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Résumé — Nouvelle procédure expérimentale destinée à la simulation d’une séquestration
géologique de H2S + CO2. Application au vieillissement des ciments de puits — Nous proposons une
nouvelle procédure expérimentale destinée à étudier la réactivité des systèmes H2S + CO2-saumure-solides
dans des conditions de haute pression et haute température (jusqu’à 990 bar et 450 °C). Un montage sous
la forme d’une ligne de gaz a été conçu afin d’introduire de façon précise une quantité de gaz dans des
microréacteurs. Des systèmes à très forte concentration en gaz peuvent être étudiés dans le
respect des règles de sécurité. Nous avons adapté la technique des inclusions fluides synthétiques à
cette procédure. Cette technique permet l’échantillonage in situ des fluides pendant les expérimentations.
Les bilans de masse des espèces gazeuses permettent de quantifier leur consommation ou leur genèse. Les
résultats de deux vieillissements de ciment de puits, d’une part en présence de saumure (expérimentation 1), et d’autre part en présence de saumure et de H2S + CO2 (expérimentation 2), sont présentés en
tant qu’application de cette procédure expérimentale. Les conditions choisies furent 500 bar, 200 °C pour
une durée de 15 jours. Dans un environnement constitué par une saumure (expérimentation 1), le ciment
initialement composé d’un assemblage de tobermorite (CSH) est converti en un assemblage de xonotlite
(CSH). Cette transformation s’est effectuée dans une gamme de pH de l’ordre de 10.3-11.2. La présence
d’H2S et CO2 (expérimentation 2) provoque une chute de pH (de 10.3-11.2 à 8-9) et de Eh (de conditions
oxydantes à des conditions réductrices). Ces conditions ont conduit à une carbonatation partielle du ciment
et à la transformation des phases porteuses de fer (Fe° de l’acier et C4AF du ciment) en pyrite (FeS2). Le
ciment a ainsi été transformé en un assemblage de tobermorite décalcifiée et de calcite (CaCO3). En outre,
la procédure utilisée nous a permis d’estimer les consommations molaires de H2S et CO2 aux valeurs
respectives de 6 et 16%. La consommation de H2S est essentiellement due à sa combinaison avec le Fe° de
l’acier pour former des sulfures. La valeur de la consommation de CO2 permet d’estimer que le ciment
vieilli est composé de 5 volumes de tobermorite contre 1 volume de calcite. Les observations
effectuées au microscope électronique à balayage sont en accord avec cet ordre de grandeur.
Abstract — A New Experimental Procedure for Simulation of H2S + CO2 Geological Storage.
Application to Well Cement Aging — We propose a new experimental procedure to study reactivity of
H2S+CO2-brine-solid systems under high pressure and temperature conditions (up to 990 bar and
450°C). A gas loading device has been made in order to fill accurately microreactors with absolute
quantity of gaseous reactants. High gas concentrations can also be reached securely. The technique of
synthetic fluid inclusions has been adapted to this procedure. This technique provides an in situ sampling
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of fluids during experiments. After experiments, mass balance of gaseous species can be calculated and
thus the molar consumption/genesis percentage. Results of well cement aging in the presence of brine
(experiment 1) and in the presence of brine plus H2S + CO2 (experiment 2) are presented as an example
of application of this procedure for the simulation of gas storage. The conditions of the two experiments
were 500 bar, 200°C, 15 days. In brine environment (experiment 1), the cement is converted from an
assemblage of tobermorite (CSH) to an assemblage of xonotlite (CSH). This transformation occurred in
a pH range of 10.3-11.2. The presence of H2S-CO2 mixture (experiment 2) induces pH (from 10.3-11.2 to
8-9) and Eh (from oxidising conditions to reductive conditions) decreases. These conditions lead to the
partial cement carbonation and to the sulphidation of iron bearing phases (steel and C4AF). In this case,
the cement was transformed to an assemblage of slight Ca-depleted tobermorite plus calcite. The procedure allowed also to determine an H2S and CO2 molar consumption respectively of 6 and 16%. The H2S
consumption is essentially related to the sulphidation of steel. The CO2 consumption predicts a reacted
cement composed of 5 volumes of tobermorite for 1 volume of calcite. This estimation is coherent with the
scanning electron microscope observations.
INTRODUCTION
Sour natural gas contains undesirable components: hydrogen
sulfide (H2S) and carbon dioxide (CO2). Industrial processes
permit sulphur recovery from H2S but such operations can be
uneconomical and the sulphur market is saturated (Wichert,
1996; Wichert, 1997; Chakma, 1997; Carroll and Maddocks,
1999). Sulphur compound flaring restrictions prevent the
release of H2S in air (Chakma, 1997; Carroll and Maddocks,
1999; Connock, 2001). It is generally agreed that increasing
amount of CO2 in atmosphere contribute to global climate
warming (IPCC, 2001). Thus, CO2 discharging will soon be
regulated too. Consequently, the petroleum industry has to
develop alternative ways for acid gas elimination.
Reinjection into geological reservoirs (i.e. deep saline
aquifers in western Canada and depleted oil and gas reservoirs) seems to be one of the most often considered solutions
for acid gas release mitigation (Reichle et al., 1999; Bachu,
2000; Davison et al., 2001; Reeve, 2001; Bachu, 2002;
Bruant et al., 2002; Feugier, 2002). There are currently about
30 operating H2S + CO2 reinjections into both depleted oil
and gas reservoirs and aquifers (Chakma, 1997; Wichert,
1997; Connock, 2001). Injected mixtures contain 5 to 75% of
H2S (Wichert, 1997). Sulphur burden is thereby reduced and
risks associated with his handling are also reduced. CO2
emission is avoided too. This solution could permit development of sour gas reservoirs located in Canada, Venezuela,
Middle East and Caspian basin which constitute one third of
natural gas reserves.
Interactions between H2S+CO2 fluid and minerals are likely
to occur during and after the injection stage both in reservoirs
and at the well-reservoir interface. Interactions between gas,
formation water, hydrocarbons, host rock minerals and well
materials (i.e. cement and steel) could modify porosity and
permeability of the reservoir and affect the integrity of cement
and steel providing pathways for leaks (Chakma, 1997;
Reichle et al., 1999; Bruant et al., 2002; Celia and Bachu,
2002). Environmental and human impacts make them an issue
for acid gas geological storage (Davison et al., 2001; Bruant

