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Two series of experiments with four and 15 bentonites and two model clay porewaters with salinities of 19 g/l 
and 155 g/l revealed CO2 generation in 1:2 bentonite–porewater suspensions at 90 °C and 120 °C. Within three to 
12 months, partial CO2 pressures of up to 2 bar and CO2 contents of ~ 31 to ~ 38 vol. % in the headspace of the batch 
vessels were observed which originated from the dissolution of carbonate minerals at a rate of 1.1 up to 2.1 % of 
bentonite mass per year. Only  minor CO2 release in control batches with calcite suspensions, absence of a correlation 
between the initial carbonate content and CO2 release in bentonites, and a dependence of CO2 release both on solu-
tion composition and bentonite type suggest as a reason for these observations an underlying carbonate dissolution 
reaction involving one or more non-carbonate bentonite components.
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Introduction

Bentonites are considered as barrier materials 
for geological radioactive waste disposal facilities 
(DRWDF) under the majority of international dis-
posal concepts which is basically due to their favor-
able insulating properties . However, these proper-
ties may deteriorate to some extent as a result of 
a reaction with aqueous solutions at elevated tem-
peratures . So far, no consensus has been reached in 
the scientific community on the temperature range 
at which the properties of bentonite do not deterio-
rate . For example, the latest edition of the Law on 
geological disposal facilities’ siting being effective 
in Germany since 2017 requires that the tempera-
ture on the surface of waste containers is limited 
to 100 °C . This limit is applied in the preliminary 
safety assessments unless it is proved that higher 
temperatures do not significantly affect the insu-
lating properties of engineered, commonly benton-
ite-based, and geological barriers .

An experiment conducted in the rock mass of the 
underground research laboratory Grimsel unex-
pectedly revealed a 200-fold increase in CO2 volume 
fraction amounting to up to 8 .5 % in the drainage 
pipes inside highly densified FEBEX bentonite at a 
temperature of 100 °C [1] . Laboratory experiments 
with a 1:1 suspension of FEBEX bentonite and dis-
tilled water showed that up to 0 .35 and 1 m3 of CO2 
per ton of bentonite was formed during 100 days 
and 10 years respectively at a temperature of 95 °C . 
It also showed that the rate of CO2 generation de-
creased significantly with temperature decrease 
[1] . It was suggested that CO2 generation could be 
caused either by a reaction between oxygen and or-
ganic substances contained in bentonite or by ther-
mal decomposition of carbonates [1] .

Since such significant gas generation in bentonite 
can lead, depending on pore space availability, to 
substantial increase in the gas pressure inside the 



Radioactive Waste № 2 (7), 201954

Models for the Safety Analysis of RW Disposal Facilities

54

DRWDF, present work focuses on gaining knowl-
edge on additional characteristics and elucidating 
the causes of CO2 generation in bentonites based 
on laboratory experiments . To study the effect of 
elevated temperatures at both sides of the afore-
mentioned preliminary temperature limit of 100 °C, 
experiments were carried out both at a temperature 
of 90 and 120 °C, as described below .

 Materials and methods

Solutions and solids

The pore solution of the cap salt diapirs rocks 
diluted to a salinity of 155 g/l (hereinafter referred 
to as VGH, from the German “verdünnte Gipshut-
lösung”), and the pore solution of Opalinus clay 
(OPA) with a salinity of 19 g/l (Table 1) were used as 
model solutions for pore solutions of Lower Creta-
ceous and Opalinus clays, respectively, being con-
sidered as potential host rocks for the deep reposi-
tory developed in Germany [2] .

