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Rua Marquês de São Vicente 225, 22451-900, Rio de Janeiro, Brazil

e-mail: fsilva@puc-rio.br, www.puc-rio.br

Key words: Class G cement, Oil well cementing, Brine and CO2 exposure, Mechanical properties,
Triaxial testing

Abstract. Cementing is one of the most critical stages in oil well construction, as it ensures the proper
fixation of the casing and prevents fluid migration through permeable zones. Class G cement, used
in this process, is subjected to harsh conditions, particularly at great depths, where both temperatures
and pressures are elevated. Exposure to brine and CO2 under extreme conditions can compromise the
durability of the cement and the well’s integrity by altering its physical, chemical, and mechanical
properties. Given the significance of these factors, it is essential to investigate their influence on the
cement sheath. This study exposed Class G cement samples for three months in autoclaves under high
pressure (20 MPa) and temperature (88 ◦C) in environments saturated with brine and brine with CO2.
Uniaxial and triaxial compression tests, porosity analysis, X-ray diffraction, and pH measurements
were conducted. The results showed that confining pressure significantly impacted samples exposed
to brine+CO2, leading to plastic deformations at pressures above 20 MPa, even before the application
of deviatoric stresses. Exposure to brine+CO2 reduced compressive strength by 45% compared to
the reference samples, likely due to micro defects forming during curing and chemical reactions with
acidic gases. To determine whether the contribution of micro defect formation caused by the loading
and unloading during the curing procedure was more significant than the chemical reactions, samples
cured under the same pressure and temperature conditions but exposed only to brine were tested. The
results showed that the reduction in strength and alterations in the material’s elastic properties were
more closely related to the adopted curing procedure than to the chemical reactions resulting from the
acidic environment.

1 INTRODUCTION

Primary cementing in oil well construction is
a fundamental operation following the drilling

phase. After positioning the steel casing in the
wellbore, a cement slurry is injected into the
annular space between casings or between the
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casing and surrounding rock formation. This
slurry solidifies over time, forming a cement
sheath that plays a crucial role in ensuring well
integrity. The cement sheath serves multiple
essential functions, including zonal isolation,
casing corrosion protection, and providing me-
chanical support [1]. The primary goal of this
barrier material is to withstand in-situ stresses,
temperature gradients, and chemical exposure,
maintaining structural integrity to effectively
seal off potential leakage pathways [2]. Failure
to maintain cement sheath integrity may lead
to issues such as annular pressure buildup, gas
migration to shallow formations or the surface,
and, in severe cases, blowouts with significant
infrastructure damage [3].

Researchers have extensively studied cement
slurry performance under in-situ conditions to
identify factors influencing barrier efficacy. In
cases where the cement encounters acidic gases
like H2S and CO2, durability concerns emerge.
Such exposure may induce mechanical weak-
ening, alter hydration products, and increase
porosity and permeability [4, 5]. Given the in-
creasing emphasis on CCUS (Carbon Capture,
Utilization, and Storage) research, investigating
how cement responds to degradation by acidic
gases has gained notable importance [4, 6–8].

Most research on chemical interactions
among CO2, brine, and well barrier materi-
als has centered on Portland cement due to
their common use in well construction and
abandonment operations and their high reac-
tivity in CO2-rich environments [9–11]. Pre-
vious studies have shown rapid reactions be-
tween calcium-containing cement phases, no-
tably portlandite, and CO2-saturated brine, with
the diffusion of reactants and products con-
straining hydration alterations [12]. This leads
to distinct reaction fronts in the cement, result-
ing in various zones, including unaltered ce-
ment, a portlandite-depleted zone, a calcium
carbonate zone, and a residual amorphous sil-
ica zone [13, 14].

When CO2 is introduced, it reduces the pH
and dissolves phases such as portlandite (CH),
calcium silicate hydrate (C-S-H), and other mi-

nor phases, significantly affecting the cement’s
chemical stability [13, 15]. The dissolution of
portlandite, typically faster than that of C-S-
H, results in a portlandite-depleted zone that
precipitates calcium carbonate, filling smaller
pores and decreasing overall porosity, poten-
tially clogging the pore space [16]. Conversely,
carbonation processes may reduce pore connec-
tivity, although cases of pore network expansion
are observed due to silica gel formation from C-
S-H decomposition [17].

