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Abstract The integrity of wells, which are key components

for CO2 sequestration, depends mainly on the seal between

the wellbore cement and the geologic formation. To identify

the reaction products that may alter the cement/caprock

interface, batch experiments and computer modelling were

conducted and analysed. Over time, the dissolution and

precipitation of minerals alters the physical properties of the

interface, including its tightness. One main objective of the

simulation was thus to analyse the evolution of the porosity

of cement and caprock over time. The alteration of the

cement/caprock interface was identified as a complex

problem and differentiated depending on rock type. The

characteristic feature of a cement/shale contact zone is the

occurrence of a highly carbonated, compacted layer within

the shale, which in turn causes cement/shale detachment. In

the case of a cement/anhydrite interface, the most important

reaction is severe anhydrite dissolution. Secondary calcite

precipitation takes place in deeper parts of the rock. The

cement/rock contact zone is prone to rapid mineral dissolu-

tion, which contributes to increased porosity and may alter

the well integrity. Comparison of computer simulations with

autoclave experiments enabled the adjustment of unknown

parameters. This enhances the knowledge of these particular

assemblages. Overall, a good match was obtained between

experiments and simulations, which enhances confidence in

using models to predict longer-term evolution.
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Introduction

The principal function of well cementing is to support

the casing as well as to restrict fluid movement between

the well and formation rocks. The need to understand

the reactivity of well cement in CO2-saturated brines is

emphasised by many researchers who study the safety

of carbon dioxide storage (Huet et al. 2010; Kutchko

et al. 2007, 2009; Um et al. 2011). The experiments

performed by Jung and Um (2013) demonstrate that

preferential cement alteration can occur along the

cement/steel and cement/rock interfaces and highlight

the importance of further investigation of cement

degradation along the interfaces to ensure permanent

geologic carbon storage.

The injected CO2 reacts with the formation rocks and

wellbore cement, changing their mineral composition and

porosity and the integrity of the materials. Carbon dioxide

dissolves into the saline pore water, which causes its

acidification and leads to geochemical changes. The dis-

solution of some minerals and the precipitation of new ones

can potentially change the porosity and permeability of the

reservoir rocks. Similar reactions are also possible within

caprocks, which are an important element of the wellbore

system sealing capacity, preventing fluids from escaping

the sequestration reservoir (Carey et al. 2007). Geochem-

ical changes upon CO2 injection are susceptible to reser-

voir conditions (Czernichowski-Lauriol et al. 2004); hence,

the important issue is to study the potential geochemical

reactions that are possible during the process of seques-

tration. The geological conditions are essential in the

selection of the proper storage reservoir for CO2 seques-

tration. The assessment of the sealing efficiency of a

storage site is a key factor in evaluating the storage site

performance (Gherardi and Audigane 2013).
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Wellbore cement alteration under sequestration condi-

tions is an important problem explored in a number of

studies over the last decades. Cement phases are known to

be thermodynamically stable only under alkaline pH con-

ditions but may become unstable under neutral to acid pH

conditions. The acidification of water is not only caused by

CO2 injection but is also influenced by neutral to acidic pH

fluids from caprocks and reservoir rocks. The extensively

performed experimental and numerical studies have

focused on the cement–brine or cement–rock–brine inter-

actions involving reservoir rocks and caprocks. The rocks

examined in contact with wellbore cement were: basalt

(Jung and Um 2013; Jung et al. 2014), granite (Soler and

Mäder 2010), limestone (Duguid and Scherer 2010;

Gherardi et al. 2012), shale and sandstone (Carroll et al.

2011), clay-rich argillite (Gherardi and Audigane 2013)

and siltstone (Fischer et al. 2013). The most variable group

of reservoir rocks is sandstones, which is the result of

various mineral compositions and diagenesis levels.

Therefore, the results for any sandstone rock cannot be

directly related to the sandstone at all.

Quartz sandstones are usually expected to be geo-

chemically stable (Wertz et al. 2014). The experiments and

simulations performed on a sandstone from the Altmark

Gas Reservoir (Huq et al. 2015) indicate that the dissolu-

tion of rock cements, including anhydrite and clay miner-

als, governs the overall geochemical processes taking place

at the very early injection period. Carey et al. (2007)

analysed shale caprock obtained from a 30-year-old CO2-

exposed well and found limited alteration of the shale.

Wertz et al. (2013) stated that the major changes occur

at the well/caprock interface, while porosity reallocation at

the well/reservoir interface is less marked. On the caprock

side, they noticed rapid, complete porosity clogging, which

was enhanced by higher diffusion rates. The authors indi-

cate that this may have effect in reducing the mechanical

strength of rocks near the well/caprock interface.

The research performed to date indicates that the

experimental investigations are not sufficient to predict the

reaction processes between rocks, brine and wellbore

materials because of the restricted reaction time under

laboratory conditions. The reaction time is much too short

in comparison with the real reaction time in any carbon

sequestration project (Erickson et al. 2015). To establish

real-time results, the modelling of geochemical processes is

needed.

