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Abstract—Bentonites are candidate materials for encapsulating radioactive waste within barrier systems
in crystalline rocks. In the ‘Alternative Buffer Material’ (ABM) test in the hard rock laboratory in Aspo,
Sweden, six packages of eleven different buffer materials (mainly bentonites) with various exchangeable
cation populations were packed vertically with an iron tube used as a heater in the center. After installation,
the second ‘ABM package’ (ABM-II) was first allowed to saturate with water for approximately 2.5 years.
The blocks were then exposed to a temperature of up to 141°C for approximately 3—4 years. The
hypotheses for the present study were: (1) no horizontal gradient of the cation exchange population was
present in the individual blocks of ABM-II because ABM-II had a longer reaction time in comparison to the
ABM-I package, which did not have horizontal gradients; (2) the exchangeable cation Ca®":Na*:Mg>" ratio
was equal in all blocks of ABM-II and was independent of block position in the package. As expected from
ABM-I, all blocks in the ABM-II experiment showed large differences between the measured values of the
reference materials and the reacted samples. The exchangeable Na* and Mg®" values in ABM-II were
reduced by up to 55% to 59% in comparison to the reference material. Contrary to the first hypothesis,
horizontal gradients were observed in ABM-II; and, contrary to the second hypothesis, the exchangeable
cation ratios differed markedly in the different reacted buffer materials. The largest total Na* loss was
observed in the middle part (—67%), whereas Mg?" values decreased by 79% in the upper part. The
exchangeable Ca®" values increased strongly in ABM-II, particularly in the upper part. The most useful
parameter to distinguish between ion exchange equilibria of ABM-I and ABM-II was the Na"/Mg”" ratio.
This ratio was constant in ABM-I (3.0) and had a similar ratio (3.5) in the lower part of ABM-II; however,
the ratio strongly increased (5—10) in the upper part of the ABM-II package. The large Na'/Mg”" ratios in
the upper part of ABM-II could possibly be explained by water loss into the rock (caused by a pressure drop
and boiling) and subsequent water uptake.
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INTRODUCTION