Mechanical stresses within a well are also
pivotal in determining leakage risks, as they in-
fluence dynamic flow within fractures [1]. In
acid gas leakage, interactions among cement,
steel, rock, and CO2-laden brine may alter frac-
ture properties, leading to fracture closure and
reduced permeability due to chemical changes
[14]. Thus, a holistic evaluation integrating me-
chanical and chemical behavior is essential for
understanding well integrity under coupled geo-
chemical and geomechanical conditions.

This study systematically investigates class
G cement cured under high-pressure and high-
temperature conditions, focusing on its re-
sponse to CO2 exposure. The experimental pro-
gram is structured into three phases: an ini-
tial characterization (including porosimetry and
brine pH analysis), a mechanical assessment
(with uniaxial and triaxial compression tests),
and a chemical evaluation (using X-ray diffrac-
tion).

2 EXPERIMENTAL PROGRAM

2.1 Materials and mixing

In this study, a cement paste mix was formu-
lated using Class G oil well cement to achieve
a target compressive strength of 50 MPa after
28 days. This mix was stabilized with specific
additives for fluid loss control and to mitigate
the surfactant effects of the primary fluid loss
additive. Details on the additive types were pre-
viously discussed in studies by [18, 19] and the
mixing proportion is summarized in Table 1.
The Class G cement used has a Blaine fineness
of 2738 cm²/g and a density of 3.19 g/cm³.
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Table 1: Class G cement paste mix composi-
tion. In the table, bwoc represents the propor-
tion of additives based on the weight of cement,
and w/c represents the ratio of water to cement
in the mix.

Materials Manufacturer Proportion

Class G cement Lafarge Holcim -
Deionized water - 0.44 w/c

Fluid loss Kuraray 0.4% bwoc
Deforamer BASF 0.1% bwoc

The mixing process adhered to API 10A
[20] and API 10B [21] standards, with a water-
to-cement ratio of 0.44, and involved quality
checks on parameters such as free water con-
tent, thickening time, and early compressive
strength, as outlined in [8]. Mixing was per-
formed using a Chandler model 3260 mixer
with the following protocol: (a) adding wa-
ter and liquid additives to the vessel, (b) pre-
blending cement and powdered additives, (c)
incrementally adding the dry mixture at 4000
RPM for 15 seconds, and (d) mixing at 12,000
RPM for an additional 35 seconds.

Test specimens were prepared in cylindrical
molds with dimensions of 50 mm diameter ×
100 mm height for mechanical tests, and 25.4
mm diameter × 50 mm height for porosimetry
measurements. Specimens were cured in wa-
ter for 14 days to minimize shrinkage-induced
cracking and ensure optimal mechanical test
results, given that the mix typically achieved
over 80% of its strength by this time, as per
[18]. On the fourteenth day, specimens for brine
and brine+CO2 exposure underwent porosime-
try analysis.

For the long-term aging assessment, speci-
mens brine-exposed and brine+ CO2-exposed
were conditioned in a curing chamber under a
pressure of 20 MPa and a temperature of 88
◦C for three months. This procedure aimed
to simulate the conditions of an oil well at a
depth of 3000 m, following protocols adapted
from [22–24]. The saline solution was pre-

pared according to ASTM D1141-98 to repli-
cate seawater and introduced into the autoclave
at an approximate brine-to-sample volume ra-
tio of 0.8, considering the autoclave’s total ca-
pacity of 10 liters. For the specimens brine-
exposed, the autoclave was sealed after being
filled with the brine solution, and the target
temperature and pressure conditions were ap-
plied. In contrast, for specimens subjected to
brine+ CO2 exposure, the brine was first satu-
rated with 100% gaseous CO2 after sealing the
autoclave. The initial sample molding was con-
ducted at the Pontifical Catholic University of
Rio de Janeiro, while the degradation tests in
the autoclave were carried out at the National
Institute of Technology (INT – Rio de Janeiro),
as detailed in [8].