The aim of the simulations carried out in this study was

to examine the geochemical evolution of sealing rocks at

the contact with wellbore cement under sequestration

conditions. The determination of porosity evolution in

cement and caprock, as well as at the interface of these two

materials, was also the goal of the investigation. The

important question is the comparison of cement/rock

interface performance in the case of different lithologies

under sequestration conditions. The autoclave reactor

experiments (Labus and Such 2016; Lorek et al. 2016), as

well as the ToughReact code, were used to estimate the

geochemical effects and porosity evolution of cement and

caprock in contact with acidified brine. To allow for the

proper collation of the modelling results to the reactor

experiment findings, the simulation time was restricted to

2 years.

Materials and methods

The rock samples studied here were anhydrite and shale,

representing rocks of comparatively low porosities. The

lower Silurian shale was derived from a drilled well (from

depth of about 2000 m) in the Baltic Sea region (Łeba

Elevation). It is of aleuritic-pelitic fraction, finely lami-

nated, and exhibiting a well-developed cleavage. The shale

sample is composed of clay minerals (mostly chlorite),

quartz, calcite, dolomite, feldspars, muscovite, pyrite and

organic matter (Table 1). The Permian (Zechstein) anhy-

drite was taken from the Fore-Sudetic Monocline. It is

layered, grey rock of the fine crystalline structure. The

main component mineral is anhydrite; isolated gypsum and

magnesite crystals are also present. Gypsum, as a compo-

nent of anhydrite sample, is not included in Table 1, as it

was not detected by means of XRD, but this mineral was

stated with the use of SEM/EDS measurement.

The rocks were combined with wellbore cement to

investigate the processes taking place at the cement/rock

interface. The wellbore cement for the composite samples

was prepared with the use of Portland cement (CEM I 32.5)

at a water-to-cement ratio of 0.52. Rock cores, of a

diameter of 2.5 cm, were cut lengthwise in half and sup-

plemented with cement grout (Lorek et al. 2016). Grout

was prepared in accordance with the procedure given in the

relevant standards (DIN EN 10426). The samples were

cured in an autoclave at 50 �C, at a pressure of 17 MPa.

The cores were sliced and placed in the reactor. After each

stage of the experiment (described below), the composed

cement-rock samples’ slices were washed with distilled

water and dried. For SEM analysis, the samples were

embedded in epoxy resin to prevent sample from its

disintegration.

The composite samples (Fig. 1) were exposed, in an

autoclave reactor, to a CO2-saturated brine under the static

conditions simulating the underground environment: 50 �C
and 10 MPa. The autoclave reactor is divided into 2 cells

(4 dm3 each of them). The composite cement–anhydrite

samples were put into one cell, and the composite cement–

shale samples into the second one. In the reactor, the

samples were fully covered with fluid—synthetic brine of
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105 g/l concentration of NaCl, saturated with carbon

dioxide (0.8 mol CO2/kg of solution). The initial pH of the

solution was 3.4 (3.15 for the simulated acid brine). The

experiment was performed in three stages of different

duration: I—30 days, II—60 days, and III—200 days.

Fluid pH was measured in the beginning of the experiment,

and after each, mentioned above, stage.

The mineral compositions of the rocks were determined

with the use of a polarising microscope, as well as with the

X-ray diffraction method (Bruke-AXS Advance D8), and

by SEM analysis with the use of an FEI Quanta-650 FEG

Scanning Electron Microscope equipped with these anal-

ysers: EDX, WDA and EBSD. The mineral compositions,

obtained from XRD measurement, with Rietveld refine-

ment, of examined samples are given in Table 1. The

formulae of the identified minerals are ideal, theoretical

compositions of the stated minerals’ pure phases. For

modelling purposes, the initial mass fraction (wt%) was

transformed into a volume fraction, taking into account the

pore volume in the rock (bulk sample). This value [vol%]

is also provided in Table 1. The initial porosities of the

rock samples were determined by mercury intrusion

porosimetry (MIP) and are 14.4% for shale and 10% for

anhydrite. It should be noted, however, that MIP method

provides data for interconnected pores (effective porosity),

and hence the actual porosity of the samples might be

higher.

Initial cement composition for computer simulation was

reconstituted from oxides (according to THERMODDEM

database terminology). The assumed mineral composition

of hydrated cement, which was used for the simulation, is

given in Table 2. As with the rock’s composition, the

composition of the cement was converted into a volume

fraction, including pores (these values were used in the

simulated model). The assumed initial porosity of the

wellbore cement was nearly 28%.

Experimental results

Cement alteration

The cement alteration after subsequent stages of the

experiment was examined with use of XRD analysis and

SEM/EDS observations. After stage I, the content of

ettringite and hydrotalcite decreases. All the amount of

portlandite has reacted to form calcium carbonates (calcite

and vaterite). At the last stage of the experiment (after

200 days), the XRD pattern shows the occurrence of

abundant calcite (Lorek and Labus 2015). Observed under

SEM, the carbonated zone in cement part of the sample has

a thickness of about 1 mm.

