to be collected.
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Figure 2 - Experimental arrangement for crushed sandstone sample.
2.3. Chemical Analysis

The experiment ran for approximately 6 months, during which a total of 10 fluid samples were
collected. These were sub-sampled and prepared for analysis of pH, Eh (redox), anions, cations,
alkalinity and iron (1) using the following methods. Most were pre-filtered through a 0.2 pm nylon
Acrodisc filter. pH was measured at room temperature and pressure by an Orion bench top meter
and glass pH probe calibrated using pH buffers of 4, 7 and 10 prior to sample analysis. The
calibration of a Ag/AgCl Eh probe was checked using Zobell’s solution prior to analysis of Eh.
Alkalinity was measured using potentiometric titration as soon as practicable after sampling (usually
within 1-3 days). The cation, anion and iron (II) samples were stored in a fridge at 4°C prior to
analysis. Cations were analyzed using inductively coupled plasma mass spectrometry, anions by ion
chromatography and reduced iron by UV-visible spectrophotometry.
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2.4. Geochemical kinetic modelling

Geochemical models were constructed using the PHREEQC v.3.1 geochemical code with the lInl.dat
database (Parkhust et al., 1999). The parameters of reaction rates of each mineral were defined and
solved by Ordinary Differential Equation (ODE) solver. The methodology followed is summarized
in Figure 3. Speciation calculations were conducted on the basis of measured final solution
composition for the base anions (CI-, HCOj3) and cations (Ca*?, Mg*?, Na*, K*, Al, Si, Feqtal). In
each step, the data of previous calculations were used.

p
A) Speciation of the fluid suspensions accoridng to chemical analysis at the end of each ‘
run. It includes:

- Calculation of the Saturation Indices (SI) of the selected minerals.
| - Assessment of the processes taking place in the solid-liquid system
R — ~
B) Modelling of the reactions between the brine and the solid prior to sCO, |

injection (days 0-37), using:

- Equilibrium reactions with selected minerals, depending on their Sl

- lon-exchange reactions
‘. - Kinetic reactions for the stable minerals |
#\_‘
‘ C) Modelling of the kinetic reactions taking place after the sCO, injection in
the system (days 37-182).
‘-\ (D) Prediction of the suspensions concentration for the next 10.000 years 7
between the solid and the brine under constant sCO, conditions ‘

- The model used the final suspensions' concentration and the mineral
content as it was determined at the end of the experiment.

- Determination of the reaction that are expevted to occur over the next
\years

Figure 3 - Diagram showing the steps followed in constructing the geochemical models.

All simulations took into consideration the experimental conditions. The fugacity coefficient and
solubility of the sCO; in 0.5M NaCl were calculated as 0.57 and 0.78 mol/kg H,O respectively
(Duan et al., 2003). The reactive mineral mass was determined according to %wt mineral content of
the sample and the solid/liquid ratio of 1:10. The effective diameter of the solid particles and their
reactive surface area were calculated for the 250-500 um particle size (assuming a spherical shape
of the grains) and density of each mineral (Tester et al., 1994). Reactive surface area (Equation 1)
is the fraction of the mineral surface area that reacts with the solution and idealy is considered equal
to the whole surface area.

Equation 1 — Reactive surface area

RS, = AnMS,,

where n represents the number of moles and M the molar mass of the mineral respectively, and A
the reactive fraction (usually estimated experimentally). The values of A were not measured, but
defined to fit the models.

Reaction dissolution and precipitation rates were calculated using the Transition State Theory (TST)
(Equations 2 and 3). Both dissolution (rg) and precipitation (r,) reactions are subject to the system
temperature and pH which influence the reaction constants (Arrhenius Law), separating an acid,
neutral and base part respectively.