et al., 2002). In addition, interactions between H2S+CO2 fluid
and minerals can result in the gas solubilisation and/or mineralisation. The latest mechanisms are the main ways to trap acid
gases. Thus, the study of interactions are essential to define the
trapping efficiency of reservoirs.
Both numerical modelling and experimental investigations
had been conducted to study such systems. Experimental
approaches to study reactivity of host-rocks minerals were
presented by Pearce et al. (1996), Gunter et al. (1997),
Shiraki and Dunn (2000), Giammar et al. (2002), Kaszuba et
al. (2003), Soong et al. (2004). Well cements durability in
presence of CO2 at high P-T was examined by Onan (1984),
Shen (1989), Krilov et al. (2000). Corrosion behaviour of
tubing steel under super-critical CO2 conditions was studied
by Cui et al. (2004) and corrosion of steel under wet H2S
environment is well documented (Cieslak et al., 1998;
Albarran et al., 1999; Domizzi et al., 2001; Carneiro et al.,
2003). The maximal P-T conditions of the experiments
related to sequestration were 200 bar and 200°C for Kaszuba
et al. (2003) and 300 bar and 180°C for Krilov et al. (2000).
These conditions do not represent deep geological conditions
since the range of reservoir P-T conditions is wide, approximately 50-200°C and 20-1000 bar (Kaszuba et al., 2003).
Further, none of the references cited above deals with fluidminerals systems containing significant quantities of H2S.
This paper presents a new experimental procedure for studying highly H2S + CO2 concentrated systems at high P-T
conditions. As an example of application, a well cement
aging study in such harsh environment is presented.
1 EXPERIMENTAL PROCEDURE
1.1 Reactors
Experiments are conducted in batch type reactors. They are
constituted by flexible sealed gold capsules. Gold is chemically inert, easily malleable and good heat conductor. So it
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Figure 1
Schematic illustration of the high pressure and temperature configuration. Modified from Teinturier (2002).

does not influence the investigated system and it permits a
good transmission of total pressure and temperature (Seyfried
et al., 1987). Volumes about 2 cm3 are used to limit the risk
linked to H2S toxicity. In such volumes high H2S concentrations can be reached safely. Capsules containing reactants are
introduced into 100 cm3 hydraulic pressure vessels manufactured by Autoclave Engineer (division of Snap-tite Inc.). The
autoclave is pressurised and heated by a configuration which
permits high P-T conditions (990 bar-450°C) (Fig. 1). The
pressurisation medium is a water-oil mixture pressurised by a
high-pressure hydraulic pump. A pressure gauge is employed
for the control and the measurement of pressure. The autoclave is placed in a regulated furnace. A thermocouple is
used to control the temperature in the vicinity of capsules.
This configuration is close to the flexible-cell system of
Seyfried et al. (1987) and has been routinely employed for
experimental studies of oil maturation (Landais et al., 1989;
Teinturier et al., 2003) and thermodynamics of complex fluids (Teinturier and Pironon, 2003). We used the technique of
synthetic fluid inclusions to provide samples of fluids as the
reactors are closed during experiments. This original technique is described below.
1.2 Gas Loading and Collecting
1.2.1 Description of Apparatus

Capsule loading is a two step operation. Solids (e.g. reservoir
minerals or well material) and liquids (e.g. brine) of interest

are introduced first into the capsules. The second step is gas
loading. This requires an apparatus inspired by the work of
Frantz et al. (1989) and Lamb et al. (1996). It was designed
to load safely a known quantity of H2S + CO2 into the
capsules and to collect and analyse gaseous products after
experiments (Fig. 2). This device is mainly made of stainless
steel (SS-316) tubing, valves and fittings. Flexible Teflon™
PFA tubing is also used. The gas line-capsule connector is
supplied by Depth of the Earth. The piercing chamber and
gas cell are also made of stainless steel. All components of
this system are compatible with dry and wet H2S (Clavel et
al., 1997).
This apparatus is composed of three parts (Fig. 2):
– a gas inlet;
– a calibrated capacity of variable volume and connected to
a pressure transducer;
– a gold capsule ending.
Additional valves (E and F) permit connections to the
piercing chamber and the gas cell. They are used to collect
and analyse gaseous products after experiments.
H2S is toxic and flammable, thus its manipulation requires
great care. The gas cylinder is placed outside the laboratory.
A low pressure (2 bar) gas line carries the gas to the loading
local, which is well ventilated and equipped with H2S
sensors. Gas handling is performed under a laboratory hood
with a bottom gas extraction. Bureau Veritas provided the
conformity assessment for H2S manipulation.
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Schematic illustration of the gas loading and collecting apparatus. Modified from Frantz et al. (1989) and Lamb et al. (1996).
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1.2.2 Gas Loading Procedure

