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Abstract—In some real and up-scale tests using high-level radioactive waste (HLRW), Mg accumulation
was observed in smectites at the contact of heated Fe or Cu metal tubes. It is important to understand why
Mg accumulated in order to model the long term performance of bentonites in HLRW systems. In some of
these tests, an increased number of trioctahedral domains was measured in the smectites using X-ray
diffraction (XRD) and infrared spectroscopy (IR). The trioctahedral domains either formed by the
dissolution/precipitation of smectites or by the addition of Mg through a solid-state reaction similar to the
Hofmann-Klemen effect. The Hofmann-Klemen effect is used in the Greene-Kelly test to distinguish
montmorillonites from beidellites. Many studies have been carried out about Li-uptake by smectites, but
Mg was rarely taken into account. The present study was, therefore, undertaken to compare the interactions
of different bentonites with Li and Mg under various conditions. A significant CEC decrease was found for
Li- and Mg-saturated bentonite samples after heating at 250°C under dry conditions. The extent of this CEC
reduction depended on the octahedral to tetrahedral charge ratio and was smaller for Mg-saturated samples
than Li-saturated samples. This finding proved that it is much more difficult for Mg to enter octahedral
vacancies than Li, which probably can be explained by the larger hydration energy and/or slightly larger
radius of Mg. The relationship between CEC reduction and the octahedral/tetrahedral charge ratio of both
Li- and Mg-saturated samples, however, suggests a similar process. The Mg that can reside at the bottom of
the pseudohexagonal holes would not explain this relationship. The important result with respect to
understanding HLRW bentonite performance, on the other hand, is that Mg fixation only occurs under dry
conditions and that Mg fixation acts as a sink for Mg and, hence, leads Mg to diffuse towards the heated
metal surface.

Key Words—Dioctahedral to Trioctahedral Transformation, HLRW Bentonite, Mg-increase,
Smectite, Trioctahedral Domains.

INTRODUCTION these minerals guarantee the most important safety

Swelling clays (smectite rich clays or bentonites) are
currently investigated as potential geotechnical barriers
for the safe encapsulation of high level radioactive waste
(HLRW) (Dohrmann et al., 2013a; Sellin and Leupin,
2014, Kaufhold and Dohrmann, 2016). The current focus
is on the identification of mineral alteration reactions,
which could affect the long term performance of
bentonite barriers. Among other reactions, the accumu-
lation of Mg in bentonites exposed to a heated metal
surface was found in some large and/or up-scale tests.
Neither the reason for this Mg accumulation nor the
mechanism behind it are currently understood. For safety
assessments, the long term performance of the barrier
must be investigated. Long term performance assessment
is commonly based on modelling because of the marked
difference between the age of deposition tests (1—10 y)
and safety requirements (up to 1 Ma). Reasonable
modeling, however, can only be based on understanding
the mechanisms of the smectite alteration processes as
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functions. Such alteration processes were observed
particularly at metal-bentonite and cement-bentonite
interfaces. The high pH at cement-bentonite interfaces
results in dissolution of smectites and precipitation of
zeolites and related minerals (e.g. Savage et al., 1992,
2010). At metal-bentonite interfaces, corrosion products,
such as 1:1 or 2:1 minerals, were observed after all the
oxygen was consumed during magnetite formation
(Perronnet et al., 2007; Savage et al., 2010; Kauthold
et al., 2015). Some large scale tests, however, indicated
the relevance of an additional alteration mechanism. At
and near metal-bentonite interfaces, an enrichment of
Mg was observed which could not be explained by
cation exchange only. Detailed mineralogical analysis
revealed the formation of trioctahedral minerals and/or
domains. Such a dioctahedral to trioctahedral transfor-
mation mostly occurred along with an increase in the Mg
content and was observed in a couple of HLRW large
scale tests at both Cu-metal/bentonite and Fe-metal/
bentonite interfaces (long term test, LOT: Kaufhold and
Dohrmann, 2009; alternative buffer material test,
ABM-I: Kaufhold et al., 2013; Dohrmann and
Kauthold, 2013b; ABM-II: Svensson, 2015). Plotze et
al. (2007) reported on the increase in Mg contents in
bentonite that was observed in the Mont Terri heater
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experiment (HE-B) in the Opalinus clay formation,
Switzerland. In the low-temperature, full-scale experi-
ment, prototype repository (Cu-metal/bentonite inter-
faces) test, no trioctahedral domains were found
(Dohrmann and Kaufhold, 2014). In the ABM tests,
only a few bentonites showed a dioctahedral to tri-
octahedral transformation of smectites. Tests with other
materials showed no alteration, no Mg increase, and no
increase in trioctahedral minerals or domains and cannot
yet be explained. The formation mechanism for tri-
octahedral minerals and/or domains, hence, is not yet
understood. The aim of the present paper, therefore, was
to investigate the interaction of smectites with excess
Mg at elevated temperature.