Cement/anhydrite interface

Anhydrite is a rock formed mostly of mineral anhydrite,

and hydrated form—gypsum. Both these minerals are

easily dissolved in CO2-saturated brine under experiment

conditions. In the outer zone of the sample and on the

Table 1 Mineral composition

of examined samples
Sample Component Formula Mineral fraction by

XRD [wt%]

Mineral volume fraction—

including porosity [vol%]

Shale Quartz SiO2 36.96 33.56

Muscovite KAl2(AlSi3)O10(OH)2 23.88 20.29

Chlorite Fe5Al(AlSi3)O10(OH)8 12.36 8.99

Albite NaAlSi3O8 8.15 7.53

Dolomite CaMg(CO3)2 7.30 6.08

Calcite CaCO3 5.40 4.79

Orthoclase KAlSi3O8 3.51 3.25

Pyrite FeS2 2.43 1.11

Porosity 14.40

Anhydrite Anhydrite CaSO4 91.77 82.80

Magnesite MgCO3 8.23 7.20

Porosity 10.00

Fig. 1 Dimensions of slice of cement–rock cylindrical sample
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cement/rock interface, the significant increase in porosity is

visible. The intense dissolution of anhydrite, and to a lesser

extent—gypsum, is visible in Fig. 2. The remaining (not

dissolved) mineral is magnesite (dark grey in Fig. 2).

Moreover, the secondary precipitation of calcite on the

interface of cement/rock is noted.

Cement/shale interface

In the autoclave experiment, it was observed that the slate

structure of the rock facilitates its fracturing, which enables

fluid migration within the shale and in the space between

rock and cement. Figure 3 presents the cement/shale rock

interface after stage III of the reaction (200 days). At the

contact with the wellbore cement, the shale is compacted

and enriched in CaCO3 derived from the cement part of the

sample. This zone is of 50–100 lm thick, and finely lam-

inated, maintaining slate structure of shale. Beneath this

dense zone, compressed as a result of compaction, the split

between the cement and rock is present.

The minerals originally present in the shale rock gen-

erally do not show any changes. Most of these minerals are

considered stable from geochemical point of view (quartz,

muscovite). SEM observations after all the stages of the

autoclave experiment also show the presence of iron sul-

phide, pyrite (FeS2), which could be expected to alter in the

acid environment of CO2-saturated brine.

Modelling approach

To simulate the geochemical interactions at the cement/

rock interface, the ToughReact numerical simulator was

used (Xu et al. 2004). The alteration mechanisms were

observed on a simplified 2D model, involving cement and

rock in contact with brine water. The initial water salinity

assumed during the simulation was 105 g/l NaCl (as in the

autoclave experiment), with an additional comparison point

at 10.5 g/l NaCl. Simulations were performed under

isothermal (50 �C) and isobaric (10 MPa) conditions to

mimic the autoclave experiment conditions. CO2 concen-

tration of initial brine was 29 g/l. Pore water pH is derived

from the primary mineral composition of the material.

Cement pore waters are alkaline (pH 11), whereas shale

and anhydrite pore waters have close to neutral pH of 6.4.

The simplified model is comprised of 160 cells of

1 mm 9 1 mm size (Fig. 4). The rock/water ratio (1/35) is

calculated based on the sample volume compared to the

fluid volume in the reactor experiment. As the main

objective of the investigation is the comparison of the

obtained results from real experiment and computer sim-

ulation, the implemented rock/water ratio was calculated in

such a way as to reflect accurately as possible the experi-

mental conditions, although it is rather high for real for-

mation rock system. The effective diffusion coefficient was

assumed to be 10-10 m2/s for cement, 5 9 10-10 m2/s for

shale (Wertz et al. 2013), and 7 9 10-12 m2/s for anhy-

drite, which is much tighter.

Table 2 Wellbore cement

composition
Component Formula Composition of

solid phase [vol%]

Composition—including

porosity [vol%]

CSH 1.6 Ca1.6 SiO3.6�2.58 H2O 43.2 31.15

Portlandite Ca(OH)2 24.2 17.45

Ettringite Ca6Al2(SO4)3(OH)12�26H2O 15.2 10.96

Katoite Ca3Al2SiO4(OH)8 7.0 5.05

C3FH6 Ca3Fe2(OH)12 4.4 3.17

Hydrotalcite Mg4Al2O7�10H2O 2.5 1.80

Calcite CaCO3 3.5 2.52

Porosity 27.90

M

C

A

Fig. 2 SEM image of the anhydrite part of the sample after 200 days

of the reaction (Labus and Lorek 2015). The dissolution of anhydrite

(A—light grey) is progressing from the bottom of the image. The

remaining mineral is magnesite (M—dark grey). On the edge of the

sample calcite (C) is precipitating. White crystals are pyrite. The

objects of lenticular shape are the remnants of fossilised molluscs
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The thermodynamic database THERMODDEM (Blanc