Table 1. Chemical composition of VGH  
and OPA solutions

Chemical 
composition

VGH OPA

g/l mol/l g/l mol/l

NaCl 145.90 2.497 12.38 0.212

CaCl2 3.54 0.032 2.86 0.026

Na2SO4 5.41 0.038 2.00 0.014

KCl 0.38 0.005 0.12 0.0016

MgCl2 – – 1.61 0.017

SrCl2 – – 0.13 0.0008

NaHCO3 – – 0.04 0.0003

Total 155.24 2.57 19.14 0.27

The following bentonite samples were used in the 
experiments: B04 (Greece, Milos), B09 (USA, Wyo-
ming); B10, B11 and B12 (India, Katch), B13 (Hun-
gary), B16 (Germany, Bavaria), B19 (Spain, Almeria), 
B23 (Argentina), B31 (Armenia), B36 (Slovakia, Lis-
kovets), B37 ( Slovakia, Yelsov Stream), B38 (Russia), 
B49 (Turkey, Balekesir) and SD80 (Greece, Milos) 
with a mass fraction of smectites ranging from 63 
to 91 % [3] . The samples were provided by Stefan 
Kaufhold (BGR, Hanover) .

Before starting the experiments, the bentonite 
samples were crushed in a jaw crusher and ground-
ed in a PM400 planetary ball mill (Retsch) for 
30 minutes at 230 rpm using three large (3 cm) and 
two small (2 cm) balls . Before using, bentonites and 
calcite powder (calcium carbonate precipitated p .a ., 
Reag . Ph Eur ., Ref . No .102066, Merck) were dried at 
a temperature of 50 °C .

Experiment setup

Sealed glass reaction vessels were used to per-
form the first series of experiments with 15 ben-
tonites undergoing a reaction with VGH at a tem-
perature of 120 °C during 1 year [1]. However, five of 
them exploded after several hours of heating in an 
oven (Figure 1a); therefore, in all the experiments, 
vessels made of Monel400 alloy (Swagelok) were 
used instead of glass ones . 45 g of bentonite and 
90 g of solution were added to each of the 15 metal 
vessels with a volume of 150 cm3 . Then the vessels 
were purged with N2, hermetically sealed and held 
in a stirrer for 35 minutes to obtain bentonite sus-
pensions . These vessels had an estimated volume 
of gas space of 46—50 cm3, which was based on the 
average volume of bentonite of 17 .24 cm3 calculat-
ed from the average specific density of 2.61 g/cm3 
stated for the studied bentonites [4], and a solution 
volume of 82 cm3 at a temperature of 25 °C or, given 
the 5 .5—5 .8 % increase in volume [5], 87 cm3 at a 
temperature of 120 °C . Three vessels containing 
suspensions that exploded when heated to 120 °C 
in sealed glass vessels were equipped with gas pres-
sure sensors and valves for gas sampling (Figure 1b) . 
An additional vessel was used to measure the water 
vapor pressure of the VGH solution .

The second series of experiments involved 15 g 
of B09, B16, B19 and B38 bentonites reacting with 
30 g of OPA and 32 .15 g of VGH at a temperature 
of 90 and 120 °C for 91 to 166 days in 50 cm3 metal 
vessels equipped with gas pressure sensors . 15 g of 
B19, from which carbonates were removed by the 
sodium acetate — acetic acid method [6], were re-
acting with 30 g of OPA at a temperature of 90 °C . 
0 .53 g of calcite being considered as the main car-
bonate mineral in the studied bentonites [3], was 
reacting with 35 .4 g of OPA and 37 .90 g of VGH at 
a temperature of 120 °C . These vessels had an esti-
mated volume of gas space of 13 .1—13 .2 cm3 . In ad-
dition, 15 g of B19 and B38 were reacting with 7 .5 g 
and 15 g of OPA at a temperature of 90 °C for 159 to 
166 days in metal vessels with a volume of 50 cm3 
and an estimated volume of gas space of 37 .0 and 
29 .8 cm3, respectively .

Measurements

Carbonate content in bentonites was measured 
based on the method described in [7, 8] . Self-made 
so called “carbonate bomb” measuring device, con-
structed by this method, is a steel cylinder with a 
bolted cap, equipped with a pressure sensor . Mea-
surements of CO2 pressure caused by inorganic 
carbonate dissolution in 1 g of bentonite powder 
reacting with 5 ml of 18 % HCl while stirring with 
a magnetic stirrer were carried out at a laboratory 
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temperature for no more than two hours . For each 
bentonite, three parallel measurements were per-
formed using three identical carbonate bombs with 
the average CO2 pressure being calculated from 
the maximum pressures recorded in the individu-
al measurements . Calcium carbonate powder was 
used to calibrate the carbonate bombs by establish-
ing a linear relationship between the mass of the 
dissolved calcium carbonate and the resulting CO2 

pressure, taking into account the separately mea-
sured background hydrochloric acid vapor pressure .