The Mg that sometimes accumulated near the heater/
bentonite interface can be derived from (1) cation
exchange, (2) ground or rock water, (3) incongruent
smectite dissolution, or (4) a combination of all three
processes. The Mg source is not clear, but the occurrence
of trioctahedral minerals or domains at heater/bentonite
contacts has been proven.

Two different mechanisms for the formation of
trioctahedral domains have to be taken into account.
On the one hand, the formation of trioctahedral minerals
or domains could be explained by dissolution of a
dioctahedral smectite and precipitation of a trioctahedral
smectite. This reaction would depend on the solubility of
the precursor material and the Mg abundance. On the
other hand, a dioctahedral to trioctahedral transforma-
tion could be a solid state ‘“addition” reaction.
Analogous to the fixation of Li by dioctahedral smectites
(Greene-Kelly, 1952; Hofmann and Klemen, 1950), Mg
has only a slightly larger ionic radius than Li and could
enter octahedral vacancies in smectites and partially
neutralize the permanent layer charge. The fixation of Li
is used to distinguish montmorillonites from beidellites.
Some doubt, nevertheless, exists about the actual
fixation process. Most IR-based methods have proved
the presence of Li in octahedral vacancies (e.g.
Madejova et al., 2000). NMR studies, on the other
hand, indicate that Li remains at the bottom of the
pseudohexagonal holes (Steudel et al., 2015). Most
studies agree that Li can migrate into octahedral
vacancies most probably near the permanent charges
(Sasra et al., 1994; Karakassides et al., 1999;
Hrobarikova et al., 2001). The presence of Li in
octahedral vacancies near layer charge sites was also
found to be energetically favorable (Stackhouse and
Coveney, 2002). No such studies, however, are available
for Mg. A few studies were conducted on the fixation of
small bivalent cations, such as Cu. Madejova et al.
(1999) concluded that Cu remains at the bottom of the
hexagonal holes and that not only size but also the
charge and hydration energy determine the fate of the
cations in the mineral structure. Li fixation by smectites
and Mg fixation by hectorite was studied by Jaynes and
Bigham (1987) and Jaynes et al. (1992). The present
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study was conducted to try to identify the reaction
mechanism relevant for HLRW disposal. Fixation tests
were, therefore, conducted on a set of bentonites that
contain smectites with different ratios of octahedral and
tetrahedral charge.

MATERIALS AND METHODS

Eight bentonites of the BGR bentonite sample set
(Kaufhold and Dohrmann, 2008; Kaufhold ez al., 2008;
Kauthold ez al., 2010a, 2010b) were selected. To avoid
cation exchange processes caused by the dissolution of
Ca-carbonate or Ca-sulfate during the experiments as
discussed by Dohrmann (2006), samples with a low
content of partially soluble components were selected. In
addition, the samples covered a significant range of total
layer charge densities and tetrahedral charge fraction of
total charge because both could play a role in cation
fixation. Basic mineralogical and chemical data of the
samples is given in Table 1.

