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Highlights

•

Effects of sulfate and magnesium on cement degradation were investigated 

under GCS conditions.

•

First time observation of gypsum formation on cement reacted under relevant 

GCS condition.

•

The formation of gypsum was due to low solution pH and a low liquid-to-solid 

ratio.

•

Gypsum coating on cement surface can protect cement from further CO2 attack.

Abstract

For safer geologic CO2 sequestration (GCS), it is important to understand CO2-brine-

cement interactions, which affect wellbore integrity. However, potential effects of sulfate 

and magnesium ions on cement degradation under GCS conditions are not well 

understood. Here Class H Portland cement were reacted in brines containing 0.05 M 

sulfate and/or magnesium ions under both GCS (50 °C and 100 atm CO2) and control 

(50 °C and atmospheric pressure) conditions. Using optical microscopy and scanning 

electron microscope coupled with energy dispersive spectrometry and electron back 

scattered electron (SEM-EDS/BSE), slower cement carbonation rates were observed in 

the presence of sulfate under GCS conditions, because of gypsum precipitation on 

cement surfaces. Calcite rather than gypsum formed in both the inner layers of cement 

samples reacted under GCS conditions, and on cement surfaces reacted under 

atmospheric pressure conditions. Under GCS conditions, the dissolved CO2 lowered the

pH of the solution surrounding cement surfaces, thus favoring the formation of gypsum 

over calcite on cement surfaces; while the high pH condition in pore solution inside 

cement favors the formation of calcite over gypsum. The presence of magnesium had 
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no significant effect on cement degradation under GCS conditions, as brucite, 

magnesium carbonates and magnesium calcite did not form, due to the low pH at 

cement surface and the limited diffusion of Mg into cement inner layers.
 Previous     article
 Next     article
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1. Introduction

Geologic CO2 sequestration (GCS) is considered as a feasible strategy to reduce 

anthropologic CO2 emissions (IPCC, 2005). For CO2 injection wells, Class H Portland 

cement is often used as sealing materials during well construction and after 

CO2 injection. However, the injected CO2 can dissolve in brine, lowering its pH and 

increasing its dissolved inorganic carbon concentrations. The acidic brine can react with

cement, causing cement degradation and potential CO2 leakage (Carey, 2013, Zhang 

and Bachu, 2011, Carey et al., 2007, Crow et al., 2010, Scherer et al., 2011). Therefore,

for safer and more effective GCS operations, a better understanding of CO2-brine-

cement interactions under relevant GCS conditions is needed.

In recent years, such interactions have been studied under relevant GCS conditions, 

and the effects of fly ash addition (Kutchko et al., 2009) and cement-curing conditions 

(Kutchko et al., 2007, Kutchko et al., 2008) on cement degradation were studied. Such 

interactions were also studied in the scenarios of H2S-cojection (Jacquemet et al., 

2008, Hawthorne et al., 2011, Kutchko et al., 2011, Jacquemet et al., 2012, Zhang et al.,

2013, Zhang et al., 2014) with varied flow/diffusion conditions of formation 

water (Duguid, 2009, Duguid and Scherer, 2010). In these studies, sodium chloridewas 

added in deionized water to represent the salt compositions of formation brines (Carey, 

2013, Zhang and Bachu, 2011). However, in deep saline aquifers at GCS sites, the 

brines usually also contain high concentrations of sulfate and magnesium ions ranging 

over 0.01–0.05 M and 0.02–0.24 M,respectively (De Silva et al., 2015, Keller, 1983). In 

addition, sulfate ions could also form during H2S co-injecting with CO2 (Kutchko et al., 
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2011). The presence of high concentrations of sulfate and magnesium ions in brines 

may affect cement degradation under GCS conditions greatly. For example, a core 

sample from a 19-year-old well prior to CO2injection was reported to have experienced 

sulfate attack, with ettringite formation and elevated porosity (Scherer et al., 2011). 

Therefore, it is important to understand the effects of sulfate and magnesium ions on 

cement degradation under relevant GCS conditions.