Bentonites are candidate materials for the encapsula-
tion of High Level Radioactive Waste (HLRW), but
much work is yet needed to understand more completely
the long-term stability of these materials under potential
repository conditions. Some concepts for evaluating deep
geological storage of HLRW are based on bentonite
buffers, which are part of engineered barrier systems
(Dohrmann et al., 2013a). Under repository conditions,
the long term stability of these engineered barrier systems
in crystalline rocks as well as in argillaceous rocks
depends on the stability of the smectite minerals,
particularly with respect to the swelling capacity and
the cation exchange capacity (CEC). Details on the use of
bentonite as an HLRW barrier material are given by
Sellin and Leupin (2014), Kauthold er al. (2017a),
Kaufthold and Dohrmann (2016), and van Geet and
Dohrmann (2016). Experiments to evaluate the integrity
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of bentonite barrier systems have been performed on
different scales and were discussed by Dohrmann et al.
(2013Db) and others as follows: 1) at the lab scale with the
capacity to vary different parameters (e.g. Bourg et al.,
2006; Holmboe et al., 2010; Holmboe and Bourg, 2013;
Keller et al., 2014; Frohlich, 2015; Elert et al., 2015;
Wersin et al., 2015; Ferrage, 2016; Balmer et al., 2017,
Grolimund et al., 2016; Ishidera et al., 2016; Kauthold et
al., 2016; Kerisit et al., 2016; Klika et al., 2016; Peng et
al., 2016; Rivard et al., 2016; Tournassat et al., 2016;
Kaufhold et al., 2017b, 2017c), but such experiments
were often far from reality because of the high water:-
solid ratios and high temperatures that were used or
simply because modelling was performed with no
accompanying experiments; 2) field experiments of
intermediate size (e.g. Plotze et al., 2007; Goémez-
Espina and Villar, 2016); and 3) full scale experiments
performed in hard rock or underground rock laboratories,
which have been rarely conducted mainly because of the
enormous amounts of materials, preparations, and con-
struction work that is required (Dixon et al., 2007;
Johannesson et al., 2007). Experiments at all scales are
necessary to understand the processes related to cation
exchange. The most important scale with respect to long-
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term safety analysis is full scale. Exchangeable cation
population (ECpopulation) Studies are necessary to under-
stand processes in engineered barrier systems that may
influence contaminant transport (e.g. Mayordomo et al.,
2016), swelling pressure at low densities, and mechanical
strength, etc. (e.g. Karnland et al., 2006; Kauthold and
Dohrmann, 2016). Bentonite erosion is affected by the
amount of exchangeable Na' (e.g. Kaufhold and
Dohrmann, 2008; Missana et al., 2011).
Physicochemical processes that can affect bentonite
erosion, such as the redistribution of exchangeable
cations (ECs), therefore, must be understood. Bentonite
erosion is of particular interest for such buffer systems.
Sellin and Leupin (2014) summarized the research and
concluded that future research is needed for “further
understanding of the colloid formation/erosion processes
— in Sweden and Finland, periods with dilute water after
melting of future glaciers cannot be excluded and a large
loss of bentonite may have a direct impact on the overall
safety of a repository.” Variations in the type of bentonite
used in HLW disposal concepts was discussed by
Kauthold and Dohrmann (2016). The authors gave an
overview about the assessment of parameters to distin-
guish suitable bentonites from less suitable bentonites
and identified ten key issues (e.g. low hydraulic
conductivity, high self-sealing ability, and durability
(stability), compare with Sellin and Leupin, 2014),
which were used to discuss bentonite specifications.
The Swedish Nuclear Fuel and Waste Management
Company (SKB) started an intermediate scale field
experiment called the ‘Alternative Buffer Material’
(ABM) test project (SKB, 2007). In contrast to all former
full scale and intermediate scale experiments, more than
one type of bentonite was used. The ECyopuiation Of the
buffer materials was initially very different. After the
termination of the first ABM-I package experiment,
Dohrmann et al. (2013b) showed that the EC,,opytation had
almost completely equilibrated with the surrounding
water, which Wallis ez al. (2016) confirmed by modelling
and concluded that the “speed of alterations was linked to
high diffusion coefficients under the applied tempera-
tures, which facilitated the propagation of hydrochemical
changes into the clays.” Among other factors, the
diffusive flux is a function of temperature and time.
Heat treatments were longer in ABM-II and the longer
reaction times were expected to maximize equilibrium of
the ECpopulations between the different buffer materials.
The first hypothesis of the present study was that (1) no
horizontal gradient of the cation exchange population was
present in individual blocks of ABM-II from the rock side
to the heater because the ABM-II package has reacted
even longer than the ABM-I package, which showed no
horizontal gradients. The second hypothesis was that
(2) the ratios of the cations Ca®": Na': Mg*" were equal
in all blocks of ABM-II and were independent of position
in the package because ABM-I was already close to
equilibrium as was confirmed by modelling.
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The purpose of the present study was, therefore, to
study ion exchange reactions in the ABM-II experiment
because these reactions proceed much faster in the buffer
materials than mineral alteration reactions. The ABM-II
experiment differed from ABM-I in the duration of the
initial water saturation and the reaction time, which
should have had an effect on the EC,opuiations-

MATERIALS AND METHODS

ABM design

The setup of the ABM experiment was related to the
Swedish KBS-3 concept with a metal canister sur-
rounded by clay situated in crystalline bedrock at
approximately 500 m depth (SKB, 2007; Eng et al.,
2007). In contrast to the full scale prototype repository
in situ experiment (PR), which was initiated to study
processes in the complete sequence as the processes will
occur in repository construction and operation
(Johannesson et al., 2007; Dohrmann and Kauthold,
2014) and the temperature was designed to be above
100°C in the ABM buffer. The ABM is an intermediate
scale experiment (1:4) similar to the ‘Long Term Test of
Buffer Material’ (LOT) in situ experiment (Olsson and
Karnland, 2011). The main differences between these
experiments were that in the LOT experiment only one
type of bentonite (MX80) was used and copper instead
of common carbon steel (P235TR1) was used for the
canister. The reason for not using a copper pipe, as was
used in most of the experiments at Aspd HRL, was to be
able to study the effects of corroding steel in close
contact with the buffer material (Wersin and Birgersson,
2014; Wersin et al., 2015; Kauthold et al., 2015, 2017a;
Samper et al., 2016) and also makes possible the
comparison of steel corrosion effects with the copper/
bentonite interface (Szakalos and Seetharaman, 2012;
Kosec et al., 2015; Kaufhold et al., 2017b). The ABM
experiment was installed in boreholes in the crystalline
rock. The bore holes had a diameter of 300 mm and a
depth of 3 m. The outer diameter of the ring blocks was
280 mm, the inner diameter was 110 mm, and the height
of the individual ring blocks was 100 mm. The outer
diameter of the pipe was 108 mm, which was close to the
110 mm inner diameter of the bentonite ring blocks. In
each experimental package, three electrical heaters were
installed to yield the target temperature in the bentonite
blocks. A main heater ran along the entire package
length (Figure 1) and two additional heaters were
installed. One heater was installed at the bottom and
another at the top to compensate for temperature losses
at the top and bottom and to give a more homogenous
temperature distribution throughout the package.
Temperatures varied within the blocks and were
approximately 40—50°C warmer at the bentonite/heater
interface than at the bentonite/rock interface. The
experiment initially consisted of three packages in
three separate boreholes and in 2012 three additional
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Figure 1. Schematic diagram of the ABM packages showing the positions of (a) the relative humidity (RH) sensors, (b) the block
order in the ABM-I and ABM-II (present study) packages, and (c) the sampling schemes. The position designated “Callovo
Oxfordian discs” represents two discs of 3—5 cm height each (20a, 20b). Both of the COX blocks at positions 19 and 20 in ABM-II
were disintegrated after termination of the experiment and could not be analyzed. The ‘M X80 gran + q° = MX80 granulate + quartz
and ‘cage’ indicates the positions of the cages within the sequence of blocks.