The piercing chamber and the gas cell are disconnected and
valve E, F and B are closed while C is open (Fig. 2). To prevent air contamination during admission of gas in the apparatus, one makes a gas flow through the line by opening valve
A. After 1 min, this valve and valve D are closed. The capsule containing solid and liquid reactants is then fitted to the
apparatus with the gas line-capsule connector. The capsule is
partly immersed in a liquid nitrogen bath to freeze and hold
liquid(s) and solid(s) reactants into the capsule during pumping. After the opening of valves B, C and D the vacuum
pump is switched on to evacuate residual gas until reaching
pressure lower than 0.01 bar while the capsule still cools.
Valves D and B are then closed. By opening valve A, the gas
mixture is allowed to penetrate into the calibrated capacity.
By opening the valve D (valve A closed), the quantity of gas
contained in the calibrated capacity is transferred by cold
trapping (cryocondensation) into the cooled capsule. The
capsule is then sealed using a pinch-off device (crimping
plier) and removed from the gas line. The capsule is then
welded while it remains in the liquid nitrogen bath and
plunged into water to control the welding efficiency by the
absence of leakage.
On of the interests of this device is the control of the
absolute gas quantity enclosed in the capsule. It is thus
possible to vary the concentration of gas into the system. The
required quantity of gas (nreq) can be expressed as a pressure
(EP) for a calibrated capacity of volume V via the Equation
(1) (ideal gas law):
n req =

EP × V
R×T

(1)

R = 8.314 J·mol-1·k-1
T = 288°K (15°C, ambient temperature)
Thus, the operation of gas loading consists of the enclosure of the pressure EP in the capsule. Different calibrated
capacities can be used depending on the amplitude of nreq.
The pressure of gas contained in the calibrated capacity
before cold trapping is called initial pressure (IP). During the
stage of cryocondensation, the pressure decreases to a minimum value called final pressure (FP). The FP value depends
on the length of capsule plunged into the Dewar flask
containing liquid nitrogen. This length is adjusted by a support boy holding the dewar (Fig. 2). The difference IP-FP is
equal to EP. After sealing and welding, the final mass of the
capsule is determined by weighing. The difference between
the final mass of the capsule and its mass before gas loading
gives the real total quantity of gas enclosed in the capsule
(n1T). The relative difference between the n1T and nreq for 12
loading operations ranges from 3 to 9%. The loading operation allows thus an accurate control of the gas concentration
of the system. The molar ratios of each gas species i (X1i) in
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the initial gas mixture are known. Multiplying these molar
ratios with n1T gives the number of mole for each species i
contained in the system before experiment (n1i).
The molar compositions of the initial gas mixture (before
loading) and of the gas from a capsule just after crycondensation are similar (Table 1). The cold trapping does not modify
the composition of the initial gas mixture. There is no preferential condensation of one species relative to the other during
cryocondensation. The cold trapping can be thus used for the
loading of different gas mixtures in which triple point temperature of each constituent is higher than the liquid nitrogen
temperature (–195°C).
TABLE 1
Molar composition of the initial gas mixture, of the gas
after cryocondensation and of the residual gas after experiment 2.
The compositions are determined by Raman spectroscopy
H2S (% mol)

CO2 (% mol)

66

34

Gas after loading stage
(cryocondensation)

66.3

33.7

Residual gas after
experiment 2

68.4

31.6

Initial gas

1.2.3 Gas Collecting Procedure

After experiments, each gold capsule is removed from the
autoclave and placed in the piercing chamber connected to
the apparatus. The volume comprising the volume of the chosen calibrated capacity plus the volume of the piercing chamber is called V’. After vacuum, the capsule is pierced. The
gaseous product is released into the volume V’ and the pressure is read on the digital display and called the residual pressure (RP). Thus, the total quantity of gas contained in the system after experiment (n2T) can be expressed as:
n 2T =

RP × V '
R×T

(2)

If the value (n2T – n1T) is greater than 0, gas was consumed by the reactions whereas if (n2T – n1T) is lower than 0,
gas was generated by the reactions. The molar rate of total
gas consumption (GCT) or genesis (GGT) during experiments
can be expressed as follows:
GCT =

(n1T − n 2T )
× 100
n1T

(3)

GGT =

(n 2T − n1T )
× 100
n1T

(4)

The Raman analysis of residual gas described below gives
the molar ratios of each gas species i (X2i). Multiplying X2i
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by n2T gives the residual number of mole for each species
(n2i). The molar percentage of gas consumption (GCi) or
genesis (GGi) for each species is then given by the Equations
(5) and (6):
GC i =

(n1i − n 2 i )
× 100
n1i

(5)

GG i =

(n 2 i − n1i )
× 100
n1i

(6)