Equation 2 — Dissolution rate kinetics (Lasaga, 1984)
-E, (1 1 ; -E, (1 1 ;
ra = RSy = (kB exp |2 (7.~ g )| + K ep |52 (5 — )| o™

298.15
base [~Ea (1 1 )] basey . [1 — oP[?
+ko [ R \T  29815/] 30H |1 Qn' '
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where Ko is the rate constant at 25 °C (mol m s1), Ea the activation energy (J mol™?), a; the activity
of ion i, R the gas constant (8.314 J mol* K) and T the absolute temperature (K). Q is the mineral
saturation index and p,q are constants.

Equation 3 — Precipitation rate kinetics (Van Pham et al., 2011)

2
q 1
rp = ~(kpre + kaaa) * RSA = [0 — 1| ~ kyexp [‘“" () ]

where kyre and ky are the precipitation and nucleation constants respectively (mol m2 s?), Ty the
nucleation constant and kagq the influence of additional mechanisms, such as carbonates or hydroxyl
ions (Hellevang et al., 2013). Kinetic dissolution and precipitation kinetic parameters were taken
from Palandri and Kharaka (2004), Marty et al. (2015) and Van Pham et al. (2011).

3. Results
3.1. Sandstone mineralogy

The mineralogy of the samples before and after the interaction with sCO,-brine was determined
through XRD analysis. The bulk sample are consisted mainly of calcite (38.2%), quartz (20.9%),
albite (14.9%) and orthoclase (10.2%). Secondary phases include dolomite (4.5%), clinochlore
(8.2%) and montmorillonite (2.8%). Kaolinite (0.2%) and muscovite (0.1%) are of little importance.
After the reaction with sCO,, new phases were not formed, instead there was a mass transfer among
the pre-existing mineral phases. More specifically, albite, orthoclase, clinochlore, calcite and
dolomite dissolved to 12.7%, 9.9%, 34.8% and 2.1% respectively. The dissolution led to
precipitation of clay minerals and silica (in the form of quartz) increasing their percentages to 0.7%
for kaolinite, 3.6% for montmorillonite and 27.7% for quartz. Using the initial mineral contents of
the sample, the specific surface was calculated for each mineral (Table 1).

Table 1 - Mineral parameters for the kinetic modelling.

Mineral phase | m (molesikg H20) | p (g/cm®) | Sa (m?/g)

Albite 0.0566 262 | 6.35E-03
Orthoclase 0.0366 2.56 | 6.50E-03
Calcite 0.3817 271 | 6.14E-03
Dolomite 0.0244 2.65 | 6.28E-03
Montmorillonite 0.0051 2.35| 7.08E-03
Kaolinite 0.0008 2.60 [ 6.40E-03
Muscovite 0.0003 2.82 | 5.90E-03
Chlorite 0.0138 2.65 | 6.28E-03
Quartz 0.3479 262 | 6.35E-03

lon exchange capacity was calculated by the CEC (meq/100g) reported in literature for each mineral
and their relative mass. The calculated CEC ranges from 2.5 to 6 meqg/100g. The average value used
is 4.31 meq/100g resulting to 0.0008 moles per 20g of solid.

3.2. Fluid chemistry

The initial brine concentration, as well as the suspensions’ composition prior to and after the sCO>
injection were determined. sCO; injection increases calcium, magnesium and bicarbonate
concentrations, (which are most likely caused by calcite and dolomite dissolution) and the solution pH
decreases. K and Na are well correlated with silica, which suggests feldspar dissolution (Figure 4).
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Figure 3 - Evolution of fluid chemistry as a function of time during the 6 months of the
experiment (Purser et al., 2015).

3.3. Geochemical modelling
3.3.1. Fluid speciation
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Figure 4 - Saturation indices (SI) for the mineral phases of the sandstone sample.

Geochemical modelling involved using the measured fluid compositions and calculating mineral
saturation indices (Figure 5). The brine was undersaturated with respect to most minerals (SI1<0)
prior to sCO; injection, and saturated with respect to calcite (SI=0). After the addition of CO,, many
phases were oversaturated (S1>0).