et al. 2012) was used to determine the thermodynamic

equilibrium, element speciation, and mineral saturation

indices. The ToughReact code (Xu et al. 2004) computes

the rate law for mineral dissolution and precipitation

according to Lasaga equation (Lasaga 1981):

rn ¼ �k An 1 � Xh
n

�
�

�
�
g

where rn is a kinetic rate of mineral n (mol s-1), k is the

rate constant (mol m-2 s-1) depending on the temperature,

An is the specific reactive surface area (m2 kgw
-1), and Xn is

the saturation index of the mineral n. The empirical

parameters h and g are adjustable positive numbers,

determined from experiments or usually taken as 1. The

dependence of the rate constant k on the temperature is

calculated by means of the Arrhenius equation (Lasaga

1981):

k ¼ k25 exp
�Ea

R

1

T
� 1

298:15

� �� �

where Ea (J mol-1) is the activation energy, k25

(mol m-2 s-1) is the rate constant at 25 �C, R

(J K-1 mol-1) is the universal gas constant, and T (K) is

the absolute temperature. Mineral precipitation and disso-

lution rates can be influenced by different mechanisms, for

example acid or carbonate mechanisms (Palandri and

Kharaka 2004).

k ¼ kN25 exp
�EN

a

R

1

T
� 1

298:15

� �� �

þ kA25 exp
�EA

a

R

1

T
� 1

298:15

� �� �

anAH

þ kC25 exp
�EC

a

R

1

T
� 1

298:15

� �� �

anCH

where the superscripts or subscripts N, A and C indicate

neutral, acid and carbonated mechanisms, respectively, and

a is the activity of the corresponding species. The kinetic

parameters of the minerals which were used in the simu-

lations are given in Table 3. Parameters of C3FH6 are not

provided, as this phase is assumed to be in equilibrium. The

ettringite exchange surface depends on cement formation

and is usually not a fixed value. Hence, in this simulation it

has been increased, so that the simulation was closer to the

experimental result. The value of exchange surface for

Fig. 3 SEM image of cement/

shale interface after 200 days of

the autoclave reaction (stage III)

Fig. 4 2D grid used for the

simulation with initial pH. On

the X-axis are 10 cement cells

and 10 rock cells along the

profile of the sample to mimic

the average distance from the

interface to the tightened edge.

The Z-axis represents half of the

height of the sample (7 mm),

due to axial symmetry. R/W—

rock/water ratio applied in the

simulation
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ettringite was changed from 980 cm2/g (Baur et al. 2004)

to 20,000 cm2/g (like CSH) and is marked in Table 3 with

an asterisk (*).

Computer simulation results

Cement alteration

The cement alteration was mostly caused by the acid water

environment. The initial pH of the cement pore waters is

assumed to be near 11, as is that of the cement material

itself. Under the influence of CO2-rich brine, the pH of the

fluid in cement dramatically decreases (black curve in

Fig. 5). The most soluble component of wellbore cement is

Portlandite, but as a consequence of brine penetration into

the cement, the other phases are also dissolved. The sudden

decrease in pH is followed by a rapid dissolution of CSH

and C3FH6. Portlandite dissolution starts in the outermost

cells of the simulated sample, but rapidly propagates to the

deeper cells. The degradation is similar in successive layers

of cement but it is delayed in time (Fig. 5). Each Port-

landite/C3FH6 layer buffers pH while dissolving and pro-

tects layers below. When it is dissolved, the Portlandite/

C3FH6 layer below starts dissolving as well. The other

phases which are also dissolving are CSH 1.6 and katoite.

CSH 1.6, initially of over 30 vol%, nearly completely

disappears after 100 days of simulation. Katoite content,

from approximately 5%, drops to approximately 2% after

200 days.

The dissolution of the above-mentioned cement com-

ponents results in the porosity increase at the initial stage of

the simulation. On the graphs shown in Fig. 3, the pore

area is represented by the white background. After the

increase in porosity (from the initial 28% up to approxi-

mately 30%) at the beginning of simulation, it subsequently

decreases as a result of calcite and silica gel precipitation.

After the assumed 200 days of the simulation, the initial

cement porosity (28%) decreased to approximately 15%.

When comparing the results of cement alteration in the

completed computer simulation to the results of the reactor

experiment, the process runs analogously in both cases. It

proceeds in a generally known way; portlandite and amor-

phous phases (CSH, C3FH6) dissolve, while calcite and silica

gel precipitate. The difference between experiment and

simulation is that ettringite is less soluble in all simulations.

The results of XRD mineral phase determination within the

cement part of the samples indicate complete dissolution of

ettringite over the reaction time. The initial ettringite value of

about 11% drops after 30 days of the experiment to

approximately 1.5% and in the next stages completely dis-

appears. This phenomenon is explained by the instability of

this mineral under pH of 9.8 (Stegemann et al. 2012). In

course of computer simulation, however, ettringite was

partially dissolved, from the value of 11% to about 6%.