Under ambient conditions, cement degradation in the presence of sulfate and 

magnesium ions has been investigated for decades. For sulfate ions, their effects on 

cement degradation have been reported to be related to the coexisting cations (Ca2+, 

Na+, or Mg2+) (Neville, 2004, Pabalan et al., 2009). Specifically, Ca2+ and SO4
2− can react 

with C3A and form ettringite, which will cause expansion and cracking (Neville, 2004). 

Na+ and SO4
2− can react with C H and form gypsum, although the roles of gypsum 

formation on further cement degradation are still controversial. In Tian and Cohen’s 

studies, the formation of gypsum led to cement expansion and accelerated degradation 

(Tian and Cohen, 2000a, Tian and Cohen, 2000b, Santhanam et al., 2003). In some 

other studies, in contrast, no cement expansion was observed (Neville, 

2004, Santhanam et al., 2003). In the presence of Mg2+, brucite could form accelerating 

Ca2+release and gypsum precipitation (Santhanam et al., 2003), which can result in even

more severe cement degradation (Neville, 2004).

These previous studies showed the significant effects of sulfate and magnesium ions on

cement degradation under ambient conditions. However, their effects on cement 

degradation under relevant GCS conditions (i.e., under high temperature and high 

CO2 pressure in brines with high salinity) are not well understood. To our knowledge, 

only recently, Li et al., 2015a, Li et al., 2015b reported the effects of sulfate ions on 

newly hardened cement under 95 °C and ∼100 atm CO2 condition. In their study, Li et 

al., 2015a, Li et al., 2015b proposed that the presence of sulfate could protect cement 

from CO2 attack through sulfate adsorption and/or coating of gypsum on calcite (CaCO3)

grains in carbonated layer. However, gypsum was not directly detected in their 

experiments. Therefore, the question remains whether gypsum could form in the 

presence of sulfate under GCS conditions, a process which could have important 

implications for the assessment of cement integrity. Moreover, the effects of Mg2+ on 

cement degradation under GCS conditions were not reported.

This study aimed to understand the effects of sulfate and magnesium ions on cement 

degradation under relevant GCS conditions. Class H Portland cement was reacted in 

brines with/without SO4
2− and/or Mg2+. After reaction, the layered structures as well as the

chemical and mineralogical compositions of reacted cement samples were analyzed 
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by scanning electron microscopy (SEM) coupled with energy 

dispersive spectrometry (EDS) and back scattered electron (BSE) and X-ray diffraction 

(XRD). Gypsum and calcite were detected on the surface layer and inner layers of 

cement samples reacted in SO4
2−-containing brines, respectively. The controlling 

mechanisms for gypsum and calcite formation at GCS conditions were elucidated. 

Different carbonation depths of reacted cements in brines with/without SO4
2−and/or 

Mg2+ were also measured, and these were used to determine cement degradation rates.

2. Materials and methods

2.1. Synthetic brine preparation

To study the effects of aqueous Mg2+ and SO4
2− ions on cement degradation under GCS 

conditions, four synthetic brines were prepared: A: NaCl; B: NaCl + MgCl2; C: 

NaCl + Na2SO4; and D: NaCl + MgSO4 (Table 1). For all solutions, the ionic strength 

(IS = 0.65–0.67 M, Table 1) and initial pH values (3.00–3.21, Table 1) at 50 °C under 

100 atm were similar, as calculated using Geochemist’s Workbench (GWB student, 

Release 11, RockWare, Inc.). The details of solution calculations under relevant GCS 

conditions can be found in our previous publications (Hu et al., 2011, Garcia et al., 

2012, Hu and Jun, 2012, Hu et al., 2013).

Table 1. Synthetic brine compositions for cement degradation experiments.

Solutions
Na+

(mM)
Cl−

(mM)
Mg2+

(mM)
SO4

2−

(mM)

Ionic 
Strengtha(I
S, M)

pH
a

A (NaCl) 625 625 0 0 0.67
3.0
2

B (NaCl + Mg2+) 490 590 50 0 0.65
3.0
0

C (NaCl + SO4
2−) 610 510 0 50 0.65

3.2
1

D 
(NaCl+Mg2+ + SO
4
2−)

500 500 50 50 0.65
3.1
8

Note:

a

Ionic strength and pH values are calculated using GWB under 100 atm CO2 at 50 °C.