1.3 Analysis Protocol
1.3.1 Fluids

Residual Gas
The finger of the calibrated capacity is cooled to condense
gaseous product while the valve F remains open (Fig. 2). The
valve F is then closed and the valve E is open. The gas sublimates to reach a pressure higher than 3 bar in the gas cell.
Such minimal pressure is required for accurate Raman analyses. The gas cell has a transparent sapphire window for
backscattering Raman analysis (Fig. 2). The Raman microprobe is a Labram type (Jobin-Yvon) with a Notch filter and a
CCD detector cooled at –30°C. The exciting radiation at
514.532 nm is provided by an Ar+ laser (type 2020,
Spectraphysics). Two gratings of 600 and 1800 grooves per
mm were chosen to combine good spectral resolution and convenient spectral window. The spectral resolution is around 2
cm–1 for the 1800 grating used for quantification. The Raman
spectra were collected between 100 and 5000 cm–1 to detect
and quantify gases in the gas cell. This technique allows detection of CO2 at 1285 and 1388 cm–1, O2 at 1555 cm–1, CO at
2143 cm–1, H2S around 2600 cm–1, CH4 around 2910 cm–1 and
H2 at 4156 cm–1 (Dubessy et al., 1989).
Liquids
After capsule removal from pressure vessels and piercing
stage, if there is sufficiently residual liquid in capsule, it is
collected in argon (Ar) atmosphere in order to avoid atmospheric CO2 and O2 contamination. It is analysed by ionic
chromatography to determine the anions concentrations and
by ICP-MS/AES (ion coupled plasma mass spectrometry/
atomic emission spectroscopy) to determine the cations.
Synthetic Fluid Inclusions
The characterisation of gaseous or liquid compounds reacting
with solid(s) requires sampling of fluids at high P-T conditions. This procedure is complex and dangerous in the case of
toxic gases. Sampling of fluid can greatly modify the waterrock ratio and thus the reaction rates. The analysis of the
residual fluid at the end of the experiment is affected by
reequilibration that occurs at cooling even in the case of rapid
quenching. Thus, residual fluid data does not represent
accurately pressure-volume-temperature-composition (PVTX)
properties of complex fluids present at experiment

conditions. For this reason, fluid inclusions are synthesised
during the experiment providing an original in situ fluid sampling. The advantage of this technique is the possibility to
trap fluids at the maximum P-T conditions of the experiment
and to preserve the fluid from atmospheric interactions. The
interest of this procedure is also the possibility to analyse fluids under the experiment conditions. This technique has been
largely employed for solubility, PVT, critical and phase equilibrium properties studies (Bodnar and Sterner, 1987; Frantz
et al., 1989; Frantz et al., 1992; Lamb et al., 1996; Dubessy
et al., 2001; Lamb et al., 2002; Guillaume et al., 2003). An
example of synthetic inclusions study in the gas-water-saltoil system is also given by Teinturier et al., (2003).

Empty microcavities
Before
experiment
Quartz crystal
Filled microcavities
=
fluid inclusions
After
experiment

Figure 3
Schematic illustration of fluid trapping into fluid inclusions.
Scale bar length is 100 µm.

Microfractured quartz crystals containing empty microcavities are adding to reactants in gold capsules. During an
experiment, small quantities of fluids are trapped in these
microcavities via a crack network. Then, sealing occurs by
quartz precipitation providing closed fluid inclusions (Fig. 3).
In the case of geological gas storage, quartz is already present
in cement, reservoir or cap-rocks. Thus, the presence of
quartz used as a trapping agent does not affect the reactivity
of the system. More, the trapped fluid is assumed to be in
equilibrium with quartz. Thus, reactions after inclusions sealing are not apt to occur. After the experiments, the quartz
crystals are removed from capsules and polished. First observations by optical microscopy can reveal possible immiscibility marked by the presence of different coexisting fluid
phases (L+V, L1+L2, L1+L2+V) at 25°C. Then, microthermometry and Raman microspectroscopy analyses are done.
Microthermometric measurements were obtained using a
Linkam heating and freezing stage adapted to an Olympus
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microscope equipped with × 50 and × 80 long working
distance objectives. This equipment permits the optical detection of phase transition inside fluid inclusions from the temperature of liquid nitrogen (–195°C) up to 600°C. The melting and eutectic temperatures give indications of the ionic
nature and concentration, whereas homogenisation temperatures correspond to the intersect of the isochore and the bubble point curve of the brine-gas system. The nature of the
phases and the quantification of gaseous and aqueous species
are provided by Raman microspectrometry. In the spectra,
the broad band corresponding to the stretching vibrations of
water is between 3000 and 3500 cm–1. The chlorinity of the
solution can be also determined by the water band shape
analysis (Dubessy et al., 2002). Raman molecular spectroscopy is well adapted for the speciation determination. For
instance, HS– is detected at 2574 cm–1 or H2S(aq) detected at
2590 cm–1 and HCO3– at 1017 cm–1. This technique is thus
efficient in determining Eh and/or pH conditions. A Linkam
stage can be fixed on the microscope of the Raman microprobe to make measurements at variable temperature until
the experiment temperature. Microthermometry and Raman
microprobe techniques allow us to have indications about the
state and composition of phases at the experiment conditions.
1.3.2 Solids