Cement/anhydrite interface

On the first days of simulation started the dissolution of

calcite in the cells which are in contact with brine, whereas

Table 3 Kinetic coefficients of wellbore cement and rock components

Mineral Acid mechanism Neutral mech. An (cm2/g) References

k25 (mol/m2/s) Ea (kJ/mol) N k25 (mol/m2/s) Ea (kJ/mol)

CSH 1.6 5.94E-08 1.60E-18 20,000 Schweizer (1999)

Portlandite 8.04E-04 74.9 0.60 2.18E-08 74.9 1540 Galı́ et al. (2001)

Ettringite 1.14E-12 0.28 1.14E-12 20,000* Baur et al. (2004)

Katoite 5.94E-08 0.28 1.60E-18 570

Hydrotalcite 5.94E-08 1.60E-18 1000

Calcite 5.00E-01 14.4 1 1.55E-06 23.5 260 Palandri and Kharaka (2004)

Dolomite 2.85E-04 45.9 0.5 1.05E-08 30.8 12

Magnesite 4.17E-07 14.4 1 4.57E-10 23.5 260

Anhydrite 1.41E-12 22.0 0.5 6.45E-04 14.3 9.1

Quartz 7.76E-12 88.0 0.5 1.02E-14 87.6 157.3

Muscovite 6.92E-11 65.0 0.5 2.82E-14 22.0 9.1

Chlorite 8.71E-08 51.7 0.5 3.02E-13 88.0 9.1

Albite 3.02E-08 56.9 2.75E-13 69.8 9.1

Orthoclase 3.89E-13 38.0 12.9

Pyrite 2.82E-05 56.9

k25 kinetic constant at 25 �C, Ea activation energy, n reaction order with respect to H?, An reactive surface of the mineral

* Value changed in relation to the source data
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in the inner cells of the cement part of the sample, the

amount of calcite is increasing. In course of the experi-

ment, the precipitated CaCO3 is not only concentrated in

the deeper part of cement but also consequently intrudes

the rock part of the sample. Figure 4 shows the spatial

evolution of calcite concentration in the simulated cement–

rock sample. The rock part of the sample is anhydrite,

containing no calcite at the beginning (0 days). At stages I

(30 days) and II (60 days), calcite penetrates the deeper

parts of the anhydrite rock, but after 200 simulated days, it

moves into the cells where the initial components of the

rock have partially disappeared—the mineral anhydrite has

been dissolved. The concentration of calcite on the ‘‘rock

side’’ of the sample goes up to a maximal value of 3%. In

addition to calcite, trace amounts of silica (which is diluted

from the cement) also intrude the rock.

Despite the fact that intruding calcite and silica are

filling the voids in anhydrite, a significant increase in the

porosity is noted at the cement/caprock interface. On the

cement side of the modelled sample, the porosity is instead

decreasing as a result of calcite precipitation. After a

simulated time of 1 year, the initial porosity of the cement

(28%) is reduced to approximately 15%. On the rock side

of the modelled sample, intense dissolution of anhydrite

takes place. The maximum porosity increase is possible

even up to nearly 30% (Fig. 7). This phenomenon is caused

by severe anhydrite dissolution, which is confirmed by

SEM observations of the cement–anhydrite sample after

200 days of the reaction in the autoclave (Fig. 2).

Cement/shale interface

The main findings of the computer simulation confirm the

SEM observations of the composite cement–shale samples

which were subjected to the autoclave experiment. In

course of the simulation, the initial composition of the

shale is rather stable. The initial pore water in the shale

quickly mixes with the cement pore waters and acidic

Fig. 5 Wellbore cement

evolution as a function of time

in two adjacent layers (the

position is shown in Fig. 6). The

vertical lines show the delay of

Portlandite dissolution

(approximately 3 days) between

the layers
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0 days 

30 days 

60 days 

200 days 

Z\Y 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
8 Z\Y 0,001 0,002 0,003 0,004 0,004 0,005 0,006 0,007 0,009 0,009 0,011 0,011 0,013 0,013 0,015 0,015 0,017 0,018 0,018 0,019

1 -0,001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 -0,002 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0 0 0 0 0 0 0 0 0 0

3 -0,003 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0 0 0 0 0 0 0 0 0 0

4 -0,004 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0 0 0 0 0 0 0 0 0 0

5 -0,004 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0 0 0 0 0 0 0 0 0 0

6 -0,005 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0 0 0 0 0 0 0 0 0 0

7 -0,006 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0 0 0 0 0 0 0 0 0 0

8 -0,007 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0,0252 0 0 0 0 0 0 0 0 0 0
Time 0 Cement Rock

Z\Y 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
8 Z\Y 0,001 0,002 0,003 0,004 0,004 0,005 0,006 0,007 0,009 0,009 0,011 0,011 0,013 0,013 0,015 0,015 0,017 0,018 0,018 0,019