Gas pressure in the reaction vessels and in car-
bonate bombs was measured by relative and abso-
lute pressure sensors FDA602L4R and FDA602L3A 
(Ahlborn) with a maximum allowable pressure of 5 
and 2 .5 bar and a total measurement error of 0 .05 
and 0 .025 bar, respectively . The pressure measured 
by the relative sensors was corrected based on fluc-
tuations in atmospheric pressure using a freely sus-
pended absolute sensor .

Gas sampling was carried out immediately after 
removing the vessels from the oven, as shown in rel-
evant inset (Figure 1b) . The space between the valve 
on the upper part of the vessel and the syringe was 
subjected to triple N2 purging until the valve was 
opened and samples were taken from the gas space . 
As soon as the smallest drops of water were noticed 
entering the syringe, the valve was closed and gas 
sampling was considered completed . The volume 
of sampled gas was checked against the syringe 
scale . Gas analyzes were performed using Micro 
GC 3000 gas chromatograph (Inficon), calibrated 

for measurements in the range of 0 .005—40 % for 
CO2, 0 .0005—0 .5 % for H2, and 5—21 % for O2 .

Results and discussion

Carbonate content in bentonites

Before the reaction with solutions takes place, 
the mass fraction of carbonates in bentonites var-
ies in the range from 0 .35 to 9 .88 % (Table 2) and 
is considered being in good agreement with the re-
sults previously obtained for the studied bentonites 
using LECO analysis [3] . Some differences could be 
explained by difference in the effectiveness of the 
methods applied . In a comparative analysis with 
artificial standards [9], the method suggesting the 
use of carbonate bombs showed higher accuracy 
than the LECO one, especially with a mass fraction 
of carbonates in sediment samples not exceeding 
10 % .

Comparison between relevant values for benton-
ites before and after the reaction at a temperature 
of 120 °C (Table 2) shows that bentonites with the 
initial mass fraction of carbonates below ~ 1 .4 % 
have completely lost carbonates during the heat-
ing period of 374 days . For these bentonites, only 
the lower limit of the carbonate loss rate can be 
estimated, since the complete loss of carbonate 
could occur long before the end of the experiment . 
Bentonites with an initial mass fraction of carbon-
ates of at least 1 .4 % can be divided into two sub-
groups with a mass fraction loss rate of 1 .1 % (B09, 
B31) and 1 .6—2 .1 % (B13, B19, B38, B49, SD80) per 

 а) б)
Figure 1. a) exploded and intact sealed glass vessels in the oven after several hours of heating at a temperature of 120 °C (inset 

in the right corner: a sealed glass vessel without aluminum foil);
b) metal vessels with tubes leading to pressure sensors located outside the cabinet and valves for gas sampling in the upper 

part of the vessels (inset: gas sampling)
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year due to reaction with VGH at a temperature of 
120 °C . Additional experiments revealed that rel-
evant losses in B09, B19, and B38 accounted for 
0 .6, 1 .7, and 1 .4 wt %, respectively, per year due to 
reaction with VGH at a temperature of 90 °C, while 
SD80 lost 1 .6 wt % per year due to the reaction with 
OPA at a temperature of 90 °C . In a two-year experi-
ment involving B16 and VGH at a temperature of 
25 °C, a complete loss of carbonates was identified.

A similar observation revealed complete loss of 
carbonates due to heating of bentonite from Wyo-
ming (USA) with an initial mass fraction of carbon-
ates of 7 % at a temperature of 200 °C for 1 .5 years 
[10] . Heated at a temperature of 90 °C, bentonite 
with an initial mass fraction of carbonates amount-
ing to 20 .3% lost up to 7 .7 and 15 .2 % of the mass re-
spectively in 730 days due to reaction with ground-
water and distilled water [11] .