After long-term aging, 25.4 × 50 mm sam-
ples were analyzed via gas expansion porosime-
try at PUC-Rio to assess degradation im-
pacts. Chemical analyses of the brine solution
were also conducted. The experimental pro-
tocol involved characterizing reference, brine-
exposed, and brine-CO2-exposed cement pastes
using porosimetry, X-ray diffraction, uncon-
fined compressive strength tests, and confined
compression tests at varying confining pres-
sures.

2.2 Porosity measurements
The porosity analysis involved helium ex-

pansion techniques to determine grain and pore
volumes within the samples. Measurements
were conducted with a Corelab Ultrapore 300
helium expansion porosimeter, using three sam-
ples per cement paste type: reference, brine-
exposed, and brine+CO2-exposed. Each sam-
ple had a 25.4 mm diameter and 50 mm height,
tailored for this study. To reduce moisture inter-
ference, samples were dried in a desiccator at a
vacuum pressure of 760 torr for 24 hours. This
approach aligns with prior methodology valida-
tion [8, 18].

2.3 Brine pH measurements
A brine solution was formulated at the Na-

tional Institute of Technology (INT – Brazil)
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following the composition specified in Table 2.
This solution was then stored in a PVC cylin-
drical container. Once transferred to the auto-
clave, the pH of the solution was measured us-
ing a Digimed model DM-22 pH meter, which
had been calibrated and certified by INMETRO,
Brazil’s regulatory authority.

Table 2: Brine solution composition.

Compound
Value Concentration

g g/L
MgCl2.6H2O 3889.0 555.6

CaCl2(anhydrous) 405.6 57.9
SrCl2.6H2O 14.8 2.1

2.4 Mechanical tests
The mechanical testing, including uniaxial

and triaxial behavior, was carried out using the
MTS model 815 machine, which offers a com-
pression load capacity of 2700 kN and can ap-
ply a confining pressure of up to 80 MPa. The
system was equipped with an MTS Flex Test 60
controller, along with two axial strain gauges
and one circumferential strain gauge, ensuring
precise control of the test procedure and ac-
curate data acquisition. Prior to the tests, the
specimens were carefully prepared by applying
self-fusing silicone electrical tape and a heat-
shrinkable FEP membrane, which prevented di-
rect contact between the confining fluid and the
specimen, thereby reducing the risk of damage
that could influence the material’s mechanical
properties. In addition, two axial and one cir-
cumferential extensometer were attached to the
specimen, as shown in Figure 1.

For the unconfined compression strength
tests, the circumferential displacement of the
sample was maintained at a strain rate of 5 ×
10−5 min−1 until failure was observed. As de-
scribed by Lima et al. [25], this approach en-
abled the study of post-peak behavior, with fail-
ure occurring in a controlled manner. During
the confined tests, the specimen was positioned
similarly to the uniaxial tests and placed into a
triaxial vessel, which was then sealed and filled

with Mobil Mobiltherm 605 fluid. Once the
triaxial cell was fully filled, confining pressure
was gradually applied at a rate of 2.5 MPa/min
until it reached target values of 10, 20, or 40
MPa. Each of these conditions was tested on
three separate samples. The tests were con-
ducted under undrained conditions, where the
pore fluid was retained within the specimen,
potentially influencing its mechanical strength.
However, as noted in prior research [18], this
effect was previously explored and addressed.

Figure 1: Compression strength test setup
illustrating key components: axial exten-
someter (A), circumferential extensometer (B),
and black heat-shrinkable membrane (C). The
membrane is applied to protect the cement sam-
ple from oil contamination, ensuring reliable re-
sults in triaxial tests.

2.5 X-ray diffraction
Analytical evaluations were performed on

powdered samples from both reference and ex-
posed specimens. The sample preparation in-
volved breaking the specimens into smaller
pieces with a hammer, followed by grinding
with a mortar and pestle, and finally sieving
through a 500-mesh sieve. After preparation,
the powdered samples were reserved for X-ray
diffraction (XRD) analysis.