1 -0,001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 -0,002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 -0,003 0,3532 0,3512 0,3476 0,3422 0,3344 0,3237 0,3093 0,2899 0,264 0,2109 0 0 0 0 0 0 0 0 0 0

4 -0,004 0,4431 0,4433 0,4435 0,4439 0,4445 0,4452 0,4461 0,4471 0,4478 0,4498 0,0017 1E-07 2E-08 0 0 0 0 0 0 0

5 -0,004 0,4368 0,437 0,4374 0,4377 0,4381 0,4384 0,4386 0,4387 0,4385 0,4408 0,0051 0,0001 9E-10 0 0 0 0 0 0 0

6 -0,005 0,41 0,4101 0,4101 0,4101 0,4101 0,4103 0,4107 0,4114 0,4131 0,417 0,0007 6E-05 0 0 0 0 0 0 0 0

7 -0,006 0,2873 0,2885 0,2908 0,2943 0,2986 0,3039 0,3101 0,3173 0,3253 0,3329 0,0012 1E-05 0 0 0 0 0 0 0 0

8 -0,007 0,0297 0,03 0,0307 0,032 0,0341 0,0373 0,0418 0,0477 0,0543 0,0604 0,0013 2E-06 0 0 0 0 0 0 0 0
Time 30 Cement Rock

Z\Y 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
8 Z\Y 0,001 0,002 0,003 0,004 0,004 0,005 0,006 0,007 0,009 0,009 0,011 0,011 0,013 0,013 0,015 0,015 0,017 0,018 0,018 0,019

1 -0,001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 -0,002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 -0,003 0,3204 0,3163 0,3085 0,2965 0,2795 0,2563 0,2253 0,184 0,1265 0,0324 0 5E-07 1E-08 0 0 0 0 0 0 0

4 -0,004 0,4775 0,4776 0,4776 0,4778 0,478 0,4784 0,4787 0,4789 0,4784 0,4776 0,0049 1E-06 2E-08 0 0 0 0 0 0 0

5 -0,004 0,4871 0,4872 0,4874 0,4875 0,4875 0,4873 0,487 0,4862 0,4847 0,4853 0,0101 0,0004 1E-08 2E-08 0 0 0 0 0 0

6 -0,005 0,4964 0,4963 0,4961 0,4958 0,4953 0,4947 0,4939 0,4929 0,492 0,4929 0,0012 0,0002 3E-09 0 0 0 0 0 0 0

7 -0,006 0,4933 0,4933 0,4934 0,4934 0,4934 0,4935 0,4936 0,494 0,4948 0,4966 0,0018 2E-05 1E-08 0 0 0 0 0 0 0

8 -0,007 0,3729 0,3739 0,3757 0,3783 0,3816 0,3856 0,3901 0,3947 0,3988 0,4018 0,0016 2E-06 4E-10 0 0 0 0 0 0 0
Time 60 Cement Rock

Z\Y 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
8 Z\Y 0,001 0,002 0,003 0,004 0,004 0,005 0,006 0,007 0,009 0,009 0,011 0,011 0,013 0,013 0,015 0,015 0,017 0,018 0,018 0,019

1 -0,001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 -0,002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3 -0,003 0,234 0,2247 0,2074 0,1809 0,1432 0,0857 0,0069 5E-07 0 0 0 0,0006 0,0004 0,0003 0,0003 0,0002 0,0002 0,0002 0,0002 0,0002

4 -0,004 0,5062 0,5062 0,5061 0,5059 0,5057 0,5049 0,4992 0,4759 0,4412 0,4082 0,024 0,0003 3E-06 1E-07 2E-07 1E-07 2E-07 1E-07 7E-08 6E-08

5 -0,004 0,5202 0,5203 0,5204 0,5204 0,5202 0,5199 0,5194 0,5183 0,5165 0,5174 0,0301 0,0008 9E-07 2E-08 4E-08 1E-08 2E-08 7E-09 1E-08 7E-09

6 -0,005 0,5378 0,5377 0,5373 0,5368 0,536 0,535 0,5337 0,5322 0,5308 0,5311 0,0034 0,0009 5E-06 1E-08 5E-09 4E-08 2E-05 2E-05 3E-05 2E-05

7 -0,006 0,5571 0,5569 0,5564 0,5556 0,5547 0,5535 0,5523 0,5512 0,5507 0,5514 0,0038 0,0002 2E-07 2E-08 5E-09 9E-08 2E-05 1E-05 1E-05 1E-05

8 -0,007 0,4771 0,4774 0,4779 0,4787 0,4797 0,4811 0,4828 0,4847 0,4864 0,4879 0,0028 5E-05 6E-08 1E-08 1E-07 2E-05 2E-05 1E-05 1E-05 1E-05
Time 200 Cement Rock

The cells in which 
evolu�on is presented in 

Fig. 6 Spatial evolution of calcite distribution within cement and rock (anhydrite) parts of the sample
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brine, and after 30 days, the primary pH of 6.4 stabilises at

the level of 5. The first, and very fast, occurring reaction is

calcite dissolution; in 30 days of simulation, calcite nearly

completely disappears. The dissolution front propagates

from the outer cells, which are in contact with acid brine.