Texture and mineralogy of solids (e.g. rocks or well materials)
were characterised using optical microscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM). X-ray patterns were
recorded on powdered samples at LEM laboratory (Nancy,
France) using a Bruker D8 diffractometer, with Co Kα radiation. Diffractograms were recorded from 2 to 75° 2θ, with a
step scan of 0.036° 2θ and time per step of 2 s. Samples
analysed with the SEM are broken fragments and polished
sections of solids. The first preparation is adequate to determine the solid texture and the second is used to determine
and quantify mineralogy. Micrographs and chemical analysis
were performed on an Hitachi S-2500 (LaB6) SEM equipped
with Noran energy dispersive spectrometry (EDS) and back
scattered electron (BSE) detector at Service commun de
l’université H.-Poincaré (Nancy, France). The accelerating
potential was dependent on application. TEM provides
micro-imaging, electron diffraction and chemical analyses of
isolated microparticles up to 10–10 m. Thus, it is a powerful
technique to obtain information about morphology, crystallography and chemical composition of finely crystallised
solids such as cements. We used a CM20 Philips instrument
operating at 200 kV equipped with Si-Li detector and Li
super ultra thin windows SUTW equipped with an EDAX
energy dispersive X-ray analyser at Service commun de l’université H.-Poincaré (Nancy, France). Spectra were collected
under nanoprobe mode, during 40 s from an area of around
10 nm in diameter. Elemental composition was calculated
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with a maximum error of 5% for each element. Sample
particles were deposited onto a Cu grid covered by a carbon
film after grinding and dispersion in ethanol. After evaporation of ethanol, the grid was then put into the TEM chamber.
2 AN EXAMPLE OF APPLICATION:
WELL CEMENT AGING IN BRINE AND
IN BRINE + H2S + CO2 AT 500 BAR AND 200°C
2.1 Experimental Approach
Two experiments were conducted to identify the effect of
acid gas on cement transformation:
– experiment 1: cement (fragment and powder) with steel
and brine;
– experiment 2: cement (fragment and powder) with steel,
brine, H2S and CO2.
Cement as powder (powder fraction) was used to increase
solid reaction surface and then to produce maximum rate of
reactivity. For the experiment 1, doublets of capsules were
filled with reactants and welded under vacuum. The brine to
cement mass ratios were about 2.4 and the cement to steel
mass ratios were about 3. For the experiment 2, doublets of
capsules were filled first with solids and brine. Gas was then
loaded using the procedure described above. The gas to brine
and the brine to cement mass ratios were 1. The cement to
steel mass ratio was 4. Fractured crystals of quartz containing
empty microcavities were added in each capsule to produce
synthetic fluid inclusions.
The P-T conditions selected for the experiments were
500 bar and 200°C. Duration of experiments was 15 days.
The temperature of 200°C is higher than the average temperature of a deep reservoir. It was selected to counterbalance
short duration of experiments.
2.2 Materials
Cement and steel were provided by Total. Steel is a
low-alloyed one (C22E or XC18 type) and typical of oil-well
tubing. The brine was a 150 g/l (2.75 molal) NaCl solution.
As the salinity of formation waters in usual oilfields ranges
between 0 to 400 g/l and Na and Cl are the predominant ions
(Gravier, 1986; Jahn et al., 1998), one can consider the chosen brine as an intermediate one. The composition of gas was
66% molar H2S + 34% molar CO2. This composition is similar to several injected gas mixtures currently operating in
western Canada (Chakma, 1997; Wichert, 1997).
The cement was obtained by curing a slurry at 210 bar and
140°C during 8 days in an aqueous media. It is considered as
an analogue of a well cement which hardened in deep conditions. The slurry was composed of Portland cement, silica
flour (35% by weight of cement) and water (W/C = 0.55).
The Portland cement is of class G, type high sulfate
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Figure 4
SEM observations of the initial cement (A, B, C and D), the cement of the experiment 1 (E) and the cement of the experiment 2 (F, G, H, I
and J). A: polished section observed in BSE mode; B: clinker remnant with appearance of “bunch of grapes” (cluster of C2S surrounded by
C4AF) observed in BSE mode on polished section; C: quartz corrosion observed on broken fragment; D: matrix observed on broken
fragment; E: matrix observed on broken fragment; F: polished section observed in BSE mode, the white minerals are pyrites; G: euhedral
pyrite observed on broken fragment; H: calcite crust observed in BSE mode on polished section; I: dissolved C2S observed on broken
fragment; J: dissolved quartz observed on broken fragment. K: fluid inclusion of the experiment 1 at room temperature; L: fluid inclusion of
the experiment 2 at room temperature. m: C-S-H matrix; c: C2S; f: ferrite; q: quartz; dq: dissolved quartz; p: pyrite; dc: dissolved C2S.
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described by Taylor (1997) is exposed in the Table 2. There
is no clear relation between the slightly different compositions and the different morphologies. A mean composition of
the C-S-H has been calculated from the TEM microanalysis
data and is reported in the Table 2. From this mean composition and crystallographic data, the C-S-H composing the
cement matrix can be identified with tobermorites, which
combined Al (Tob1). This element is supposed to be in
substitution of Si (Kalousek, 1957; Taylor, 1997). The pH of
a NaCl brine (150 g/l or 2.75 molal) in equilibrium with
the starting cement is between 10.3 and 11.2 at room
temperature.

C

Exp. 2

Q

T
Q C

Intensity (a.u.)