Gas formation

In the reaction vessels, gas pressure was increas-
ing monotonically until an equilibrium was reached 
after 200—300 days of reaction, with the exception 
of sharp changes in pressure due to short-term 
temperature drops on the 5th, 53rd and 61st day 
(opening the oven to accommodate the vessels, 
brief blackouts), as well as a decrease in pressure 
for B12 and B31 as a result of gas sampling at the 
138th day (Figure 2) .

The water vapor pressure of 1 .78 ± 0 .01 bar, stat-
ed in this work for the VGH solution, is consistent 
with the pressure of 1 .77 bar indicated for 2 .6 mol 
of NaCl solution at a temperature of 120 °C [12] . In 
addition to this value, the apparent gas pressure af-
ter ~ 130 days-lasting reaction was found to be in 
the range between ~ 0 .6 and ~ 1 .2 bar for the stud-
ied bentonites . However, the actual additional pres-
sure resulting from gas generation in bentonites 
being in contact with VGH seems to be higher than 
the estimated one . This conclusion can be drawn 
based on the gas pressure recorded following gas 
sampling from vessels containing bentonites B12 
and B31 . During sampling from a vessel containing 
bentonite B31, the pressure in the gas space de-
creased from 2 .79 to 0 .26 bar and then within one 
day increased to 1 .06 bar, afterwards staying stable 
for about two days . The latter one can be consid-
ered as an approximate one for the vapor pressure 
of the solution being in contact with bentonite B31 
at a temperature of 120 °C . A similar observation 
was made for B12 bentonite: during sampling, the 
pressure in the gas space decreased from 2 .95 to 
0 .11 bar and within one day increased to 1 .17 bar 
remaining stable afterwards for about two days . 
Thus, the solution being in contact with B12 and 
B31 is characterized by lower vapor pressure than 
the VGH solution accounting for 0 .61 and 0 .72 bar, 
respectively .

The first assumption allowing to explain this 
observation was that the salt content in solutions 
being in contact with bentonites may be higher 
than the one in VGH solution . The latter can be ex-
plained by water absorption into the space between 
negatively charged layers of montmorillonite, 
from which negatively charged chloride ions were 

Table 2. Mass fraction (%) of carbonates in bentonites 
prior to the reaction ([3], present work) and after 

the reaction with VGH for 374 days at a temperature 
of 120 °C and estimates of carbonate loss rate 

(change in mass fraction per year)

Prior to the 
reaction [3]

Prior to the 
reaction

After the 
reaction Loss

B04 0.0 0.37 ± 0.04 0.00 ± 0.05 ≥ 0.4

B09 2.0 2.35 ± 0.04 1.24 ± 0.12 1.1

B10 1.0 0.62 ± 0.07 0.01 ± 0.13 ≥ 0.6

B11 1.0 1.35 ± 0.10 0.02 ± 0.14 ≥ 1.3

B12 1.0 1.11 ± 0.03 0.00 ± 0.06 ≥ 1.1

B13 4.0 4.65 ± 0.11 2.87 ± 0.08 1.8

B16 0.0 0.44 ± 0.03 0.00 ± 0.08 ≥ 0.4

B19 3.0 3.23 ± 0.05 1.61 ± 0.08 1.6

B23 0.0 0.39 ± 0.03 0.00 ± 0.11 ≥ 0.4

B31 1.0 1.40 ± 0.06 0.30 ± 0.16 1.1

B36 0.0 0.35 ± 0.03 0,.00 ± 0.05 ≥ 0.3

B37 1.0 0.39 ± 0.01 0.00 ± 0.04 ≥ 0.4

B38 8.0 9.88 ± 0.13 7.78 ± 0.14 2.1

B49 Not measured 3.90 ± 0.05 2.00 ± 0.17 1.9

SD80 Not measured 2.80 ± 0.07 1.02 ± 0.12 1.8

Figure 2. Changes in gas pressure for a 1:2 suspension of B10, 
B12 and B31 bentonites with VGH at a temperature of 120 °C. 