packages were installed. The duration of the experiments
was planned for 1, 3, and 5 years and was followed by
excavation. The ABM aimed to use different buffer
materials (mostly bentonites) packed on top of each
other. Nine different commercially mined bentonites and
two different marine clays were used in ABM I—III. The
denotations, abbreviations, and origins of the bentonites
and marine clays are as follows: the bentonites were
MX80 (Wyoming, USA), Kunigel V1 (JNB, Tsukinuno,
Japan), Calcigel (CAL, Bavaria, Germany), Ibeco Seal
M-90 (IBE, Askana, Georgia/CIS), Febex (Almeria,
Spain), lkosorb (IKO, Mount Tidienit, Morocco),
Rokle (Czech Republic), Asha 505 (Kutch, India), and
Deponit CAN (Dep. CAN, Milos, Greece) and the
marine clays were Friedland (Neubrandenburg,
Germany) and Callovo-Oxfordian (COX, Meuse/Haute-
Marne, France). Eleven different clays were compacted
into rings (with the exception of four steel cages that
contained granulated MX80 and two trimmed discs of
solid clay stone material) positioned on top of each other
and encapsulating the tube. All the reference (REF)
materials, except the MX80 bentonite and the Callovo-
Oxfordian clay (COX), were installed two times in the
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test package and all but the MX80 and COX discs were
separated by other blocks (Figure 1). The MXS80
bentonite was installed six times as a pure compacted
MXS80 block, two times as a cage filled with MX80
granulate, and two times as a cage filled with ‘MX80
granulate + quartz.” The COX marine clay was installed
twice as a compacted block (16, 19) and once as a unit of
two trimmed discs of approximately 3—5 cm height each
packed on top of each other (20a, 20b). The ECpopuiations
in the different REF materials were significantly
different. The second out of the three ‘ABM packages’
(ABM-II) was first allowed to saturate with water for
about 2.5 years and then heated for about 3—4 years.
This differs from ABM-I which was heated from the
start and reached the maximum temperature after about
one year (recorded with a temperature sensor 5 mm from
the tube). The total duration of the heating was about one
year in ABM-I with an intermediate cooling time. The
cooling time had a technical purpose and the aim was to
avoid boiling. After emplacement of the ABM packages,
a slot of ~10 mm thickness between the package and the
rock was filled with sand to allow inflowing ground-
water to be distributed uniformly around the bentonite
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rings. Groundwater was added using two sources:
(1) natural inflow from the rock into each of the test
holes with an approximately 0.06 L/min flow rate (Eng
et al., 2007) and through (2) an artificial water saturation
system that was installed in ABM I—III. The titanium
pipes used to supply the bentonite blocks with water
from a tank in the gallery above the packages contained
120 holes in ABM-I and only 12 holes in ABM-II and
ABM-III. Accordingly, more water was allowed to enter
ABM-I within the early phase. The nearly neutral pH
Aspd water used for artificial saturation was a Na-Ca-Cl
dominated groundwater (~2500 mg/L Na' and Ca®’,
~8500 mg/L Cl~, and ~500 mg/L SO3F) with minor
contents of Mg?", Br~, and K* (all <100 mg/L). Upon
dismantling of the ABM-II package, some of the blocks
were found to be more fragile than in the ABM-I
package and thus could not be sampled intact
(Kumpulainen et al., 2016). The SKB (2014) described
the rock surrounding ABM-II as highly fractured.
Kaufhold et al. (2017a) described samples taken from
the ABM-II package with features that indicate disin-
tegration and had traces of halite. They concluded that
boiling possibly occurred in the warmest part of the
experiment. In both experiments, the buffer materials
were exposed to a maximum temperature of 130—141°C.
The temperature distribution, however, was not homo-
genous and the peak temperatures were recorded by
sensors in the buffer at a few cm distance from the
heater. The ABM-II was terminated and analyzed for
mineralogical/geochemical changes and particularly for
ion exchange reactions. Most of the geochemical and
mineralogical alterations of the different bentonites
(apart from the ECs, anhydrite, and halite precipitation)
were restricted to the contacts between iron heater and
the bentonite (Kauthold et al., 2017a). Cation exchange
processes, however, were not examined in that study.
Kumpulainen et al. (2016) studied four out of the thirty-
one compacted blocks made of MX80, Deponit CaN
(Dep. CAN), and Friedland clay (FRI) in the lower part
of the ABM-II package (blocks 2, 4-6). The authors
identified an increase in the exchangeable Ca®" and a
decrease in the exchangeable Na®, Mg?*, and K,
whereas the CECs did not change. No horizontal
variations could be identified for the ECs and the
CECs. This study was limited to a few blocks in the
bottom of ABM-II and was not designed to give
information about overall changes in the ECpqpulations
of the whole package. In the present study, all blocks
were sampled and investigated which was required to
understand the processes that occurred in ABM-II.