XRD patterns of class G cement pastes were
recorded using a Bruker D8 Discover diffrac-
tometer, with Cu Kα radiation set to 40 kV and
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40 mA. This setup included a Ni filter and Lynx-
Eye detector, operating in Bragg-Brentano ge-
ometry across a 2θ range of 10◦ to 90◦, with a
step size of 0.02◦. Data collection times were
optimized to ensure a minimum of 5,000 counts
at the most intense peak. Quantitative miner-
alogical analysis was achieved through Rietveld
refinement using fundamental parameters, per-
formed with TOPAS 5.0 software (Bruker AXS,
Germany). Additional details and statistical pa-
rameter from the Rietveld refinement method
can be found in [8].

3 RESULTS AND DISCUSSIONS
3.1 Porosity results

The values obtained through porosity mea-
surements of the reference, and brine+CO2-
exposed, and brine-exposed samples are, re-
spectively, 7.11 ± 0.27%, 25.53 ± 5.04%, and
19.82 ± 4.25%. The results indicated that a
substantial increase in porosity values was ob-
served in the post-exposed samples, regardless
of the presence of acid gas. According to pre-
vious studies [26, 27], one possible explanation
for this increase in porosity of the samples ex-
posed to the combination of brine and CO2 may
be related to bicarbonate reactions and leaching
processes, which enhance porosity and perme-
ability. In the case of samples exposed only to
brine, the explanation may be associated with
the portlandite dissolution and leaching of cal-
cium from the C–S–H structure [28]. Both of
these processes lead to a loss of mechanical
strength, and this behavior will be discussed af-
terward [27, 28].

3.2 Mechanical tests results
Compression strength tests were performed

under undrained conditions for all samples ana-
lyzed, adhering to rock mechanics conventions
where compressive stresses and strains are con-
sidered positive. While this discussion empha-
sizes confined cases, it is essential to first high-
light the uniaxial compressive strength (UCS)
values obtained for the three tested groups:
55.55 ± 2.06 MPa for the reference samples,
27.03 ± 1.87 MPa for brine+CO2-exposed sam-

ples, and 25.64 ± 2.45 MPa for brine-exposed
samples. These UCS results provide a critical
baseline for evaluating the impact of exposure
conditions and play a pivotal role in the subse-
quent analysis of the magnitude of the applied
confining pressure. Understanding these initial
conditions is key to interpreting the material’s
behavior under varying confinement scenarios
and offers insight into the damage mechanisms
affecting strength performance.

Figure 2a illustrates the stress-strain behav-
ior for both axial (εax = εz) and lateral (εlat =

εx = εy) deformations of the reference and
exposed cement paste samples. The results
demonstrated high reproducibility among the
three sample groups, with a low coefficient of
variation observed for compressive strength and
estimated elastic properties, including Young’s
modulus and Poisson’s ratio. For clarity, only
the intermediate curve from the three tested
samples is displayed for each case.

The data reveal that even a modest confin-
ing pressure of 10 MPa significantly enhanced
the ductility of the cement paste samples, allow-
ing deformations to extend beyond the failure
range observed in the unconfined sample results
(less than 0.75% axial strain). The reference
cement paste displayed moderate frictional re-
inforcement as confining pressure increased. In
contrast, samples exposed to acidic gas (CO2)
exhibited pronounced plastic deformation at 10
MPa and demonstrated strain hardening behav-
ior at higher confining pressures of 20 and 40
MPa, as highlighted previously by [8]. For sam-
ples exposed exclusively to brine, the failure
behavior was similar to that of the reference
samples, though their compressive strength was
markedly lower.

These observations highlight the influence of
the initial curing process, during which the sam-
ples were subjected to pressure and atmospheric
temperature conditions before autoclave treat-
ment, leading to both chemical and mechanical
alterations [29]. As noted by Meng et al. [30],
traditional curing methods have inherent draw-
backs; the cooling and depressurization cycles,
followed by reheating and repressurization, can
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introduce micro-defects and residual stresses
that compromise the mechanical properties of
the cement. Consequently, the observed reduc-
tion in strength for both exposed groups is likely
linked to damage induced by these pressure and

temperature cycles. These findings emphasize
the critical role of curing protocols in preserv-
ing the structural integrity of cementitious ma-
terials under extreme conditions.

(a)

(b)

Figure 2: Confined compression strength test results. (a) Axial stress x strain behavior; (b) Volumetric
strain x axial strain behavior.
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Table 3: Summary of elastic properties for specimens tested under confined conditions.