The insert shows a close-up of the change in gas pressure 
for B12 during the first day of the reaction.



Radioactive Waste № 2 (7), 2019 5757

Carbonate Dissolution and 
  CO2 Release in Bentonites at Elevated Temperatures

electrostatically excluded . Thus, Na+Cl– ion pairs 
remain in solution with a reduced concentration 
of water and a correspondingly increased salinity . 
To verify this assumption, the vapor pressure was 
measured for solutions with a salinity of 200 and 
325 g/l (Table 3) . Due to an increase in salinity from 
155 g/l (VGH) to 325 g/l, a decrease in water vapor 
pressure of 0.28 bar was identified, which is sig-
nificantly less than the decrease identified for VGH 
upon its interaction with B12 and B31 amounting 
to 0 .61 and 0 .72 bar respectively . Therefore, it can 
be assumed that bentonite colloids with cations 
adsorbed on their surface may cause a decrease of 
the water vapor pressure in the contacting solution 
producing an effect being similar to the one in the 
dissolved salt. Verification of this assumption is, 
however, beyond the scope of this work and will be 
carried out in the following paper .

Table 3. Water vapor pressure (bar) for OPA and 
VGH solutions at a temperature of 90 °C and 120 °C 

and for diluted (200 g/l) and saturated (325 g/l) 
solutions present in the overlying salt diapir rocks 

at a temperature of 120 °C

OPA, 19 g/l VGH, 155 g/l 200 g/l 325 g/l

Pressure1, 
120 °C 1.924 ± 0.003 1.767 ± 0.003 1.674 ± 0.003 1.488 ± 0.001

Pressure2, 
90 °C 0.657 ± 0.001 0.646 ± 0.001

1,2mean values calculated from the data covering the last 7 days in 
36-day- (1) and 15-day-long (2) experiments.

Figure 2 shows that after sampling, the gas pres-
sure in the vessels containing bentonites B31 and 
B12 continued to increase in addition to the esti-
mated vapor pressure of ~ 1 .1 and ~ 1 .2 bar and sta-
bilized at ~ 1 .2 and ~ 1 .4 bar, respectively . Therefore, 
for B12, the total additional gas pressure of ~ 2 .0 bar 
can be estimated throughout the experiment as the 
additional pressure of ~ 0 .2 and ~ 1 .8 bar recorded 
after and before sampling, respectively . Thus, it can 
be assumed that the gas pressure for B12 would 
reach an equilibrium value of ~ 3 .2 bar if gas was 
not sampled at all . The inset in Figure 2 shows that 
about 65 % (2 .07 bar) and 70 % (2 .25 bar) of this val-
ue were attained during the first three hours and on 
the first day of the reaction, respectively. For B31, 
an additional gas pressure of ~ 1 .1 bar and an equi-
librium gas pressure of ~ 2 .3 bar can be estimated in 
a similar way .

Gas formation in bentonites is seen as an obvi-
ous explanation for the fact that additional gas 
pressure was recorded . Analysis of the gas space 
samples from vessels containing B12 and B31 ben-
tonites showed that the volume fraction of CO2 

increased from the initial estimated atmospheric 

value of ~ 0 .04 % to 24 and 30 % for bentonites B12 
and B31, respectively .

A second series of experiments provided addi-
tional information on CO2 formation in benton-
ites . First of all, it occurs as a result of a reaction 
involving not only carbonates, but also one or more 
other mineral components of bentonite . This fol-
lows from the observation of a slight additional gas 
pressure of 0 .12—0 .15 bar for calcite suspensions 
with OPA and VGH compared with an additional 
gas pressure of 1 .08—1 .17 bar for B19, despite ap-
proximately the same mass of carbonates account-
ing for 0 .5—0 .53 g (Figure 3 and 4) .