Mg-interaction experiments

For Li-saturation, a 5 g sample of each bentonite was
dispersed in 750 mL polyethylene (PE) centrifuge
beakers in 500 mL of a 4 M LiCl solution and were
shaken end-over-end for 24 h. The bentonite solids were
separated from the LiCl solution by centrifugation and
were washed with deionized water. To complete Li
saturation, a second aliquot of 500 mL of 4 M LiCl
solution was added and was shaken end-over-end for
another 24 h. After centrifugation and washing, the
sedimented bentonite samples were dialyzed and either
air-dried and ground or the volume was reduced to
10 mL by evaporation. The Mg-saturation was similar to
the procedure described above for Li-saturation, but a
10 g sample of bentonite and a 4 M MgCl, solution were
used. The experimental setup is summarized in Table 2.
The CEC is commonly determined after drying samples
at <100°C and the CEC values are corrected using the
water contents determined on separate samples dried at
105°C. Drying at >100°C may cause a reduction in the
CEC (Kaufhold and Dohrmann, 2010a). In most of the
series (Table 2), temperatures above 100°C were applied
and, therefore, the untreated material was also investi-
gated after drying at 120°C for 24 h. The standard
procedure for Li-fixation is drying at 250°C for a couple
of hours. In a repository in crystalline rock, however, the
temperature in the bentonite buffer will be <100°C and,
in large-scale experiments, ABM temperatures in the
bentonite buffer can reach up to 135°C. Additional tests
were, therefore, conducted at 120°C with an increased
reaction time. In addition, the water content was
assumed to play a role. Two tests, one without and one
with water, were conducted. Li is known to enter the
octahedral vacancies, but Mg movement was thought to
be slower. Hence, the time for the Mg experiments was
increased.
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Table 1. Basic mineralogical and chemical parameters of the eight selected bentonite samples (“0” = mineral was detected, but
content <0.5%).

B2 B4 B14 B22 B29 B33 B36 B39
Mineral composition (%) Kauthold et al. (2012)
Smectite 77 91 88 76 89 88 75 60
Muscovite 3
Kaolinite 3 5 2
Quartz 1 2 3 4 6 3 11
Cristobalite/opal-A 12 1 3 40
Rutile/anatase 1 2 0
Calcite 0 1 0 1
Feldspar 19 5 3 8 0 7 8
Barite 1
Gypsum 0
Sum 100 100 100 100 100 100 100 100
BET Kaufhold et al. (2010b)
(m%/g) 22 46 130 31 96 16 57 111
Tetrahedral charge
(%/CEC) 13 23 60 7 31 12 51 55
Layer charge density (AAM)
(eq/FU) 0.35 0.31 0.33 0.35 0.33 0.25 0.20 n.d.
LECO Kauthold et al. (2008)
Ciotal (mass%) 0.1 0.0 0.2 0.0 0.1 0.1 0.1 0.0
Corg (mass%) 0.0 0.0 0.1 0.0 0.1 0.1 0.1 0.0
Cinorg (mass%) 0.0 0.0 0.1 0.0 0.0 0.1 0.0 0.0
Siotal (mass%) 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
CEC Kauthold and Dohrmann (2008)
Na (meq/100g) 13 19 1 66 0 57 0 2
K (meq/100g) 2 2 3 1 1 2 2 1
Mg (meq/100g) 47 46 41 3 23 5 17 11
Ca (meq/100g) 42 38 48 27 44 33 36 45
Sum cations (meq/100g) 104 105 93 97 68 97 54 59
CEC (meq/100g) 102 107 86 98 77 81 53 59
XRF Kauthold and Dohrmann (2008)
Si0, (mass%) 52.0 49.4 45.8 62.4 49.8 58.6 61.7 69.1
TiO, (mass%) 0.6 0.7 2.1 0.2 1.2 0.1 0.8 0.2
AL O3 (mass%) 15.4 15.6 16.8 15.0 21.0 19.5 17.5 15.6
Fe,03 (mass%) 5.0 8.0 9.9 1.1 5.4 3.6 8.1 1.9
MnO (mass%) 0.1 0.0 0.0 0.0 0.0 0.0 0.1 0.0
MgO (mass%) 4.4 3.1 22 33 1.9 24 1.6 0.6
CaO (mass%) 1.7 0.9 1.6 1.0 1.1 1.2 1.3 1.3
Na,O (mass%) 0.9 0.6 0.1 2.3 0.0 2.1 0.4 0.0
K,0 (mass%) 1.1 0.4 0.7 0.4 0.1 0.5 1.4 0.2
P,0s5 (mass%) 0.1 0.1 0.4 0.1 0.0 0.0 0.1 0.0
LOI (mass%) 18.5 19.5 20.3 13.9 19.3 114 6.7 10.9
Sum (mass%) 99.6 98.7 99.6 99.8 99.7 99.7 99.7 99.8