Sample Confining pressure (MPa) E (GPa) ν Pc/σmax,UCS

Reference 10 15.7 0.10 0.18
20 14.9 0.09 0.36
40 14.7 0.11 0.72

Brine+CO2 10 10.5 0.14 0.37
20 8.7 0.1 0.74
40 6.7 0.04 1.48

Brine 10 10.3 0.13 0.39
20 8.2 0.09 0.78
40 6.8 0.06 1.56

Table 3 summarizes the measured elastic
properties, including Young’s modulus (E),
Poisson’s ratio (ν), and the ratio of confin-
ing pressure to uniaxial compressive strength
(Pc/σmax,UCS ). Prior studies on comparable oil
well cement pastes under similar confinement
conditions have shown that elastic moduli tend
to decrease with increasing confining pressure
[18, 31]. Consistent with these findings, our
results indicate that the elastic moduli for all
three sample groups are influenced by confin-
ing pressure, with a modest reduction of ap-
proximately 5% observed. However, a more
pronounced effect was observed for the samples
exposed to brine+CO2 and brine. Under a con-
fining pressure of 40 MPa, these samples ex-
hibited significant reductions in Young’s mod-
ulus, reaching approx. 40%. This substantial
decrease can be attributed to the Pc/σmax,UCS ra-
tio, which, at higher values, generates hydro-
static pressures that exceed the material’s devi-
atoric strength, potentially leading to bulk struc-
tural damage. This phenomenon is further cor-
roborated by the observed rapid transition from
the elastic to plastic behavior, as shown in Fig-
ure 2a, where Pc/σmax,UCS > 1 plays a critical
role.

Figure 3 presents the correlation between
confining pressure and volumetric strain for all
groups subjected to triaxial testing. For the ex-
posed samples (Brine and Brine+CO2), a no-
table transition from a linear to a nonlinear re-
sponse occurs at confining pressures exceeding

20 MPa. This shift indicates that the mate-
rial experiences damage during the confinement
phase, as further supported by the Pc/σmax,UCS

ratio. The observed damage is reflected in the
deviatoric stress versus axial strain behavior de-
picted in Figure 2. These findings suggest that
the transition point marks a critical phase in the
material’s mechanical response, where the in-
terplay between confining pressure and internal
microstructural changes significantly influences
deformation characteristics.

Figure 3: Relationship between confining pres-
sure and volumetric strain.
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3.3 X-ray diffraction and brine pH results
The diffraction patterns of the reference

Class G cement paste and the test specimens
exposed to brine+CO2, replicating conditions
found in a 3000-meter-deep oil well, are illus-
trated in Figure 4. The phases identified, along
with their mass proportions derived from Ri-
etveld refinement analysis, are summarized in
Table 4.

Figure 4: X-ray diffraction analysis highlight-
ing the cement phase peaks, comparing the ref-
erence case with the brine + CO2 exposure sce-
nario.

Table 4: Summary of the crystalline phases and
mass proportions obtained by the Rietveld re-
finement analysis.

Phase Reference Brine+CO2

C2S 22.4 -
C4AF 16.1 10.3
C-S-H 39.8 27.6
Portlandite 15.1 -
Calcite 6.6 37.4
Aragonite - 24.7

Adjustment parameters
Rwp 4.01 5.16
GOF 1.42 1.39

For samples exposed to CO2, the diffraction

patterns revealed calcite (CaCO3) as the pri-
mary crystalline phase formed during exposure.
This aligns with findings by Omosebi et al. [27],
who reported that carbonation of C–S–H results
in the formation of calcite, aragonite, and va-
terite—three polymorphs of CaCO3. The ap-
pearance of aragonite and vaterite is associ-
ated with significant decalcification of C–S–H,
which is intensified by elevated calcium ion
concentrations [29]. Increased exposure to CO2

accelerates the carbonation process, with excess
CaCO3 forming due to the dissolution of cal-
cium hydroxide (CH). As Castellote et al. [32]
noted, this process explains the minimal port-
landite (CH) content observed in the diffraction
analyses of exposed samples.