This observation seems to be consistent with 
the interaction mechanism between carbonates 
and clays [13, 14, 15] being considered as the main 

Figure 3. Changes in gas pressure for 1:2 suspensions of 
bentonites with OPA at a temperature of 120 °C. The initial 
mass of CaCO3 in the reaction vessels was calculated from 
carbonate mass fractions contained in bentonites (Table 2)

Figure 4. Changes in gas pressure for 1:2 suspensions of 
bentonites with VGH at a temperature of 120 °C. The initial 
mass of CaCO3 in the reaction vessels was calculated based 

on carbonate mass fractions contained in bentonites (Table 2)
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source of CO2 in most diagenetic deposits at tem-
peratures above 70 °C [14, 15] . This mechanism 
can only be neglected at temperatures below 50 °C 
nevertheless dominating possible precipitation of 
carbonate minerals at temperatures above 100 °C 
[13, 16] . Changes in CO2 partial pressure ranging 
from 0 .002 to 130 bar, recorded in the temperature 
range of 10—200 °C for approximately 400 samples 
in eight sedimentary basins, were explained by as-
sumed equilibrium between solutions, carbonate 
minerals and various aluminosilicates, including 
Mg-Al silicate [17] . CO2 partial pressure is stabi-
lized due to the equilibrium with these minerals 
making the contribution of CO2 formed by high-
temperature decomposition of the organic matter 
contained in clays insignificant compared to the 
contribution associated with carbonate dissolution 
[14, 15, 16, 17] .

Contribution of CO2 associated with the decom-
position of organic matter in the studied benton-
ites can be neglected, inter alia, given that its mass 
fraction accounts for less than 0 .1 % in the ben-
tonites B12, B19 and B31 . Gas formation in these 
cases caused the blow out of sealed glass vessels 
(Figure 1a) in samples B9, B10 and B16 — 0 .1 % and 
0 .3 % — B38 [18] . Given that the mass fraction of 
CO2 in clay kerogen does not exceed 10 % [19] and 
the contribution of CO2 produced at temperatures 
below 200 °C, for example in Boom clays, does not 
exceed 5 .5 % of the kerogen mass [19, 20], the mass 
of CO2 formed in bentonite with a mass fraction 
of organics of 0 .3 %, under the experimental con-
ditions assumed under this study, will not exceed 
0 .17 mg/year . By contrast, the mass of CO2 formed 
in bentonite due to the dissolution of the latter one 
with a calcite mass fraction of 0 .3  % amounts to 
1 .8 mg/g of clay .

Analysis of gas samples confirmed that the ad-
ditional gas pressure is caused by CO2, the volume 
fraction of which in the gas space averages from 
30 .9 to 37 .8 %, followed by H2 (with a volume frac-
tion ranging from 0 .4 to 1 .5 %), O2 (with a volume 
fraction ranging from 1 .0 to 1 .1 %), trace amounts 
of hydrocarbons and the remaining N2 . CO2 vol-
ume in the gas space (Table 4), calculated from the 
measured volume fractions and the sampled gas 
volume, complies with the final ratios between the 
CO2 pressures shown in Figure 3 and 4 . Data on H2, 
most likely resulting from metal vessel corrosion 
[21], indicate that the more saline VGH solution ap-
pears to be more corrosive than the OPA one . These 
data also suggest that corrosion rate may depend 
on the bentonite type, since the volume of H2 (in-
dicator of the corrosion rate), for example, for an 
OPA suspension with B09 appears to be an order 
of magnitude higher than the one for B16 and B38 

(Table 4) . These data indicate that the aforemen-
tioned additional gas pressure of 0 .12—0 .15 bar in 
vessels with calcite is mainly caused by the partial 
pressure of H2 .

Table 4. Volume of CO2 and H2 (ml) in the gas space 
of bentonite and calcite suspensions with VGH and 
OPA following 91- and 146-days lasting reaction, 

respectively, at a temperature of 120 °C

CO2 H2**

VGH OPA VGH OPA

B09 4.1 5.5 0.30 0.07

B16 1.5 2.3 0.01 0.007

B19 9.4 9.0 0.76 0.21

B38 10.5 7.0 0.19 0.005

calcite –* 0.16 0.35 0.24

*The measured volume of 4.1 ml was not considered as an 
obvious statistical release.