resistant, defined on API specification 1O, similar to the ISO
10426-1 specification, and similar to the ASTM II type
(Méducin et al., 2001; Méducin et al., 2002).
The colour of cement is grey. SEM observations on
polished sections showed the cement is essentially composed
of a C-S-H matrix and phenocrystals of quartz, C2S and
C4AF in minor proportions (Fig. 4, A). The C2S and C4AF
are anhydrous remnants of the clinker (Fig. 4, B). The quartz
phenocrystals compose the silica flour added to the slurry.
They were partially corroded by the pouzzolanic reactions
that occurred during the cure (Fig. 4, C). XRD analysis
detected the reflections of quartz and very weak reflections
attributed to 11 Å tobermorite (Fig. 5). The composition of
the 11 Å tobermorite, also simply called tobermorite (Taylor,
1997) is given by the Table 2. The detected quartz corresponds to the silica flour addition in the slurry. The XRD
analysis shows the cement is essentially amorphous or cryptocrystallised and probably have a composition of 11 Å
tobermorite. The amorphous appearance of the C-S-H matrix
is confirmed by the SEM observations shown in the Figure 4,
D. The TEM microanalysis and observations characterised
the C-S-H as the major constituent and hydrogarnet related
mineral (Hgt1) as a minor constituent. Amorphous fibrous
aggregates and crystallised platelets are the main morphologies of the C-S-H (Table 2). These C-S-H morphologies are
in good accordance with those described by Taylor (1997)
for hydrothermal preparations. The quantitative microanalysis of C-S-H by TEM on individual particles shows small
amounts of Al. The Si/Ca and Al/Ca atomic ratios range
from 0.6 to 1.63 and from 0 to 0.13 respectively. In the Al/Ca
vs Si/Ca plot of the Figure 6, the composition of the C-S-H
lies between the hillebrandite and anomalous tobermorite
poles. The anomalous tobermorite is aluminous and contains
less Ca than the common tobermorite. Its composition
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Figure 5
XRD patterns of the starting cement (SC), the altered cement
after the experiment 1 (Exp. 1), the altered cement after the
experiment 2 (Exp. 2). Q: quartz; X: xonotlite; T: 11 Å
tobermorite; C: calcite; P: pyrite.

TABLE 2
C-S-H morphologies and mean compositions deduced from TEM analysis.

Sample
Starting cement

Morphology

Mean composition (% atomic, except O)
Si
Ca
Al

No. of analyses

Amorphous fibrous aggregate,
crystallised platelet

48.6

48.1

3.3

21

Experiment 1

Crystallised fibre

49.1

48.5

2.4

6

Experiment 2

Crystallised fibre, crystallised platelet,
amorphous fibrous aggregate

57.4

37.5

5.1

16

11 Å tobermorite1

Natural: fibrous

52

48

0

Xonotlite1

Natural: fibrous

50

50

0

55

40

5

Anomalous
11 Å tobermorite1
1 Taylor, 1997.
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2.3 Results
The effect of acid gas on cement aging will be checked comparing hydrothermal experiments without (experiment 1) and
with H2S+CO2 mixture (experiment 2) at 200°C and 500 bar.
The solid (cement) and fluid products are characterised after
each experiment and compared with the starting reactants.
Results about steel corrosion are not presented in this paper.
2.3.1 Experiment 1

Cement
Macroscopic observations showed colour change of the
cement. Initially grey, it became pink. White mineral precipitated at its surface and at the surface of the quartz introduced
for fluid inclusions trapping. More, dissolution features
appeared at the quartz surface. SEM observations on broken
fragments revealed a fibrous matrix (Fig. 4, E). XRD analysis on the powder fraction shows the presence of xonotlite
and the absence of quartz (Fig. 5). The TEM observations
and microanalyses on the powder fraction revealed C-S-H as
the major phase and hydrogarnet related minerals (Hgt2) as
minor constituents. The C-S-H present an unique morphology
of fibre. Their individual microanalyses show a small amount
of Al. The Si/Ca and Al/Ca atomic ratios vary from 0.94 to
1.1 and from 0.04 to 0.05 respectively and are reported in the
Al/Ca vs Si/Ca plot of the Figure 6. The composition seems
to be more homogeneous than in the starting cement (SC).
This could be related to the unique observed morphology.
The mean composition of the C-S-H calculated from the
TEM microanalyses is presented in the Table 2. This composition is very similar than that of the starting cement, however crystallography helps us to conclude to the presence of
xonotlite which combined Al (Xon) associated to the full
dissolution of quartz.
Liquids
No sufficient residual liquid quantity were recovered for
analysis. Thus, synthetic fluid inclusions became the only
way for fluid investigations. As we mentioned above, the
synthetic fluid inclusions provide in situ samples of fluid.
Only few microcavities in quartz have been sealed producing
rare fluid inclusions. At room temperature, the inclusions are
diphasic (Fig. 4, K). Each contains an aqueous liquid
coexisting with a vapour phase. At 200°C, these inclusions
remain diphasic and this anomalous behaviour indicates a
fluid leakage from the inclusions. That could be due to a
weak sealing evidenced by the important quartz dissolution
within the system. Despite this slight leakage, salinity of fluid
inclusions can be estimated from the melting temperature of
the ice (microthermometry). Raman spectroscopy is also
used to determine the chlorinity of the inclusions. 11 inclusions have been analysed by Raman and microthermometry.
The values of chlorinity determined by Raman are exposed
in the Figure 7. They range from 0.5 to 3.5 molal. These

values are different than the chlorinity of the initial brine
(2.75 molal). There is a good agreement between the Raman
data and the data from microthermometry.
2.3.2 Experiment 2

Cement
No colour change was noticed. SEM observations show
occurrence of pyrite (FeS2) in the pore spaces created by the
dissolution of quartz and/or C2S and within the matrix
(Fig. 4, F and G). Image analysis on SEM micrographs of
polished sections were performed using the software ImageJ
(Rasband, 2004). They show that the mean proportion of
pyrite can be considered around 2 volume %. A calcite
(CaCO3) deposit of at least 15 µm thick has been also
observed around the cement fragment by SEM observations
(Fig. 4, H). It indicates a diffusion of Ca from the core to the
external media. Few crystals of calcite have been observed
within the fragment. We also noticed replacement of C2S by
fibrous C-S-H (Fig. 4, I) and partially dissolved/replaced
quartz by fibrous C-S-H (Fig. 4, J). The XRD analysis on the
powder fraction of the cement identified calcite, quartz, 11Å
tobermorite and pyrite (Fig. 5). The TEM observations and
microanalysis on the powder fraction of the cement revealed
the C-S-H as the major phase and calcite and pyrite as minor
phases. The C-S-H have a morphology of crystallised fibres,
crystallised platelets and amorphous fibrous aggregates. The
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Figure 6
Al/Ca ratios plotted against Si/Ca ratios for individual C-S-H
analyses. J: jaffeite (tricalcium silicate hydrate); a: alpha-C2S
hydrate; H: hillebrandite; F: foshagite; X: xonotlite; C:
CSH(I); T: 11 Å tobermorite; G: gyrolite; Tr: truscottite; T’:
anomalous 11 Å tobermorite.
The composition data of hydrothermal CSH are from Taylor
(1990) and St John et al. (1998).