Sampling

After excavation, the blocks were sampled at
different distances from the contact to the iron tube
(Figure 1) to allow horizontal variations in the buffer
materials between the heater and the rock to be studied.
A 2-g sample of material was required to perform the
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analytical work needed for this study. The samples
labelled ‘0.1 cm” were collected by scraping off the
several cm? of the surface layer of bentonite blocks at
the contact with the iron tube using a sharp knife. Some
blocks were in good shape and some blocks were partly
disintegrated. In order to collect 2 g of material at a
horizontal distance of 2 cm from the heater, 3 holes each
at a 2 cm distance were drilled and the materials were
mixed together in order to get an overview of the whole
block thickness. If blocks were partly disintegrated, the
sample mass was collected using more than 3 holes at
the same distance. This procedure was repeated for each
of the 5 cm and 8 c¢cm samples (compare to Figure 1c).
The block pieces could not be sampled uniformly
because some were fragmented. Therefore, any possible
vertical gradients that might have occurred within single
blocks could not be investigated based on this sample
set. According to Kauthold et al. (2013) and Dohrmann
et al. (2013Db), vertical gradients within single blocks
were expected to be small. Excavation of the ABM
experiment could not be performed in an O,-free
atmosphere and, therefore, no glove box was used in
the laboratory. In addition to the reacted samples, the
REF materials were also analyzed or data were taken
from former studies (e.g. Kaufhold er al., 2013,
Dohrmann et al., 2013b).