2.2. Cement casting, curing and degradation

Class H Portland cement offered by Leigh Company (Houston, TX) was used to prepare

cement slurry samples with a water-to-cement (w/c) ratio of 0.38, according to 
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American Petroleum Institute (API) recommended practice (API, 2005). The slurry was 

cast in cylinder molds with dimensions of 0.5 cm (d) × 2.0 cm (h), and cured at 50 °C 

under 100 atm N2 pressure, representing reservoir conditions before CO2 injection. After 

the first 3 days of curing, the hardened cement samples were demolded, submerged in 

different synthetic brines (solutions A, B, C, or D in Table 1), and continuously cured at 

50 °C under 100 atm N2 for another 25 days, to achieve further chemical and structural 

development. Curing experiments were conducted in a high-pressure reactor (Parr 

Instrument Company, IL) connected to a high-pressure syringe pump (Teledyne ISCO, 

Lincoln, NE). Temperature and pressure inside the reactor were controlled with the 

accuracy of ±1 °C and ±1 atm. Details of the high temperature and high pressure setup 

(high P/T) can be found in our previous publications (Hu et al., 2011, Garcia et al., 

2012, Hu and Jun, 2012, Hu et al., 2013).

After curing for a total of 28 days, the cement samples were transferred to 

clean polypropylene (PP) tube, and submerged in freshly prepared synthetic brines (A, 

B, C, or D in Table 1), with the same salt compositions as the curing experiments and a 

liquid-to-solid volume ratio of 10:1. Then, the tubes were placed in the high P/T setup at 

50 °C under 100 atm of CO2, and cement degradation under this relevant GCS 

conditions were conducted for 3, 7, 14, or 28 days.

To understand the effects of CO2 injection on cement degradation, cement curing and 

degradation experiments were also conducted in synthetic brines following the same 

procedures at 50 °C, but under atmospheric pressure (1 atm air).

2.3. Characterization of reacted brines and cement samples

After cement degradation for 3, 7, 14, or 28 days, CO2 was slowly released from the 

reactor, and the reacted cement samples were taken out. The reacted brines were 

filtered (0.22 μm Nylon) and acidified by 2% nitric acid and the dissolved Ca 

concentrations were measured by atomic absorption spectrometer (AAS, AAnalyst 200, 

PerkinElmer). Based on the measured Ca concentration and the aqueous sulfate and 

carbonate concentrations, the solutions’ saturation indices (SI) with respect 

to calcite and gypsumwere calculated using Geochemist’s Workbench (GWB student, 

Release 11, RockWare, Inc.).

In previous studies of cement degradation under relevant GCS conditions, layered 

structures were observed to have formed in the reacted cement samples (Kutchko et 

al., 2007, Kutchko et al., 2008, Kutchko et al., 2009, Duguid, 2009, Duguid and Scherer,

2010, Jacquemet et al., 2012, Carey, 2013, Li et al., 2015a, Li et al., 2015b). To identify 

the layered structures, reacted cement samples were rinsed by ultrapure water, dried in 
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air, cut into small cylinders by diamond saw and polished with sandpapers. Then, both 

optical microscopy(Optem, Qioptiq) and scanning electron microscopy (SEM, Zeiss 

Merlin Compact) were utilized to observe the layered structures of the reacted cement 

samples. The elemental compositions and structures of reacted cement samples were 

characterized by SEM coupled with EDS and BSE. To identify the mineral compositions 

of reacted cement samples, under optical microscope, powder samples were scratched 

off from the reacted cement samples layer-by-layer with a blade until it reached the 

unreacted cement core. Then, the collected powder samples were grounded by mortar 

and pestles and then analyzed by X-ray diffraction (XRD, Miniflex 600, Rigaku). For 

control experiments conducted at 50 °C under 1 atm air, the outer layers of reacted 

cement samples were too thin to collect enough powders for XRD analyses. Therefore, 

solid precipitates in the reacted solution were collected instead, and were air dried for 

XRD measurements.