Analysis of products

The products were analyzed using X-ray diffraction
(XRD) with attention to the dygo reflection, using
infrared spectroscopy (IR) with attention to the
680 cm™' vibration, and by using cation exchange
capacity (CEC) to determine any loss in CEC that
would suggest cation fixation.
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The XRD patterns were recorded using a PANalytical
X’Pert PRO MPD 6-0 diffractometer (PANalytical,
Almelo, Netherlands) using Cu-Ko radiation generated
at 40 kV and 30 mA and was equipped with a variable
divergence slit (20 mm irradiated length), primary and
secondary soller slits, a proportional counter, a dif-
fracted-beam monochromator, and a sample changer
(sample diameter 28 mm). The samples were investi-
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Table 2. Experimental setup used for Li and Mg interaction tests using 8 selected bentonites.

Samples (°C) (h)
Series 1 8 selected bentonites Untreated material, natural cation population, dried 120 24
Series 2 8 selected bentonites Li saturated dialysed dried 250 4
Series 3 8 selected bentonites Li saturated dialysed dried 120 24
Series 4 8 selected bentonites Li saturated dialysed in 10 mL water 120 24
Series 5 8 selected bentonites Mg saturated dialysed dried 250 24
Series 6 8 selected bentonites Mg saturated dialysed dried 120 720
Series 7 8 selected bentonites Mg saturated dialysed in 10 mL water 120 720

gated from 2° to 90°20 using a step size of 0.02°20 and a
measuring time of 20 sec per step. For specimen
preparation, the top loading technique was used.

For measuring the mid (MIR) infrared spectra, the
KBr pellet technique (I mg sample/200 mg KBr) was
applied and spectra were collected using a Thermo
Nicolet Nexus FTIR spectrometer (Nicolet Instruments,
Madison, Wisconsin, USA) with a MIR beam splitter,
KBr windows, and a DTGS TEC detector with the
resolution adjusted to 2 cm~'. Measurements were
conducted before and after the KBr pellets were dried
at 150°C in a vacuum oven for 24 h. The CEC was
measured using the Cu-triethylenetetramine (Cu-trien)
method (Meier and Kahr, 1999; Dohrmann and
Kauthold, 2009).

RESULTS AND DISCUSSION

CEC after Li/Mg treatment

All CEC values are summarized in Table 3. The 60°C
reference CEC values (1°' column Table 3) were taken
from Kauthold and Dohrmann (2008). The values were
determined on 60°C dried material and corrected for the
water content from 60—105°C. The CEC values of the
series 1 samples (2™ column Table 3) were determined
after pre-drying the samples of the present study at
120°C for one day. The CEC values of the series 1
samples after 120°C heating were expected to be lower
than the values published by Kaufhold and Dohrmann
(2008) that were determined on samples that were dried
at 60°C with the sample weights corrected for water loss.
Obviously, the 120°C heating led to a 10—20% reduction
of the CEC. At least part of this CEC reduction can be
explained by cation fixation (Kaufhold and Dohrmann,
2010a). After Li saturation and drying at 60°C (after Li
sat, 60°C, Table 3), slightly lower CEC values were
observed. In contrast, the CECs were slightly larger after
Mg saturation and drying at 60°C (after Mg sat, 60°C,
Table 3) and drying at 120°C in comparison to samples
from series 1 heated at 120°C with a natural cation
population (Table 3). This difference cannot be
explained by the different pH values (Kaufhold er al.,
2008).

Regardless of the actual reasons for the CEC decrease
after Li/Mg saturation and drying at 60°C, the CEC
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values after saturation with Li and Mg and drying at
60°C were used as reference values for all Li experi-
ments (“Li sat 60°C”) and for all Mg experiments (“Mg
sat 60°C™) (Table 3, x-axis in Figure 1), respectively.
These CEC values were compared with the samples
heated to 120 and 250°C, respectively. The Li samples
heated to 120°C (series 3) showed a slight CEC decrease
after the 120°C treatment, whereas no significant CEC
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Figure 1. The CEC decrease for the Li-saturated (a: series 2-4,