CEC and EC methods

The CEC was determined using the Cu-triens y caicite
method (Dohrmann and Kauthold, 2009), which uses the
Cu-trien index cation that was introduced in the CEC
method by Meier and Kahr (1999). In interlaboratory
round robin tests, the Cu-trien index cation provided
accurate CEC and ECpqpyiation Values even for calcareous
bentonites (Dohrmann ef al., 2012a, 2012b) and
particularly for the exchangeable Ca®" values if the
Cu-triens y caieire variant of the method was used. The
Cu-triens  caicice SOlution suppresses calcite dissolution
during the exchange reaction (Dohrmann and Kaufhold,
2009). The Cu-triens y caicire SOlution was prepared by
mixing 2000 mL of 0.01 M Cu—trien solution with a
controlled Cu:trien ratio (compare to Stanjek and
Kiinkel, 2016) and with 2 g of fine-grained calcite
added to saturate the solution with dissolved calcite as
described by Dohrmann (2006) and Dohrmann and
Kauthold (2009). Two different sample masses were
used (200 mg and 300 mg) and 30.0 mL of Cu-
triens . calcite €Xchange solution was added to each
sample in an 85 mL centrifuge tube. The slurry was
allowed to equilibrate for 2 h in an end-over-end shaker.
After Cu-triens y cacite  Saturation, the solutions were
centrifuged to sediment the bentonites and the super-
natant solutions were diluted and analysed using
inductively coupled plasma (ICP) spectrometry with a
Thermo Scientific ICAP 6300 DUO ICP-OES (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) to
measure the ECs, Cu, and allow the calculation of CEC
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values. For ICP-OEC analysis, the following techniques
were used: argon radial plasma, nebulisers (cross-flow
and modified Lichte), no auxiliary gas flow, gain value
for plasma (1.400 W), calibration every 7" measure-
ment. The Cu-trien complex concentration was also
analyzed using VIS spectroscopy (Jenway 6200, Cole-
Parmer, Staffordshire, UK) to cross-check the ICP-Cu
concentration. Each CEC value was calculated by
averaging four single CEC values (two from ICP
analysis and two from VIS spectroscopy). Each EC
value was calculated by averaging only two single EC
values measured using ICP. The error (+ 3 sigma) of the
values determined using the Cu-triens . caicie method for
bentonites (Dohrmann and Kaufhold, 2009) was differ-
ent for each of the exchangeable cations and the CEC.
The scattering of exchangeable cation values was lowest
for K™ (0.3 meq/100 g), followed by Mg** (0.8 meq/
100 g), Ca*>* (£0.8 meq/100 g), Na* (£1.9 meq/100 g),
and the CEC (£3.1 meq/100 g). No sample had
significant exchangeable Fe (all <0.1 meq/100 g Fe*")
and ECs were measured in meq/100 g. The ECs of the
different materials were calculated as a percent of the
measured CEC value to make the EC values comparable.
In cases where the sum of exchangeable cations was
>100%, the presence of typical soluble phases, such as
gypsum, was indicated. The Cu-triens y caicire approach
does not prevent dissolution of gypsum (Dohrmann and
Kaufhold, 2010). The parameter “sum-CEC” indicates
soluble minerals, such as Ca-sulfates or halite, if the
value is positive, but it may also indicate salts from
evaporated pore water (compare to Dohrmann et al.,
2012b). For pH measurements, dispersions were pro-
duced using 1 g of solid and 50 mL deionized water (2%
dispersion) and measured after 5 min stirring using a
standard pH electrode. In this study, the expression
‘horizontal variation” was used for EC and CEC values
at distances between 2 and 8 cm from the heater because
this part was representative of the bulk of the blocks.

Dohrmann and Kaufhold
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The 0.1 cm sample on the other hand was important in
understanding processes at the bentonite/heater inter-
face, however, the contribution of this thin layer to the
bulk composition was low. All of the following EC and
CEC values refer to samples from different parts of
individual blocks or the average values from different
blocks (Table 1).

RESULTS AND DISCUSSION

Horizontal variation of the CECs and the ECs within
individual blocks

As expected from ABM-I (Kumpulainen and
Kiviranta, 2011; Svensson et al., 2013; Dohrmann et
al., 2013b), all blocks in the ABM-II experiment showed
large variations in the CEC and EC values (except for
exchangeable K") of the REF (pristine material) and the
reacted samples (Table S1 in the Supplemental Materials
section (deposited with the Editor-in-Chief and available
at http://www.clays.org/JOURNAL/JournalDeposits.
html)). The horizontal variations in the CEC and the
ECyopulation values within individual blocks
(CEC(individual 2—8 cm)> ECpopulation, (individual 28 cm)) Was
expected to be similarly low as in ABM-I (Dohrmann et
al., 2013b) because the maximum temperatures in both
the ABM-I and ABM-II experiments were similar, but
the time duration of the heating in ABM-II was even
longer than ABM-I and allowed more time to approach
equilibrium conditions. Six blocks from different depths
in the ABM-II package were selected to examine the
typical horizontal variations. Rokle was selected twice
because one of the Rokle blocks was located in a zone
that may have been affected by boiling as reported and
discussed by Kauthold et al/. (2017a). For some blocks,
either no variations existed or no systematic horizontal
variations in the CEC(ndividual 2-8 cm) and the
ECpopulation (individual 2—8 cm) values were observed (eg
block 1 in Figure 2). Most blocks lost exchangeable

Table 1. The blocks and sampling distances from heaters in ABM-II used to calculate the EC (Na*, Mg>", or Ca*") and CEC
values.