3. Results and discussion

3.1. Identification of layer structures of reacted cement samples

Cement samples reacted under relevant GCS condition (50 °C and 100 atm of CO2) 

and atmospheric pressurecondition (50 °C and 1 atm of air) were examined using 

optical microscopy. For cement samples reacted in different brine solutions (Table 1) 

under atmospheric pressure, only a thin white layer was observed outside the cement 

rim (Fig. S1 in Supporting information), indicating slow cement degradation under these 

conditions. For all cement samples reacted under relevant GCS conditions in different 

brine solutions (Table 1), a four-layer structure was observed by both optical microscopy

and SEM. Based on SEM-BSE observations together with EDS elemental mapping and 

XRD analysis, four layers were identified from rim to core as: (1) Layer I: white 

precipitation layer; (2) Layer II: yellow leached layer; (3) Layer III: black carbonated 

layer; and (4) Layer IV: grey unreacted cement core.

Samples reacted in the presence of sulfate with or without magnesium (Table 1, solution

C: NaCl + Na2SO4; D: NaCl + MgSO4) showed similar layered structures, and the 

layered structures after reaction in solution C were shown in Fig. 1, Fig. 2. Based on 

optical microscopy, the reacted cement samples were covered by a white layer (Layer I 

in Fig. 1). SEM-BSE images (Fig. 2) showed that the structures of Layer I were quite 

different from those of unreacted cement core (Layer IV), and large crystals between 

∼50–100 μm were observed in Layer I. EDS measurements of these crystals showed 

that their principal elements were Ca, O, and S (Fig. S2 in Supporting information). 

Elemental mapping of the entire Layer I (Fig. 3) showed that Si was rarely detected 
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anywhere, while enrichment of Ca and S correlated well with the large crystals, 

indicating that Layer I was primarily composed of calcium sulfate precipitates (Fig. 3). 

The white precipitates were easily scratched from the reacted cement surfaces, and 

XRD (Fig. 4) analysis confirmed that the principal mineral phase in Layer I 

was gypsum (CaSO4·2H2O).
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2. Download full-size image

Fig. 1. Optical microscopy images showing layered structures of cement samples 
reacted in the presence of sulfate (Solution C in Table 1) under relevant GCS conditions:
I: White precipitation layer, II: Yellow leached layer, III: Black carbonated layer, IV: Grey 
unreacted cement core. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
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Fig. 2. SEM (a)-BSE (b) images showing layered structures of cement reacted in the 
presence of sulfate (Table 1, solution C: NaCl + Na2SO4) under relevant GCS conditions 
(50 °C and 100 atm of CO2): I: precipitation layer; II: leached layer; III: carbonated layer; 
and IV: unreacted cement core.
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Fig. 3. SEM-EDS mapping showing layered structures of cement reacted in the 
presence of sulfate (Table 1, solution C: NaCl + Na2SO4) under relevant GCS conditions 
(50 °C and 100 atm of CO2): I: precipitation layer; II: leached layer; III: carbonated layer; 
and IV: unreacted cement core.

1. Download high-res image     (436KB)

2. Download full-size image

https://ars.els-cdn.com/content/image/1-s2.0-S1750583616309148-gr4.jpg
https://ars.els-cdn.com/content/image/1-s2.0-S1750583616309148-gr4_lrg.jpg
https://www.sciencedirect.com/science/article/pii/S1750583616309148?via%3Dihub#tbl0005
https://ars.els-cdn.com/content/image/1-s2.0-S1750583616309148-gr3.jpg


Fig. 4. XRD analysis of Layer I (white precipitation layer) on surfaces of cement 
samples reacted in different brine solutions (Table 1, solution A–D) under relevant GCS 
conditions (50 °C and 100 atm of CO2). Calcite (C) and gypsum (G) were the main 
mineral phase for cement samples reacted in the absence (solutions A and B) and 
presence (solutions C and D) of sulfate.