The kinetics of carbonation are governed by
exposure conditions and microstructural char-
acteristics. Carbonation of hydrated cement
paste induces notable changes in porosity and
pore size distribution, consistent with prior re-
ports [26, 27, 32]. Porosity measurements in-
dicated a significant increase in CO2-exposed
samples, which aligns with the literature. This
increase can be attributed to CO2 dissolution
in water as HCO3

− or CO3
2−, leading to a re-

duction in brine pH [33]. The lower pH en-
hances the dissolution of Ca2+ ions into the
brine, which then diffuse out of the pores and
precipitate on the sample’s surface as CaCO3

due to the elevated Ca2+ concentration [29].
This calcium leaching weakens the cement’s
mechanical properties [26, 27].

Cement paste exposed to CO2-saturated
brine undergoes a complex interplay of pro-
cesses, including hydration, chemical shrink-
age, thermally induced expansion, pressure-
induced structural transformations of calcium
silicates, decalcification, carbonation, and min-
eral leaching. These processes collectively alter
porosity, mechanical strength, chemical compo-
sition, and brine pH, consistent with observa-
tions by other researchers [27, 34]. However,
it is noteworthy that the reaction zone caused
by exposure to acidic gases is limited to the
sample’s external layers, which alone cannot
fully account for the observed loss in mechan-
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ical properties. This points once again to the
curing method as a contributing factor.

In addition to X-ray diffraction analysis, the
pH of the brine solution was measured to fur-
ther characterize its interaction with the cement
samples and correlate it with the crystalline
phase analysis. Initially, the solution’s pH was
recorded at 8.25 at 25◦C. After exposure of the
first sample group to brine+CO2 gas, the pH
dropped to 7.18 at 25◦C, and the solution ap-
peared transparent. This reduction in alkalinity
is consistent with prior findings [15, 27, 29, 34]
and supports the enhanced dissolution of Ca2+

ions in the brine solution, as discussed above
and highlighted by other authors.

4 CONCLUSION
These findings underscore the susceptibility

of cementitious materials to mechanical degra-
dation under high confining pressures, espe-
cially when combined with exposure to chem-
ically aggressive environments. The interplay
between confining pressure and elastic moduli
highlights the importance of considering both
mechanical and chemical factors when evalu-
ating the performance of cementitious materi-
als in demanding subsurface conditions, such as
those encountered in oil well applications.

Based on the previous statement, the fol-
lowing conclusions stem from the analyses pre-
sented in this study:

• The porosity measurements revealed a
significant increase in post-exposure sam-
ples, irrespective of the presence of CO2,
with values rising from 7.11% in the ref-
erence samples to 25.53% and 19.82%
in the brine+CO2-exposed and brine-
exposed samples, respectively. This in-
crease is attributed to mechanisms such
as carbonation and calcium leaching,
highlighting the impact of chemical in-
teractions on porosity and mechanical
strength.

• Compression strength tests revealed a sig-
nificant reduction in uniaxial compressive
strength (UCS) for brine-exposed (25.64

± 2.45 MPa) and brine+CO2-exposed
(27.03 ± 1.87 MPa) samples compared to
reference samples (55.55 ± 2.06 MPa).
This strength reduction is attributed to
chemical alterations, including carbona-
tion reactions, leaching of calcium from
portlandite and the C–S–H matrix, and
increased porosity induced by exposure
to aggressive environments. These pro-
cesses compromise the microstructure,
reducing load-bearing capacity. Under
confined conditions, a modest pressure
of 10 MPa significantly enhanced duc-
tility for all groups, with CO2-exposed
samples demonstrating pronounced plas-
tic deformation and strain hardening at
higher pressures (20 and 40 MPa).

• X-ray diffraction and Rietveld refinement
analysis revealed significant changes in
the crystalline phases of cement paste ex-
posed to CO2-saturated brine, including
the complete depletion of portlandite and
the formation of calcite (37.4%) and arag-
onite (24.7%). These changes are at-
tributed to carbonation and decalcifica-
tion processes, driven by the dissolution
of calcium hydroxide (CH) and calcium
silicate hydrates (C–S–H). The reduction
in brine pH from 8.25 to 7.18 further
highlights the aggressive chemical envi-
ronment, accelerating calcium ion leach-
ing and carbonate precipitation.
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