Horizontal profile, individual block, 0.1 cm
Horizontal profile, individual block, from 2—8 cm
Average value of individual block, from 2—8 cm

CEClind. 0.1 cm)
CEC(ind. 2—8 cm)
CEC(av, 2—8 cm)

EC(inLL 0.1 cm)
C(ind. 2—-8 cm)
EC(av. 2—8 cm)

Average value of blocks 1—31, at 0.1 cm EC(aV. blocks 1—31, 0.1 cm) CEC(av_ blocks 1-31, 0.1 cm)

Average value of blocks 1-31, at 2 ¢cm ECav. blocks 1-31, 2 cm) CECay. blocks 1-31, 2 cm)
Average value of blocks 1-31, at 5 cm ECv. blocks 1-31, 5 cm) CECav. blocks 1-31, 5 cm)
Average value of blocks 1*31, at 8 cm EC(aV_ blocks 1-31, 8 cm) CEC(aV_ blocks 1-31, 8 cm)

Average value of blocks 1_31> from 2—8 cm ECavA blocks 1—-31, 2—8 cm CECavA blocks 1-31, 2—8 cm

Average value of blocks 1—10, from 2—8 cm
Average value of blocks 11—-21, from 2—8 cm
Average value of blocks 22—31, from 2—8 cm

CEC(aw lower)
CEc(av. middle)
CECay.

Ec(av. lower)
Ec(av. middle)

Ec(av. upper) upper)
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Kunigel; 24- Rokle.
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Na(individual 28 cm)- Exchangeable Na(individual 2-8 cm)
showed no horizontal variations in the lower part of
ABM-II (with the exception of blocks 1 and 2, which
were close to the cement plug). In the upper part,
exchangeable Na(ingividual 28 cm) Showed minor horizon-
tal changes in single blocks. The Nazrindividua]2,8 cm)
values decreased towards the heater side (from 8 cm to
2 cm) of blocks 21—-22 and 24—28. Only in the 2 cm
sample of block 23 in the middle of this sequence were
much larger Naandividualz,g em) values detected. This
sample contained halite (Kaufhold et al., 2017a), which
was dissolved during the CEC experiment and inflated
the Na(ﬁndi\,idua] 2-gcm) values (i.e. exchangeable Na*
plus Na® from dissolved halite). The total differences

Dohrmann and Kaufhold
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between the exchangeable Nazrindividual 2-8 cm) values in
the horizontal direction were relatively low. In block 21
for example, the Na&ndividual >-g cmy values decreased
from 25 (at 8 cm) to 22 (at 2 cm) meq/100 g (Table S1 in
Supplemental Materials section). No horizontal changes
in the exchangeable Mgfi;dividual 2-gemy values were
detected in the middle part (Table 2b) of ABM-II and in
the two top blocks (blocks 30—31) close to the cement
plug. In some blocks, however, exchangeable
Mg(ziﬁdividual 2-8 cm) Values increased by 1—-2 meq/100 g
towards the heater side, particularly in the upper part
(blocks 15—29, Tables 2 and 3; compare to Figure 2,
blocks 22 and 24) and in the lower part (blocks 1—6,
Table S1 in Supplemental Materials section). This trend

Table 2. Average values (a) in vertical gradients (0.1—8 cm) over the whole ABM-II package with the EC, sum of EC, and
CEC Cu-triensycaeie values (meq/100 g) of all the ABM-II samples including the reference (REF) samples taken from
Table 1. The whole package (b) which included blocks 1—31 was further subdivided into three parts (lower, middle, and
upper). The total gains and losses in EC and CEC were calculated in % with respect to the reference values. Note that blocks

19 and 20 were disintegrated and could not be analyzed.

Distance Na* K" Mg** Ca* sum CEC
(cm) (meq/100 g)
a
Blocks 1—-31 (whole ABM-II package)
REF 41 2 12 24 76 74
0.1 17 1 6 75 99 73
2 18 1 5 72 97 74
5 18 1 5 68 92 73
8 18 1 5 67 90 72
Average loss (—)/gain (+) (%/REF)

— - - -59 +192 +22 -2
b ——— 3 segments (lower, middle, upper part)
Blocks 22—31 — upper
REF 39 2 14 25 76 74
0.1 19 2 4 80 104 72
2 20 1 3 85 109 72
5 20 1 3 79 103 72
8 21 1 2 76 100 72
Blocks 11—-21 — middle
REF 48 2 9 16 73 71
0.1 15 1 5 81 102 74
2 16 1 5 69 90 72
5 16 1 5 64 86 71
8 16 1 5 64 86 70
Blocks 1—10 — lower
REF 36 2 14 30 79 78
0.1 17 1 8 65 90 75
2 18 1 8 63 90 76
5 18 1 8 61 87 76
8 18 1 7 60 86 75
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Table 3. The 2—8 cm sample average EC (%), CEC, and “sum-CEC” values (meq/100 g) of the ABM-II samples measured

using the Cu-triensycaicie Method. Note that the “exchangeable Ca

> values often were inflated by soluble sulfate minerals.