The yellow layer II (Fig. 1, Fig. 2) was identified as the leached region reported 

by Kutchko et al., 2007, Kutchko et al., 2008, Kutchko et al., 2009, Li et al., 2015a, Li et 

al., 2015b based on its Ca depletion and Si enrichment determined by EDS mapping 

(Fig. 3). The main reaction in the leached region was the dissolution 

of calcite by carbonic acid:

(1)CaCO3+H2CO3→Ca2++2HCO3−

This reaction was reported to result in a higher porosity and roughness as compared to 

the unreacted cement, which was observed here (Fig. 2). The yellow Layer II and the 

black Layer III were much denser than the white precipitation Layer I, and required more

force to scratch powder off from these two layers. Also, Layer III was thin, making it 

difficult to well control the layer-by-layer scratching, therefore, powders were collected 

from these two layers together and were used for XRD analysis. Interestingly, calcite 

rather than gypsum was detected in Layer II and/or III as the principal mineral phase 

(Fig. 5), and small amounts of aragonite were detected in Layer II and/or III as well. 

Recently Li et al. (2015b) also observed a yellow layer and proposed that the color may 

correlate with Fe (III) absorption or Fe(III)-containing mineral precipitation. In Li et al.’s 

(2015b) and our current study, no crystallized Fe (III) (hydr)oxides were detected by 

XRD (Fig. 5), indicating that the Fe(III) species may not be well-crystallized or too 

sparse to be detected (Dai and Hu, 2015, Dai et al., 2016).
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Fig. 5. XRD analysis of powders scratched from Layer II (leached layer) and Layer III 
(carbonated layer) of cement samples reacted in different brine solutions (Table 1, 
solution A-D) under relevant GCS conditions (50 °C and 100 atm of CO2). For cement 
samples reacted in all solutions, calcite (C) and small amounts of aragonite(A) were 
detected, and no gypsum (G) was detected.
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The black Layer III (Fig. 1, Fig. 2) was identified as the carbonated region based on its 

low Si and high Ca composition (Fig. 3) and its lower porosity (Fig. 2) than the leached 

Layer II. With higher pH than Layer II, bicarbonateand/or carbonate was the dominant 

carbon species in Layer III as compared to carbonic acid. Therefore, the principal 

reaction in layer III was calcite precipitation as described by Eq. (2).

(2)Ca2++OH−+HCO3−→CaCO3+H2O

For cement samples reacted in solution without sulfate (Table 1, solutions A and B) 

under relevant GCS condition, a similar four-layer structure was also observed (Fig. S4 

in Supporting information). Based on both XRD (Fig. 4) and SEM-EDS (Fig. S2 in 

Supporting information) measurements, the precipitation Layer I was mainly composed 

of calcite, and calcite and small amounts of aragonite were detected in Layer II and/or 

III.

In summary, for all cement samples reacted under relevant GCS conditions, a four-layer

structure was observed. Surface Layer I was consisted of gypsum precipitates where 

sulfate was present in the solution (solution C and D) and of calcite precipitates where 

sulfate was absent (solution A and B). In contrast, in the inner Layers II and III, calcite 

was detected as the main mineral phase after reaction in all solutions (A–D) with or 

without sulfate presence. The mechanisms for calcite and gypsum formation are 

discussed in the following Section 3.2.

3.2. Effects of pH on gypsum and calcite formation during cement degradation

As discussed in Section 3.1, under relevant GCS condition, in the absence of sulfate, 

calcite was the principal mineral phase in the surface precipitation layer (Figs. 2, S2 and

S4 in Supporting information). Using Geochemist’s Workbench (GWB), the saturation 

index (SI = Log({Ca2+}{CO3
2−}/Ksp), Ksp = 10−8.88 at 50 °C) for calcite under 100 atm 

CO2 pressure in solution A was calculated to be −2.13. Although the bulk solution was 

undersaturated with respect to calcite, with Ca2+ supply from the leached Layer II 

(Eq. (1)), Ca2+ ion concentrations in the local solution around Layer I were likely to be 

higher than in the bulk solution (Hu et al., 2011). As a result, calcite could precipitate in 

Layer I. It is also possible that calcite precipitation occurred when CO2was released from

the reactor, which would have resulted in a higher solution pH favoring calcite 

precipitation.