Table 2) and Mg-saturated (b: series 5-7, Table 2) bentonite

samples after different temperature treatments.
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Table 3. The CEC values (meq/100 g) of the untreated bentonites dried at 60°C and 120°C and the Li- and Mg-saturated bentonite samples heated to 120°C or 250°C where the
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“250/4/dry” label indicates heating at 250°C/for 4 h/under dry conditions. Sample numbers B2, B4, B22, and B33 in bold print had the largest CEC reductions and lowest

tetrahedral charge.
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decrease for the wet samples was observed (series 4,
Figure la). After the 250°C heating, all the Li samples
showed a marked CEC decrease, which according to
Greene-Kelly (1952) and Hofmann and Klemen (1950)
can be explained by Li movement into the octahedral
vacancies. The Mg-saturated samples heated to 120°C
did not show any CEC change, regardless of whether the
samples were still suspended in water during heat
treatment or dry, and despite the much longer heating
time. After the 250°C heating, however, a significant
CEC decrease for the Mg-saturated samples heated to
250°C was observed, but the CEC decrease still was less
than that of the Li-saturated samples.

The extent to which the CEC of the Li-saturated
samples decreased after 250°C heating depended on the
tetrahedral charge (Figure 2a). This was expected because
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Figure 2. The CEC decrease for the Li-saturated (a: series 2,
Table 2) and Mg-saturated (b: series 5, Table 2) and heat treated
(250°C, dry) bentonite samples compared to the tetrahedral
charge (%/CEC, left y-axis) and the layer charge density (LCD
in eq/FU, right y-axis).
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the CEC was determined before and after this treatment to
measure the tetrahedral charge (autocorrelation). The
scatter of the data in the curve of Figure 2a, therefore,
reflects the reproducibility of the method. Interestingly,
the same trend was observed for the Mg-saturated samples
(Figure 2b) despite a lower CEC decrease (7—36 meq/
100 g, Table 3) in comparison to the Li-saturated samples
(27—70 meq/100 g, Table 3). A larger CEC drop was
found for the samples with a low tetrahedral charge and
samples with a high tetrahedral charge showed a lower
CEC decrease. This suggests that the octahedral charge is
important with respect to the fixation mechanism. Such a
relation could hardly be explained if Mg remained at the
bottom of the hexagonal holes, which should not be
affected by the charge location. For both the Li and Mg
sample series, no relationship with the layer charge
density was found (R? = 0.1).

A temperature of 250°C is not expected to occur in
either a large scale HLRW deposition test or in any
bentonite-based disposal concept (Dohrmann et al.,
2013a). Heating up to 120°C in order to extrapolate
mineral reactions that occur over large time scales at
lower temperatures (compare to Karnland ez al., 2009) is
more relevant (Figure 3). The extent of the CEC decrease
in Li-saturated samples after heating at only 120°C was
much less pronounced in comparison to samples heated at
250°C. A CEC decrease of only 1—12 meq/100 g was
produced by a 120°C heat treatment instead of the
27—70 meq/100 g decrease produced by 250°C heat
treatment (Table 3) and the CEC decrease in materials
with a high tetrahedral charge was even less. This trend
suggests that fixation of exchangeable cations in octahe-
dral sites may already produce a CEC decrease despite a
temperature lower than 250°C. This CEC decrease could
possibly also occur for the Mg-saturated samples (Figure
3b). In the case of the Mg-saturated samples that were
heated to 120°C, however, the small CEC decrease was
within the precision limits of the method, which was
about £1—2 meq/100 g (Dohrmann et al., 2012) and
explains the “negative” CEC difference values (Figure
3b). These results only allow a tentative conclusion
because the differences were rather small (at the detection
limit). The CEC differences for samples with a high
tetrahedral charge ranged from —1 to +1 meq/100 g,
which is within the precision of the method. The
differences in the CECs of the samples with predomi-
nantly octahedral charge, on the other hand, ranged from
1—4 meq/100 g). Prolonged heating at 120°C would
probably increase this effect. The large scale in situ tests
ran about 10—50 times longer and for part of the time at
even slightly higher temperatures and both factors might
have promoted dioctahedral to trioctahedral transforma-
tion and Mg fixation. From these results, one could expect
Mg addition to octahedral vacancies as a possible reaction
mechanism and explanation for the observed dioctahedral
to trioctahedral transformation and Mg fixation. In reality,
however, water will be present in the large scale tests.
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Results of the heat treatment of Li- and Mg-saturated
samples in the presence of water did not show any trend
towards dioctahedral to trioctahedral transformation and
Mg fixation (Figure 4a,b). Even the Li, which was used to
indicate what can happen with Mg in the long run, did not
enter the octahedral vacancies. The reason is probably due
to the hydration energy which has to be overcome before
Li or Mg can enter the vacancies. The results prove that
dry conditions are necessary for dioctahedral to tri-
octahedral transformation and Mg fixation as a solid
state reaction. This result explains why dioctahedral to
trioctahedral transformation and Mg fixation in the large
scale tests was only observed at the very contacts of the
bentonite with the metal surface of the heater. Ata 1 cm
distance away from the large-scale test heater surfaces, no
dioctahedral to trioctahedral transformation or Mg fixa-
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Figure 3. The CEC decrease for Li-saturated (a: series 3,
Table 2) and Mg-saturated (b: series 6, Table 2) and heat treated
(120°C, dry) bentonite samples compared with the tetrahedral
charge (%/CEC, left y axis) and the layer charge density (LCD,
right y axis).
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tion was observed, although the temperature did not differ
significantly from that at the heater surface and the Mg
abundance was at least slightly higher than in the
reference bentonites. The Mg fixation could also be
explained by alternating wet and dry conditions, but such
conditions have not been observed in large scale disposal
tests which are commonly monitored using a significant
set of humidity sensors.