REF material

Reacted samples 2—8 cm (averages)

Na® K" Mg* ca* CEC Na® K" Mg®" Ca** CEC sum-CEC
Block Material/abbreviation (%) (meq/100 g) (%) (meq/100 g)
31 MX80 69 2 8 24 85 41 2 4 70 78 13
30 MX80 69 2 8 24 85 23 1 3 89 77 14
29 Febex 27 3 37 33 101 16 2 4 92 98 13
28 Ikosorb (IKO) 56 2 24 19 90 15 1 3 107 88 24
27 cage MXS80 granulate 69 2 8 24 85 20 <1 2 109 81 26
26 Dep. CAN 27 2 27 46 84 19 1 2 126 83 42
25 cage MXS80 granulatetquartz 69 2 8 24 59 26 <1 4 108 56 21
24 Rokle (Rawra) 1 3 24 71 74 41 2 8 148 73 71
23 Friedland (FRI) 69 8 22 2 23 83 7 9 222 24 59
22 Kunigel V1 (JNB) 94 1 2 7 61 34 1 4 123 62 38
21 Asha 505 67 1 15 20 91 28 1 5 125 83 45
20 a,b Callovo-Oxfordian discs .
19 Callovo-Oxfordian 24 11 29 35 12 —— Disintegrated blocks ——
18 Calcigel (CAL) 3 2 22 72 65 31 2 6 98 68 25
17 MX80 69 2 8 24 85 25 1 5 98 81 24
16 Callovo-Oxfordian 24 11 29 35 12 35 9 12 129 13 12
15 Ibeco Seal (IBE) 90 4 6 8 88 23 2 6 84 87 12
14 cage MXS80 granulatet+quartz 69 2 8 24 59 21 <1 8 89 61 11
13 Kunigel VI (JNB) 94 1 2 7 61 19 1 7 80 65 4
12 Ikosorb (IKO) 56 2 24 19 90 16 <1 7 83 95 5
11 Ibeco Seal (IBE) 90 4 6 8 88 17 2 12 76 87 6
10 Asha 505 67 1 15 20 91 16 1 13 82 89 10
9 Febex 27 3 37 33 101 17 2 8 86 99 12
8 cage MXS80 granulate 69 2 8 24 85 16 <1 6 89 85 10
7 Rokle (Rawra) 1 3 24 71 74 15 <1 8 81 82 3
6 MX80 69 2 8 24 85 16 <1 8 88 83 10
5 Dep. CAN 27 2 27 46 84 19 <1 8 86 83 11
4 Friedland (FRI) 69 8 22 2 23 37 6 10 121 23 17
3 Calcigel (CAL) 3 2 22 72 65 36 2 16 64 64 11
2 MX80 69 2 8 24 85 42 <1 13 67 75 16
1 MX80 69 2 8 24 85 43 <1 13 69 75 19

was weak because the differences were close to the
detection limit. In ten blocks, no significant horizontal
changes were observed for exchangeable
Ca(zi;dividual 2—g em) values: blocks 1-3, 7, 10, 15-16,
18, 25, and 29. In three blocks the trend was not clear
(blocks 21, 22, and 24). In two blocks (9 and 23)
exchangeable Ca(zi;dividual 2-g em)y values were larger
closer to the rock side. In the remaining fourteen out
of thirty-one blocks, however, exchangeable
Cafﬁldividual 28 om) values increased towards the heater
side in the horizontal direction from 8—2 cm: blocks
4—6, 8, 11-14, 17, 26—28, and 30—31. The highest
absolute exchangeable Cafﬁ,dividual 2-8 cm) values were
detected in the upper part of ABM-II. In the upper part
of ABM-II, exchangeable Ca(zi;dividual 2-8 em) values
(76—85 meq/100 g) exceeded the CEC values (72 meq/
100 g) which differed from ABM-I (Table 2). The
exchangeable K(ﬁndividua, 2—8 cm) Values were usually too
small and close to the detection limit to clearly identify
any changes. A steady horizontal increase in the
CEC(individual 2—8 cm) values from 2—8 cm with decreased
distance from the heater was observed in blocks 7 and 11
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(Figure 2) and blocks 2, 3, 5,6, 7, 11, 12, 17, 18, 22, 26,
and 30—31. Rarely, the opposite trend was observed with
a slight decrease in CEC(individual 2—8 cm) Values with
decreased distance from the heater (block 24, Figure 2).
In the other blocks, variations in the
CEC(individual 2—8 cm) Values were either negligible or
did not show a clear horizontal trend. Summing up, the
first hypothesis had to be rejected because horizontal
differences in EC and CEC values were detected in
ABM-II. The question arose as to how these differences
in ECs and CECs developed.