In the presence of sulfate, in the surface precipitation layer I (Figs. 2–4 and S2 in 

Supporting information), gypsum was the main mineral phase and no calcite was 

detected. Using GWB, the saturation indices (SIs) of bulk solution C with respect to 

gypsum (Ksp = 10−4.52 at 50 °C) and calcite were calculated to be −0.68 and −2.17, 
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respectively. Although the bulk solution was undersaturated with respect to both mineral 

phases, the local concentration of Ca2+ surrounding the surface of cement was likely to 

have been higher than that in bulk solution (Hu et al., 2011), with local Ca2+ supply from 

Layer II (Eq. (1)). As the bulk solution was much closer to saturation with respect to 

gypsum (SI = −0.68) than calcite (SI = −2.17), the local solution around Layer I would 

have reached supersaturation with respect to gypsum while the solution was still 

undersaturated with respect to calcite. Therefore, gypsum precipitation was favored 

over calcite on cement surface Layer I. As the solubility of gypsum is not affected by 

either solution pH or aqueous inorganic carbonate concentration, gypsum precipitation 

was likely to have occurred during cement degradation under high P/T conditions rather 

than during CO2 release at the end of the degradation experiments.

It is interesting to note that, for cement samples reacted in the presence of sulfate, 

calcite rather than gypsum was detected in the inner Layers II and III (Fig. 5). We 

hypothesize that this was caused by the concentration gradient of proton from bulk 

solution to the inner layers, i.e., the low pH in solutions near the cement surface favored

gypsum formation, while the higher pH in pore solutions within the inner layers of 

cement favored calcite formation. As shown in Fig. 6: at cement surfaces, with low 

solution pH of 4.04 (calculated by GWB), the dominant carbon species was carbonic 

acid and the activity of carbonate ions ({CO3
2−} = 10−8.16 M) was much lower than that of 

sulfate ions ({SO4
2−} = 10−2.29 M). Therefore, gypsum formation (SI = −0.68) is favored 

over calcite (SI = −2.17) at cement surface Layer I. In the inner Layers II and III, solution

pH in the inner pores would be much higher, reported as around 10–13 (Kutchko et al., 

2007, Duguid and Scherer, 2010) under ambient conditions. Under GCS conditions, the 

diffusion of proton into inner layers might be limited, resulting in higher pH in inner pore 

solutions. At higher pH values, the activity of carbonate ions in the inner pore solutions 

({CO3
2−} = 10−3.07 M at pH = 10.00) could be much higher than in the solution near cement 

surfaces ({CO3
2−} = 10−8.16 M at pH = 4.04), and the pore solutions were supersaturated 

with respect to calcite (SI = 2.81 at pH = 10). Therefore, calcite formation is favored over

gypsum (SI = −0.79) in the inner layers of reacted cement samples.
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Fig. 6. Schematic picture of the effects of CO2 injection and sulfate ions 
on gypsum and calcite formation on cement surfaces and the inner layers. Top images: 
under 50 °C and 1 atm air in the presence (top left) and absence (top right) of sulfate, 
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calcite formed on cement surfaces in both solutions with high pH values. Bottom left 
image: under 50 °C and 100 atm in the presence of sulfate, gypsum formed in white 
precipitation layer I and calcite formed in the inner Layers II and III; Bottom right image: 
under 50 °C and 100 atm CO2 in the absence of sulfate, calcite formed in both white 
precipitation Layer I and the inner Layers II and III. Activities for CO3

2− ({CO3
2−}) and 

SO4
2− ({SO4

2−}) in the bulk solution, and the bulk solutions’ saturation indices (SI) with 
respect to calcite and gypsum were calculated by GWB.