**The values assumed for B16 + VGH/OPA and B09/B38 + OPA 
were supposed to lie within the calibrated range of H2 volume 
fractions amounting to up to 0.5%, while the remaining values 
should be considered only as indicative ones displaying the gas 
generation trend

The second important conclusion that can be de-
rived from the observations is that CO2 formation 
in bentonites does not linearly depend on the car-
bonate content . At least this observation seems to 
be true for the five-month observation period as-
sumed under this study, since the gas pressures and 
volume fractions of CO2 in B38 bentonite are com-
parable in their value or are even lower than the 
ones for B19 (Figure 3, 4, Table 4), despite three-
fold higher initial carbonate content (Table 2) . This 
observation suggests, for example, the fact that 
carbonates were not considered as the main gen-
eration source resulting in daily production up to 
3 .2 l of CO2 per kg of clay at a temperature of 200 °C 
in [22], which was explained by the lack of corre-
lation with the content of carbonates, was prob-
ably unjustified. Given that the gas pressure and 
CO2 volume fractions for B38 are not higher than 
the ones for B19, despite the higher carbonate loss 
rate for B38 (Table 2), it is necessary to assume that 
some of the dissolved carbonates or the resulting 
CO2 in B38 are retained under a reaction with one 
or more bentonite components .

The third observation suggests that carbonate 
dissolution depends both on the composition of 
the solution and on the type of bentonite, as due to 
91-day long reaction with OPA, bentonite B09, B16 
and B19 showed 0 .1—0 .2 bar higher gas pressure 
than following a 91-day long reaction with VGH . At 
the same time, B38 shows a contrariwise change 
in pressure by 0 .1 bar (Figure 3, 4) . Experiments 
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conducted at a temperature of 90 °C confirm this 
observation, since OPA dissolves more carbonates 
than VGH in B19, and vice versa — in B38 (compare 
the data for 1:2 suspensions in Figures 5 and 6) .

Experiments performed at a temperature of 90 °C 
show that carbonate dissolution at this tempera-
ture is characterized by a gas pressure of no higher 
than 1 bar . This pressure appears to be three times 
lower than the one observed at a temperature of 
120 °C which seems to be consistent with CO2 pres-
sure of about 1 bar recorded in the experiment con-
ducted in the Callovo-Oxfordian clays in Bure un-
derground research laboratory (France) . The latter 
one is explained by calcite dissolution at a temper-
ature of 85 °C [23] . A decrease in gas pressure at a 
temperature of 90 ° C compared to the one recorded 
at a temperature of 120 °C, can be explained by a 

decrease in the rate of CO2 formation, as shown for 
1:1 suspensions of FEBEX bentonite and distilled 
water at a temperature of 20, 50, and 95 °C [1] . Simi-
lar conclusion can be drawn by comparing the rate 
of CO2 generation in 3 .5 cm3/kg of bentonite per day 
at a temperature of 95 °C [1] and 3,200 cm3/kg of 
clay per day at a temperature of 200 °C [22] .

An experiment with B19 bentonite sample sug-
gesting that the carbonates were to be removed 
by the sodium acetate — acetic acid method con-
firmed that in addition to the water vapor pressure 
in VGH and OPA solutions the gas pressure was 
caused mainly, if not entirely, by carbonate disso-
lution (Figure 5) . However, the gas pressure in this 
experiment was higher than the vapor pressure in 
the OPA solution, and the gas space still contained 
0 .72 ml of CO2 (along with H2 amount of 0 .23 ml, 
which is consistent with the 0 .21 ml amount of H2 
at a temperature of 120 °C in Table 4) . This obser-
vation indicates either the incomplete removal of 
carbonates from the studied sample or the fact that, 
in addition to the carbonate dissolution, alterna-
tive small source of CO2 generation may be present 
in B19 bentonite .