XRD

The dygo reflection is used to distinguish trioctahedral
from dioctahedral clay minerals, giving a peak position of
1.49 A for dioctahedral smectites and 1.53 A for
trioctahedral smectites. The samples with the largest
CEC decrease (Table 3) were investigated using XRD
(Figure 5). After Mg-saturation and heat treatment (series
5), a slight shift of the dyg peak (0.0019 to 0.0026 A
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Figure 4. The CEC decrease for Li-saturated (a: series 4,
Table 2) and Mg-saturated (b: series 7, Table 2) and heat treated
(120°C, wet) bentonite samples compared with the tetrahedral
charge (%/CEC, left y axis) and the layer charge density (LCD in
eq/FU, right y axis).
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increase) was observed along with a CEC decrease of
26—36 meq/100 g. The products of heating Mg-saturated
bentonites were far from pure trioctahedral minerals, but
the small dygo peak shift pointed towards a small but
increased number of trioctahedral domains in the
products. The dygo peak was broad and, hence, determina-
tion of the peak position with a high accuracy was
difficult. Results were given using 4 digits because the
peak shifts were rather small and were close to the
detection limit. A trend, however, could still be observed.

IR

The IR spectra of the four samples with the largest
CEC decrease before (black, bottom spectrum) and after
Li saturation (red, second spectrum grayscale),
Mg-saturation (blue, top spectrum grayscale), and heat
treatment at 250°C (Figure 6) revealed two new bands (at
about 3666 cm ' and 1130 cm ') in the Li saturated
bentonite B2 sample after heating to 250°C. The peak at
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Figure 5. XRD patterns in the range 60—64°20 showing the dygo
reflections of four bentonite samples. The bottom to top order of
the XRD patterns in the stacked patterns is as follows: precursor
(untreated, Li-saturated), series 2 (Li-saturated, heated to
250°C), series 5 (Mg-saturated, heated to 250°C).
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3666 cm™' was assigned to the AIMgLiOH stretching
mode, thus indicating Li in the octahedral sheet (Calvet
and Prost, 1971; Madejova et al., 1996). This band was
not observed for the Mg-saturated B2 sample which does
not point to any specific location for the Mg because the
AlMgMgOH band would not lead to such a significant
shift in band position as Li. The AIMgLiOH band was
also observed for sample B22, but not for the other
samples. Both of these samples had the largest CEC
decreases and, hence, provided a consistent result for Li
saturation and 250°C heat treatment. Less information
concerning Mg-fixation can be gained from the OH-
stretching region.