3.3.2. Equilibrium modelling

Equilibrium calculations for brine-rock interaction were based on the experimental data at 37, i.e.
before addition of CO».
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Figure 5 - Mole transfer prior to (equilibrium) and after (kinetics) the sCO: injection as a
function with time from the beginning to the end of the experiment.
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Whilst we recognise that this is a relatively short period of reaction time, it is informative to
undertake these calculations to ascertain which reactions may have neared steady state conditions.
The model used primarily equilibrium and cation exchange reactions. Taking into account the above
speciation calculations, calcite, albite, dolomite, clinochlore were considered at equilibrium with the
initial fluid and ion-exchange was attributed to surface sites occupied by Ca.
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Figure 6 - Modelled and experimental suspensions composition as a function of time from the
start (equilibrium reactions) to the end (kinetic reaction) of the experiment.

3.3.3. Kinetic model

A kinetic model was constructed based on the above equilibrium observations and fluid chemical
changes between injection of CO; and the end of the experiment. According to the calculated Sls at
the speciation, no equilibrium occurs after the sCO; injection. The kinetic modelling consists of
kinetic reactions and ion-exchange. All input data were kept constant, except the reaction mineral
mass which was adjusted to the equilibrium model results.

The simulated liquid is slightly acidic in respect to the experimental pH (Figure 7). The experimental
pH measurement was of the degassed fluid that was extracted from the experiment, so its value is
expected to be higher than the pH calculated by the model. Generally, the experimental data fit very
well to the model results, with minor deviations. It must be noted that the constant suspension
sampling during the experiment results in changing the solid/liquid ratio resulting in condensation.

The kinetic simulations show that albite, muscovite and orthoclase undergo limited dissolution
(Figure 6). Silicates dissolution is followed by the precipitation primarily of kaolinite,
montmorillonite and secondary silica (expressed as “quartz” in the model). Calcite, which was
precipitating before CO,, dissolve after the injection. Dolomite precipitates in contrast to the
experimental data. Na and K are released from the surface sites, and are replaced by Ca and Mg.

3.3.4. Prediction model

The prediction model used the concentration of the final suspension sampled and the mineral mass
determined by the XRD analysis for the solid after the reaction with sCO,. Kinetic constants
remained unchanged. The mineral evolution was simulated over a 10.000 year timescale. We
recognise that this is extending an experimentally-derived model far in excess of its validated time
period, and the results should be seen as tentative. However, this is a useful exercise as it helps
identify the possible long-term fate of stored CO2 and its impact on the host lithologies.
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Figure 7 - Predictions of mineral evolution with the sandstone.

Albite remains unreactive. Chlorite and muscovite react for 10 years, then chlorite is being exhausted,
and muscovite reacts again after 7000 years. Orthoclase is reactive till the end of the simulation.
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Silicates dissolution result in precipitation primarily of montmorillonite and quartz, and secondly of
kaolinite. Dolomite precipitates and calcite dissolves for 10 years, until it is exhausted. Then dolomite
begins to dissolve. Generally, the phases of the solid seem to reach equilibrium after 10 years of
reaction with sCO; (except orthoclase) leading to stabilization of the sandstone mineralogy (Figure 8).

4. Conclusion

The kinetic model, which was proposed to simulate the rock-brine interactions with sCO,, showed
that the fluid and sandstone chemistry is controlled primarily by the carbonates and secondly by the
clinochlore and muscovite dissolution. The dissolution of feldspars is of less importance. These
reactions are expected to continue for another 10 years (except orthoclase dissolution), after which
the system tends towards equilibrium.

The above suggested models are based on a number of uncertainties. Surface area and ion-exchange
were not measured but rather they were estimated using reference data Moreover, the ideal chemical
compositions of the mineral phases were used instead of the real ones, especially in the case of
chlorite and montmorillonite. The knowledge of the exact mineral stoichiometry would have given
more accurate results regarding the fluids’ chemistry. Despite these uncertainties, the proposed
model provides a first estimation of the geochemical reactions occurring between the sandstone and
a COy-saturated brine, helping in its evaluation as a potential CO; reservoir.
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