Based on the experiments conducted at a tem-
perature of 90 °C, fourth observation can be done: 
a decrease in the mass ratio of bentonite and solu-
tion in suspensions may cause an increase in the 
additional gas pressure . This is most clearly seen 
from the increase in additional gas pressure for 
1:1 suspension of B38 (and less clearly for B19) as 
compared to 1:2 suspension, despite relevant more 
than two-fold increase in the volume of gas space 
(Figures 5 and 6) . Further decrease in the mass ra-
tio of bentonite and solution to up to 1: 1/2 accom-
panied by further increase in the gas space volume, 
leads, however, to a decrease in the additional gas 
pressure .

Conclusion

To date, DRWDF safety cases assumed that cal-
cite and other carbonate minerals become more 
stable and precipitate at elevated temperatures, 
as discussed, for example, in [24, 25] . Present pa-
per shows that this assumption is not true for car-
bonate minerals in bentonites, possibly due to the 
interaction between carbonates and clay minerals . 
In the experiments performed, the dissolution of 
carbonates was detected followed by gas forma-
tion and the associated loss of up to 1 .7 and 2 .1 % 
bentonite mass per year at a temperature of 90 
and 120 °C, respectively, and a loss of at least 0 .2 % 
bentonite mass per year at a temperature of 25 °C . 
In addition, CO2 formation and an increase in CO2 
partial pressure to 2 bars was identified which was 

Figure 5. Changes in gas pressure for 1:2, 1:1 and 
1:1/2 suspensions of bentonite B19 with OPA and VGH 

at a temperature of 90 °C

Figure 6. Changes in gas pressure for 1:2, 1:1 and 
1:1/2 suspensions of bentonite B38 with OPA and VGH 

at a temperature of 90 °C
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explained by the contact of bentonites with both a 
high salinity solution (VGH) and a much less saline 
solution (OPA) at a temperature of 90 and 120 °C .

Based on these observations, several pending is-
sues were stated . Relevant answers may result in 
somewhat deeper understanding of the discovered 
nontrivial dependence of the carbonate dissolution 
and CO2 formation on the bentonite type, solution 
composition and the mass ratio of bentonite and 
solution . The most important issue to be addressed 
is to find out which non-carbonate mineral affects 
the dissolution of carbonates and the formation 
of CO2 in bentonites and in which way, as well as 
whether the detected dependence of gas formation 
on the bentonite type can be associated with po-
tentially different reactivity of carbonates in vari-
ous bentonites .

 [14] suggests that dissolution of carbonates tak-
ing place in accordance with carbonate-clay inter-
action mechanism is caused either by the hydroly-
sis of silicates or acids formed from organics during 
thermal recovery . As regards the silicate hydrolysis, 
a hypothesis was proposed in [15] suggesting that 
with a temperature increase, silicates tend to co-
exist with solutions requiring a higher activity of 
a hydrogen ion at a given salinity . These process-
es lead to calcite dissolution in accordance with 
the reaction:  . 
This reaction is responsible for the buffer poten-
tial of bentonites, which stabilizes the pH of the 
pore solution in neutral or light-alkaline — alka-
line range . The equation above, however, also indi-
cates that sufficiently high increase in the CO2 par-
tial pressure can prevent the dissolution of calcite 
and, thus, the buffer potential of bentonites can be 
eliminated .

This is precisely what was recorded in the above 
experiment conducted in the Bure underground re-
search laboratory (France) which was explained by 
an increase in CO2 partial pressure up to 1 bar due 
to the dissolution of carbonates in clay at a tem-
perature of 85 °C [23] . After that, within 200 days, 
the pH of the solution interacting with the clay 
decreased due to pyrite oxidation in clay from the 
initial value of 7 .2 to 4 .5 . Since the corrosion rate of 
metal RW containers increases significantly in acid-
ic environment, precautions should be taken under 
clay disposal concepts to prevent such pH decrease 
(which was actually done under the French disposal 
concept following this observation [23]) . The in-
crease in gas pressure due to CO2 generation and 
the alteration of mechanical properties due to the 
loss of carbonate minerals in clay-based barriers in 
the near field of repository are considered as two 
other potentially important safety aspects associ-
ated with carbonate dissolution . This demonstrates 

the need for an in-depth understanding as regards 
the mechanism of CO2 formation in clays .
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