The other new band observed in the Li-saturated B2
samples was at 1130 cm™' and was assigned to a
pyrophyllite-like structure or domains (Madejova et al.,
1996). The other bentonite samples also had a shoulder
in the 1130 cm ™! range.

Significant changes were observed in the position of
the SiO-stretching band for both the Li- and Mg-
saturated B2 samples, with shifts from 1020 to 1045
and 1049 cm™'. These shifts can be explained by the
effect of cations in the pseduohexagonal holes on the
tetrahedral sheet (Madejova et al., 1996).

The OH-deformation region provides more informa-
tion with respect to Li and Mg-fixation. The Li-saturated
B2 sample showed an increase in the intensity of the
800 cm ! band, which was previously described for Li-
saturated and heated samples (Madejova et al., 2000). At
the same time, the AIAIOH band around 915 cm™!
decreased in intensity. For the Mg-saturated and heated
B2 samples, more diffuse bands were observed both in the
MgMgMgOH region (680 cm™') and in the AIMgOH
deformation region (around 845 em™ "), which indicated
that the octahedral bands were affected by the Mg
saturation and heat treatment. These bands, however,
fail to offer sufficient evidence to reach an unambiguous
conclusion as to whether or not the Mg actually entered
the octahedral sheet. Similar changes were observed in the
SiO-stretching and OH-deformation region of the other
bentonite samples. The spectrum of sample B22 was also
affected by the cristobalite bands at 1085 and 796 cm ™.

SUMMARY AND CONCLUSIONS

Li- and Mg-saturated samples were heated to
investigate possible similarities in Li and Mg cation
fixation processes. In the case of Li, most studies have
concluded that it can migrate into octahedral vacancy
sites that are probably near to the permanent charge. Not
all vacancies may be near a permanent octahedral charge
site. Those which are near charge sites may be occupied
preferentially by either Li or Mg. The driving force for
Li to enter the octahedral sheet is neutralization of the
permanent charge in the octahedral sheet. The permanent
layer charge, therefore, was reduced to a larger extent
for smectites with a larger octahedral/tetrahedral charge
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ratio. The prerequisite for charge reduction, however,
was dry conditions. Despite the low hydration energy of
Li, dry conditions are required for the Li to enter the
octahedral sheet where new trioctahedral bonds form, as
demonstrated and confirmed by IR-spectroscopy. It is
more difficult for divalent cations to enter the octahedral
sheet (e.g. Madejova et al., 1999) and some doubt exists
as to whether or not Mg can enter the octahedral
vacancies at all. In the present study, a similar relation-
ship between CEC reduction and the initial octahedral/
tetrahedral charge were found for Li- and Mg-saturated
and heated bentonites. This finding in the present study
supports the view that Mg can also enter at least some
octahedral vacancies, although Mg has a higher hydra-
tion energy and slightly larger radius than Li.
Measurements using X-ray diffraction indicated a slight
shift of the dggo reflection towards that of trioctahedral
smectites. IR-spectroscopy showed some changes in the
OH-deformation region which, however, cannot be
interpreted unambiguously. The strongest indication
that Mg was able to reach at least some octahedral
vacancies resulted from the similar relationship between
CEC reduction and the initial octahedral/tetrahedral
charge ratio. By entering the bottom of the pseudohex-
agonal holes, charge reduction should also be possible
even if the source of the charge is in the tetrahedral
sheet. Mg migration into the octahedral vacancies would
explain (1) why trioctahedral domains were clearly
found at the interface between heated metal surfaces and
bentonites in large scale HLRW tests and (2) why this
reaction was restricted to the contact surface, which
must have been locally dry.

The phenomenon of Mg enrichment near the surface
of a metal heater can be explained based on the results of
the present study. This explanation is independent of the
actual location of Mg fixation in smectite structures. The
basis for the explanation is that dry conditions lead to
Mg fixation in the smectite (either in the octahedral
sheet or in the pseudohexagonal holes). The incorpora-
tion of Mg into the smectite structure near a heated metal
surface represents a chemical sink. The Mg concentra-
tion in the pore water is reduced and more Mg is
transported from outer parts towards the regions were
Mg had been removed by the smectite. This would lead
to an increase of total Mg content near the heated metal
surface. Cation exchange processes, however, may also
be relevant and dissolution/precipitation processes can-
not be ruled out.
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