If our hypothesis is correct, then for our control experiments conducted under 

atmospheric pressure conditions (1 atm air, 50 °C) in the presence of sulfate with a high

bulk solution pH value ∼9.21, the high activity of CO3
2− ({CO3

2−} = 10−3.30 M) should result 

in calcite (SI = 2.62) formation on the cement surfaces rather than gypsum (SI = −0.75) 

(Fig. 6). Since the precipitation layer on the reacted cement surface was too thin to 

collect enough powder for XRD analysis, the particles formed in solution after cement 

degradation were analyzed by XRD. As shown in Fig. 7, calcite, aragonite, 

and halitewere detected by XRD while gypsum was not detected, which validated our 

hypothesis.
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Fig. 7. XRD analysis of precipitates in solution after cement degradation 
under atmospheric pressure (50 °C, 1 atm air) in synthetic brines (Table 1, solution A–
D).

The effects of solution pH on gypsum and calcite formation during cement degradation 

have been reported previously under atmospheric conditions. Liu et al. 

(2015) investigated cement degradation at different pH values from 7 to 13 in sulfate 

solutions, and lower pH was found to favor gypsum formation. Bellmann et al. 

(2006) also investigated cement degradation and gypsum formation under variable pH 

conditions and found that at higher pH conditions, the minimum sulfate concentration 

needed for gypsum formation was higher. This is presumably due to the lower Ca 

concentrations in the pore space due to favored calcite precipitation under high pH 

conditions.

3.3. Slower cement degradation in the presence of sulfate

The depth of the carbonated layer has usually been used to evaluate cement 

degradation rate (Kutchko et al., 2007, Carey, 2013). Here the carbonation depths of 

cement samples reacted under 50 °C and 100 atm in different solutions (Table 1, 

solution A-D) were characterized by optical microscopy, and the carbonation front was 

identified as the interface between the black carbonated Layer III and the grey 

unreacted cement core (Fig. 1c). As shown in Fig. 8, in the presence of sulfate (solution 

C and D), the carbonation rates were slower than in the absence of sulfate (solution A 

and B). Similar trends were reported by Li et al. (2015b), where no gypsum was directly 

detected in their study, it was proposed that the coating of gypsum on calcite surface 

passivated the calcite crystals under acidic conditions (Huminicki and Rimstidt, 

2008, Soler et al., 2008, Wilkins et al., 2001). In our study, based on XRD and SEM 

coupled with EDS/BSE, gypsum was detected for the first time on cement surfaces 

reacted under relevant GCS conditions in the presence of sulfate, while calcite formed 

in the absence of sulfate. Compared with calcite, the gypsum precipitates as coatings 

on cement might have prevented further brine and CO2 attack on the cement, leading to 

the observed decreased cement degradation rates. In Li et al. (2015b)’sstudy, gypsum 

was not detected presumably due to the higher liquid to cement ratio (16:1) used there 

as compared with this study (10:1). The lower liquid-to-cement ratio used in this study 

may have resulted in a higher local Ca2+concentration near cement surface, forming 

significant amounts of gypsum.
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Fig. 8. Carbonation depths of cement samples after different reaction periods (3, 7, 14, 
or 28 days) under GCS conditions (50 °C and 100 atm) in synthetic brines (Table 1, 
solution A–D).
3.4. Effects of Mg2+ on cement degradation under GCS conditions

Under ambient conditions, it was reported that cement attack by Mg2+ and SO4
2− could 

result in brucite (Mg(OH)2) and gypsum formation on cement surfaces (Bonen and 

Cohen, 1992). As Mg(OH)2 has a much lower solubility than Ca(OH)2, in Mg2+-containing 

solutions at neutral or basic pH conditions, brucite precipitation can occur, thus lowering

the solution pH. This could promote Ca(OH)2 dissolution and gypsum precipitation in the

presence of SO4
2−(Rasheeduzzafar et al., 1994). In the present study, under ambient 

pressure conditions, brucite was detected as precipitates in the brines in the presence 

of Mg2+ (Fig. 7). In contrast, under relevant GCS condition, no brucite was detected in 

layers I–III by XRD analysis (Fig. 4, Fig. 5). Because under GCS conditions, the pH in 

the brine solution near cement surface was ∼4, thus the solution was undersaturated 

with respect to brucite and magnesium carbonate minerals (GWB calculations in Table 

S1 in Supporting information). Thus, no brucite or magnesium carbonate minerals were 

detected in layer I (Fig. 4). In the inner layers II and III, as discussed earlier in 

Section 3.2, the pore solution had a much higher pH, due to the limited diffusion of 

proton into inner pores. If we assume Mg concentration in inner pores was the same as 
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in bulk solution, the pore solution would have been supersaturated with respect to 

brucite and magnesium carbonate minerals (GWB calculations in Table S1 in 

Supporting information). However, no brucite or magnesium carbonate was detected in 

inner layers II and III (Fig. 5), indicating limited diffusion of Mg ions into inner layer pores

and much lower Mg concentrations in cement inner layers than in bulk solution.