2.5

N Jacquemet et al. / A New Experimental Procedure for Simulation of H2S+CO2 Geological Storage

individual microanalyses of the C-S-H show a small amount
of Al. The microanalyses are reported in the Al/Ca vs Si/Ca
plot of the Figure 6. The Si/Ca and Al/Ca atomic ratios vary
from 1 to 2 and from 0.05 to 0.3 respectively. The spreading
of composition is larger than in the experiment 1. The compositions are located on a trend and dispersed essentially
above the position of the anomalous 11 Å tobermorite. The
deduced mean composition of the C-S-H is presented in the
Table 2. It shows an enrichment in Si and Al and a depletion
in Ca relative to the experiment 1 and can be identified with
the anomalous 11 Å tobermorite (Tob2) described by Taylor
(1997) (Table 2).

4
Exp. 1

Number of inclusions

Exp. 2

3

2

1

203

Synthetic Fluid Inclusions
Two types of inclusions have been identified at room temperature:
– diphasic (liquid phase and vapour phase) (Fig. 4, L);
– monophasic (liquid phase).
The diphasic inclusions are more numerous than the
monophasic ones. At 200°C, both type of inclusions is
monophasic (liquid phase). That means the fluid in the vicinity
of the cement is an aqueous monophasic liquid under experimental conditions. 7 inclusions have been analysed by Raman
microspectroscopy to determine the aqueous species and the
chlorinity of the aqueous liquid phase. The measured chlorinities range from 2.1 to 3.7 molal (Fig. 7). There is no relation
between the number of phases (1 or 2) and the amount of
chlorine. The Figure 8 shows an example of Raman spectrum
of an aqueous liquid phase at room temperature. HS– is the
major sulphur species and H2S(aq) is present in small amount
for the 7 inclusions. Eh-pH stability fields for the S-H2O system at 200°C was calculated using CHESS program (Van der
Lee and De Windt, 2002). The predominance of HS- in water
attests to basic conditions (8 < pH < 9) and low Eh conditions
(–0.7 V< Eh < –0.5 V) at 200°C. No aqueous carbon species
have been detected. The Raman analysis of the gaseous
phases at room conditions of the biphasic inclusions detected
only H2S and sometimes traces of H2.
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3
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2
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0
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0

Chlorinity (mol/kg H2O)
Figure 7
Histogram of chlorinities measured on the fluid inclusions of
the experiment 1 (Exp. 1) and the experiment 2 (Exp. 2).

2.4 Discussion
The mineralogy of the starting cement (SC) and of the characteristics of the starting brine (ionic species, chlorinity and
pH) are exposed in the Table 3. Mineral transformation of the
cement and the liquid evolution occurred during the two
experiments are also exposed in the Table 3.

Fluids
H2O

Intensity (a.u.)

Residual Gaseous Products
After the experiment 2, n2T was calculated using the
Equation (2) with RP = 1.515 bar and V’ = 72 cm3. As
n2T – n1T is greater than 0 (n2T = 4.5 × 10–3 and n1T = 5 ×
10–3 mol), then gas was consumed during the experiment. A
total gas consumption rate (GCT) of 10% has been calculated
from the Equation (3). The Raman analysis performed on the
residual gas gives a composition of 68.4% molar of H2S and
31.6% molar of CO2 (Table 1). Traces of H2 have been also
detected. This composition is close to the initial one (Table 1).
Knowing X1H2S (0.66) and X1CO2 (0.34) (Table 1) and n1T,
n1H2S and n1CO2 are respectively 3.3 × 10–3 and 1.7 ×
10–3 mol. Knowing X2H2S (0.684) and X2CO2 (0.316) (Table
1) and n2T, n2H2S and n2CO2 are respectively 3.1 × 10–3 and
1.4 × 10–3 mol. These data allowed to determine the values of
GCH2S and GCCO2 from the Equation (5). They are respectively 6% and 16%.

HSH2S(aq)
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Figure 8
Raman spectrum of the liquid phase performed at room
temperature on the inclusion of the micrograph L of the
Figure 4.
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TABLE 3
Bulk mineralogical changes of the cement and of the solution occurred during the experiments 1 and 2
CEMENT
Major
phases
Starting
Experiment 1
(without gas)
Experiment 2
(with gas)

SOLUTION
Ionic
species

Minor phases

Tob1

Quartz

C2S

C4AF

Hgt1

Na+, C1–
Na+,

Xon

Dissolved

C-S-H

Fe oxides,
Hgt2

Hgt2

Tob2, calcite

Residual

C-S-H

Pyrite

n.i.