After 30 days, the reverse process of calcite precipitation

starts, which propagates from the cement/shale contact

zone, progressing deeper into the rock and upwards

towards the outer part of the sample. In Fig. 8, we can

notice the appearance of calcite at the end of the simulation

(200 days), as this figure presents an X-axis-slice at the

level of Z = -4. The other mineral that is subject to dis-

solution is dolomite, however to a lesser extent. The initial

value of over 6% decreases to 3% in 60 days, 0.8% in

200 days, and nearly completely disappears after 2 years of

modelling. The contents of the other minerals in the shale

mostly remain at the same level (including pyrite, as it was

observed in autoclave experiment).

The alteration of the cement part of the sample is con-

sistent with that taking place in the cement/anhydrite

sample characterised in paragraph 5.2. Any migration of

the shale components to the cement part of the sample was

observed, contrary to the results presented by Carroll et al.

(2011), who report the precipitation of smectite when

cement reacts with shale and CO2.

Discussion

The modelled materials, wellbore cement and rock (either

anhydrite or shale), are very different. Cement evolves very

quickly; the effects are visible in the simulation processes

after an interval of a few days, while in the case of rocks

the evolution is rather slow, extending over a year’s time.

This material diversity generates a problem with simulation

and interpretation.

The most important and well-known phenomenon of

cement degradation is its leaching, characterised by the

rapid dissolution of the portlandite, CSH and C3FH6 pha-

ses. It is caused by the decrease in pH in pore fluid. The

wellbore cement begins to evolve as soon as it is saturated

with pore water of pH close to neutral (Gaucher and Blanc

2006). This saturation occurs if the cement is in contact

with formation rocks of significantly lower pH. In the

model considered, simulations show a stabilisation of the

cement pore water pH after approximately 60–80 days

(depending on the distance of the cell from acid water),

once buffering materials have all dissolved. The dissolution

of portlandite is obviously followed by calcite precipitation

in the cement pore area. We did not observe the secondary

precipitation of any primary cement components, as was

reported by Gherardi and Audigane (2013). Their simula-

tion revealed the secondary precipitation of some phases,

predominantly represented by CSH 1.6 and ettringite,

which is explained by the high pH of the cement pore

waters.

The calcite precipitation in the outer part of the cement

part of the sample leads to clogging of the pore space and

eventually decreases primary porosity. Too much precipi-

tation may actually fracture the cement. Thus, poro-me-

chanical models are required to complete wellbore cement

assessment, in addition to this geochemical analysis. The

alteration of the cement/caprock interface is a complex

problem, caused by the heterogeneity of the materials

(rocks and cement) involved. The performance of this zone

is dependent on a range of parameters connected to the

lithologic type of the rock.

The calcite precipitation present in the inner cells of the

cement may be dependent on the salinity of brine. Being

aware of the high salinity used in the model, simulations

under lower salinity conditions were performed as well.

The lower concentration of salt (10.5 g/l) results in
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insignificantly lower calcite precipitation. However, due to

the sensitivity of the ToughReact saturation model to

salinity, a delayed difference was observed for ongoing

geochemical processes. Though it does not affect the

general results of this paper, this salinity impact could be a

topic for a further benchmark study.

The main product of wellbore cement alteration, calcite,

not only precipitates inside cement but also partially moves

into the rock part of the sample. The higher pH of the

cement waters is a reason for the one-way diffusion of

Ca2? ion into the rock pore space. The OH- ions diffuse

from the cement, causing still higher pH on the cement side

of the sample. It is worth mentioning, however, that the pH

tends to persist at an almost even level in the whole sim-

ulated system and significant differences between brine,

rock and cement were compensated after approximately

80 days of simulated reaction. The pH compensation is

achieved by the high value of the porosity of the cement

Fig. 8 Cement/shale interface

evolution (X-slice on the

Z = -4 level)
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and also by the relatively high porosity of the rocks. Each

simulation requires some simplification of the model. In

present simulations, it is assumed full saturation of pore

space with water, which increases the chemical resistance

of the system. High porosity contributes to the faster fluid

flow, which causes a rapid pH adjustment and buffers the

reactions.

It is worth to underline here that the experiments (and

consequently the modelling) were done with a high fluid/

rock ratio, which may not be the case in real downhole

conditions. One should be aware of the fact that in real

storage sites a free CO2 phase will concentrate below the

reservoir/caprock interface and reactions at the cement–

caprock interface will be triggered predominantly by CO2–

rock–cement interactions, not by interactions with CO2-

saturated brine. The availability of brine may be restricted

to the irreducible pore filling.