The potential formation of magnesium calcite was also considered. With Mg 

incorporation, the XRD peaks of calcite can shift due to the reduction of unit cell 

dimensions (Falini et al., 1998, Kralj et al., 2004). According to MINCRYST (Chichagov, 

1990), with 6 mol%, 10 mol% and 13 mol% of Mg incorporation, the strongest diffraction

peak of calcite shifted from 29.27° to 29.554°, 29.733°, and 29.761°, respectively (Fig. 

S5 in Supporting information). Here the XRD peaks of calcite formed in the presence 

and absence of aqueous Mg showed no discernable differences (Fig. S5 in Supporting 

information), indicating little magnesium incorporation in calcite. A higher aqueous 

Mg/Ca ratio was reported to promote Mg incorporation into calcite (Kralj et al., 2004). At 

25 °C, Mg was observed to incorporate into calcite with aqueous Mg/Ca ratios of 1:1 

and 2:1, while no Mg incorporation was observed with a ratio of 0.5:1. In the present 

study, the Mg/Ca ratio in bulk solution was 5:1. However, the local Ca concentration in 

layers I–III could be much higher than in the bulk, considering the local Ca ion supply 

from leached layer II and the limited diffusion of Mg into inner layers. Therefore, the 

local aqueous Mg/Ca ratios in layers I–III could be much lower than in the bulk solution, 

resulting in little Mg incorporation during calcite precipitation. The absence of brucite, 

magnesium carbonate, and magnesium calcite formation could presumably explain why

Mg2+ had no significant effect on cement degradation under GCS conditions (Fig. 8).

4. Conclusions and implications

The effects of sulfate and magnesium ions on CO2-brine-cement interactions were 

investigated in this study under relevant GCS conditions, at 50 °C under 100 atm CO2. 

SEM-EDS/BSE and XRD measurements showed that gypsumformed on the surface of 

the reacted cement samples in the presence of sulfate, due to the presence of high 

sulfate concentration, a low liquid-to-solid ratio and low solution pH resulting from 

CO2 dissolution. In the inner layers of reacted cement samples where higher pH in 

the pore solution was expected, calcite instead of gypsum formed. For cement reacted 

under atmospheric pressure conditions with high solution pH, calcite rather than 

gypsum precipitated. Based on these observations, the effects of solution pH on 

carbonate ion activities were shown to control whether gypsum or calcite was the 

primary precipitate. Furthermore, the gypsum coatings on reacted cement was found to 
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prevent further CO2 and brine attack on cement, resulting in a slower carbonation in the 

presence of sulfate. In contrast, magnesium did not show a significant effect on cement 

degradation under GCS conditions, as brucite, magnesium carbonates, and magnesium

calcite did not form due to the low solution pH on cement surfaces and limited Mg ion 

diffusion into cement inner layers.

This study provided valuable insights into cement degradation under GCS conditions in 

brines with different compositions, which can be valuable for the site selectionsand GCS

operations. Cement expansion and cracking by mineral formation requires mineral 

precipitation occurring inside cement (Santhanam et al., 2003). Based on current study 

conducted under GCS conditions, gypsum formed only on the surface of the reacted 

cement samples, instead of in the inner layers of cement, indicating that it may not 

cause cement expansion and cracking. Instead, the formation of gypsum on cement 

surface helped to prevent further CO2 and brine attack, and resulted in slower cement 

degradation, which is quite different from sulfate attack under ambient conditions. 

However, experiments of longer time durations are needed to quantify the long-term 

reactions, which can be an important future direction.
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