C1–

Na+, C1–, HS–,
H2S(aq)

Chlorinity
(molal)

pH

2.75

10.3-11.2

0.5-3.5

Same as
above

2.1-3.7

8.0-9.0

n.i.: non identified.
Tob1: Ca5.4 Si5.5 Al0.4 O16 (OH)2·4 H2O; Xon: Ca5.8 Si5.9 Al0.3 O17 (OH)2; Tob2: Ca4 Si6.1 Al0.5 O16 (OH)2·4 H2O.

In the experiment 1 (without gas), the cement can be identified with aluminous xonotlite (Xon) (Table 3). The main
reaction occurred within the system is the transformation of
Tob1 into Xon. The quartz was also fully dissolved probably
by high pH conditions, explaining the rare large fluid inclusions sealing. We suppose the pH of the experiment 1 to be
close to the starting values (10.3-11.2) since the solution is in
equilibrium with C-S-H. C2S have been probably hydrated to
form Xon. The pink colour of the reacted cement could be
attributed to the presence of iron (hydr)oxides. These oxides
as well as part of newly formed hydrogarnet phases (Hgt2)
probably formed from the initial C4AF (Taylor, 1997). The
reaction describing these bulk mineralogical transformations
can be written as follows:
Tob1 + 0.2 C2S + 0.2 SiO2
(7)
⇔ Xon + 0.1 Al(OH)3(aq) + 4 H2O
This reaction shows a release of water while the Tob1 converts into Xon. This release of water could dilute the brine and
could explain the decrease of salinity observed within the
fluid inclusions. The C4AF, Hgt1, Fe oxides and Hgt2 are not
represented in the reaction. These minerals control the balance
of the minor elements Fe and Al in the cement.
In the experiment 2 (with gas), the initial tobermorite
(Tob1) have been converted into anomalous tobermorite
(Tob2) with a depletion in Ca (Table 3). The released Ca was
combined with carbon aqueous species to form calcite. The
basic character of the interstitial solution (8 < pH < 9) leads
to the partial dissolution of the quartz. The iron and sulphur
contained in the pyrites are provided respectively by the
C4AF and the H2S. However, the H2S consumption is essentially attributed to the sulphidation of steel (not presented in
this paper). The Reaction (8) illustrates these bulk mineralogical transformations:
Tob1 + 0.1 C4AF + 0.6 SiO2 + 0.6 H2S + 1.6 CO2 + 0.2 Fe0
(8)
⇔ Tob2 + 1.6 CaCO + 0.1 FeS + 0.2 H
3

2

2

In the Reaction (8), the molar coefficients of H2S and CO2
(respectively 0.6 and 1.6) are in agreement with the GCH2S to

GCCO2 ratio (0.375). The Fe0 is provided by the steel. The
C2S are not represented in this reaction but can also
contribute to Tob2 formation. The Reaction (8) predicts the
formation of 1.6 mol of calcite plus 1 mol of Tob2 from 1 mol
of Tob1. In terms of volume, that means the reacted cement
contains 5 times more tobermorite than calcite. This ratio is
coherent with the observation of the Figure 4, H. The reaction of C-S-H with carbon dioxide producing calcite and
C-S-H with higher Si/Ca ratio is referred as carbonation of
cement. The carbonation process is known to decrease the
pH of the interstitial solution (Taylor, 1997; St John et al.,
1998). Such pH decrease is observed during the experiment 2
from the range 10.3-11 to the range 8-9. In the experimental
conditions, limited to 15 days, the carbonation is not
complete since it produced residual C-S-H and no amorphous
silica. The presence of the H2S-CO2 mixture (experiment 2)
induces carbonation of the cement and sulphidation of iron
bearing phases (steel and C4AF) coupled with a pH and Eh
decrease. Such conditions prevent the formation of xonotlite
in brine environment (experiment 1).
CONCLUSION
The described experimental procedure has been specially
designed to study the H2S+CO2-(hydrocarbons)-brinewell(rocks) interactions that occur at reservoirs-well interfaces of sour gas geological storage. This procedure is appropriate to study different solid-liquid-gas systems at
geologically-relevant P-T (up to 990 bar and 450°C). High
gas concentrations can be reached with respect to safety
rules. By example, effects of dry supercritical H2S+CO2 or
pure CO2 on solids reactivity can be examined. The initial
gas concentration of the system is controlled accurately.
After hydrothermal experiments, mass balances of gases can
be calculated. The technique of synthetic fluid inclusions as
fluid sampling method is included in the analysis protocol. It
allows to determine the state and the speciation of the fluid
phases at experimental conditions.
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Two experiments have been conducted to show the application of this procedure to well cement aging. The reactants of
the experiment 1 were cement+steel+brine while the reactants
of the experiment 2 were cement + steel + brine + H2S + CO2.
Without gas, the initial cement is converted to an assemblage
of xonotlite while the presence of gas causes the formation of
calcite around the cement and the formation of pyrites within
the cement and around the steel. The calculated gas mass balance allowed to estimate the volume amount of newly
formed minerals.
The results acquired using this experimental procedure give
the input data and strong constraints for numerical modelling.
For this purpose, the quantification of the starting and reacted
mineral phases will be improved. Additional parameters such
as the ionic fluid composition are essential to conduct numerical percolation simulations. The ionic composition of the
aqueous phase trapped in inclusions will be further determined
by laser ablation coupled with ICP-MS (ion coupled plasmamass spectrometry) (Audétat et al., 2000) or LIBS (laser
induced breakdown spectroscopy) (Fabre et al., 1999; Fabre et
al., 2002; ). The petrophysical properties of the cement such as
the porosity changes are also an important parameter for the
prediction of durability. The development of techniques for the
determination of that parameter is thus essential.
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