The calcite-enriched zone, which was also reported by

Wertz et al. (2013), is very characteristic of the cement/

shale interface. In our study, this phenomenon was con-

firmed by the real-time experiment in the autoclave reactor.

Compaction of highly carbonated shale at the cement/rock

interface is clearly visible; this enlarges both the split

between cement and rock and the porous zone within the

wellbore cement. As a result of the performed modelling,

the reduced porosity of cement is stated after simulated

200 days on the cement/shale interface, whereas Wertz

et al. (2013) found an increase, up to 40%, of cement

porosity near the interface with the shale rock. The other

minerals (including pyrite) of the shale are geochemically

stable over the timescale of the simulation.

In the case of anhydrite, the evolution of the cement/

rock interface is different. However, degradation of the

cement part of the sample proceeds in the same way, the

diffusion of Ca2? ions from cement to rock is deeper. This

causes the porosity decrease in the inner part of the

anhydrite rock, while at the cement/rock interface the

porosity dramatically increases. The reason for this situa-

tion is very intense dissolution of the mineral anhydrite,

which is also documented by the results of autoclave

experiment.

The process of anhydrite dissolution was also reported

by Fischer et al. (2010) for the Stuttgart Formation, the

sandstone reservoir for the pilot storage site at Ketzin,

Germany. In that case, anhydrite was a part to sandstone

cement, and its dissolution causes the weakening of the

rock structure. Minor dissolution of anhydrite was also

reported by Liu et al. (2012) for the Mount Simon sand-

stone in the Midwestern United States. It is conceivable

that gypsum may replace anhydrite at the temperatures of

these experiments (40 and 56 �C, respectively), but no

gypsum was reported in either study (Kaszuba et al. 2013).

In the case of our experiment (both real-time and computer

simulation), there was also no precipitation of gypsum

observed, but rather its dissolution.

The significant discrepancy between the results of the

experiment in the reactor and a computer simulation was

different solubility of ettringite within cement body. This

indicates that the used in simulation exchange surface for

this mineral was still too low, even though it has been

significantly increased (up to 20,000 cm2/g) for the needs

of applied simulations. It should be noted here that the

thermodynamic data for cement phases in general, and

S-bearing materials in particular, at higher temperatures,

are not well identified so far (Blanc et al. 2010, 2012;

Gherardi and Audigane 2013).

Conclusions

Autoclave experiments and simulations were performed for

wellbore cement/shale and cement/anhydrite interfaces.

The cement/shale interface experiment and simulations

both confirmed established results. The cement/anhydrite

study provided novel insights into CO2 sequestration

research.

Geochemical evolution of Portland cement in this sim-

ulation is very fast and dominated by portlandite and CSH

phase dissolution. The precipitating calcite fills the pore

space and eventually decreases primary porosity. If not

completely clogged, reduced porosity may enhance cement

tightness. The mineralogical transformations within the

examined caprocks cause the porosity variations, which is

confirmed by experimental results. The situation may be

different, however, in a real well–rock system, where some

confining pressure counteracts to the increased porosity.

Dissolution of minerals due to fluid–rock interactions may

thus not result in additional porosity, but may lead to

compaction of the cement/caprock interface.

The enhanced reactivity of the cement and caprock was

noted at the cement/rock interface. This zone is prone to

fast mineral dissolution, which contributes to the porosity

increase. This phenomenon is very rapid at simulation

scale. The consequence of increased porosity in the contact

zone is the potential for increased fluid flow in the case of

positive porosity–permeability–diffusion feedback. This

could in turn enhance pH compensation and subsequent

acceleration of the lowering of the reaction rate of geo-

chemical changes.

Calcite and silica, precipitating in cement, intrude the

porous zone of the caprocks which are in contact with

cement. The diffusion takes place only in this direction,

which means that there are no phases intruding from rock

into wellbore cement.

It has been demonstrated that there are important dif-

ferences in the performance of cement/shale and cement/

Environ Earth Sci (2017) 76:443 Page 11 of 13 443
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anhydrite interfaces. The characteristic feature of the

cement/shale contact zone is the occurrence of a highly

carbonated, compacted layer within the shale, which in turn

causes cement/shale detachment. In the case of the cement/

anhydrite interface, the most important reaction influencing

porosity increase is severe anhydrite dissolution. Second-

ary precipitation of calcite takes place in the deeper parts of

the rock, whereas at the cement/anhydrite contact zone

pore space emerges, which is not beneficial in terms of well

integrity.

The numerical model was benchmarked against the

laboratory experiments. Calcite precipitation and the

experimentally observed dissolution of cement components

were confirmed by the model. In the real-time experiment,

however, ettringite dissolved much faster than expected,

which led us to increase its exchange surface in the model.

The reactions occurring in the examined caprocks, as well

as the porosity evolution, were properly predicted by the

simulations. In addition, the model enables tracing cement/

rock interface geochemical alteration for an extended

period (2 years) compared to the real-time experiment.

After 1 year, however, the intensity of mineral and textural

changes decreases significantly.
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