Horizontal variation of the CECs and the ECs on a
larger scale

In ABM-I, no horizontal changes were detected and
single values for all ECs and the CEC were calculated to
represent a single block (CEC/EC,y. 2—8 cm))- In ABM-
II, horizontal changes in single blocks were observed
(CEC/EC(individual 2—8 cm))» however, an examination of
the horizontal changes in these single blocks failed to
help understand the trends. To obtain an overview of
large scale exchange processes in ABM-II, the average
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values of horizontal changes in CEC and EC were
calculated: (1) for all blocks from 2—8 cm (CEC/
ECav. blocks 1-31, 2-8 em)); (2) for all blocks at each
distance from the heater (CEC/EC 4. blocks 1-31, 0.1 cm,
2 em, 5 em, 8 cmy) (Table 2a); and averages of the ECs and
CECs at horizontal distances of 0.1, 2, 5, and 8 cm were
also calculated for (3) units that consisted of approxi-
mately ten blocks (upper (22—31), middle (11-21), and
lower part (1 710)a CEC/Ec(av. upper, middle, lower)s>
Table 2b). One must note that the average EC and
CEC values also depended on the type of materials. The
ECpopulation in most of the blocks, however, was
modified during the experiment. In total, the exchange-
able Nazrav. blocks 1-31, 2—8 cm) and Mg%;rv blocks 1-31,
2—g cm) values decreased in ABM-II by approximately
55% (59%), whereas the exchangeable Ca(z;v' blocks 1-31,
2-8 om) Vvalues increased by approximately 200%.
Horizontal changes in all blocks at each distance could
only be detected for exchangeable Ca(z;v‘ blocks 1-31,
01cm, 2 em, 5 cm, 8 emy) With a trend of increased
exchangeable Ca®" concentrations as the distance from
the rock to the heater decreased. The largest losses were
observed for exchangeable Na' in the middle part
(—67% exchangeable Na(tw_ middle)), 1N comparison to
the upper and lower parts (—51% and —50% exchange-
able Na(yy. upper. lowen). The average losses of Mg,
middle) and Mg(z;v' lower) Were similar for the middle and
the lower parts of ABM-II (43% and 44%, respectively).
In the upper part, the exchangeable Mg(zgv, upper) Values
decreased by 79%. The warmer parts that were closer to
the heater (2 cm) had larger Caf,;,' blocks 1-31, 2 em) Values
and the smallest differences in Ca(z;v' lowery in the
horizontal direction were found in the lower parts of
ABM-II (Table 2b).
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Average EC and CEC values in the entire ABM-I11
package

In order to understand ion exchange processes by
interactions with groundwater, the average EC and CEC
values (CEC/EC(ay. 2—g cm)) in the horizontal samples in
all the individual blocks of the reacted ABM-II package
were calculated. On this scale, it is more useful to
compare the EC values as % values which were
calculated as follows: Na (%/CEC) = Na (meq/100 g)/
CEC (meq/100 g) and used in Table 3 and Figure 5. Note
that this calculation was done for REF materials as well
as for reacted samples. The CECrgr) values were only
used for ECrgp) calculation. For EC calculation of
reacted samples, the CEC values of the reacted samples
were used. Using this calculation, the sum of ECs may
exceed the CEC both in the REF materials and the
reacted samples. An overview of the differences in the
REF materials (CECrgr), ECrer) (Table 3) and a
comparison of ABM-II to ABM-I were, thus, possible.
Exchangeable Nagyy g cmy and Mghay 2 g em) values
decreased in most blocks in comparison to the starting
materials, whereas “exchangeable Ca({fv_ 2-8 emy  Values
strongly increased (Table 4). For the average EC,opulation
in all the analyzed blocks, the Ca(z;,, 2—g8 cm) Values were
highest (100% and certainly inflated partly by dissolu-
tion of gypsum or anhydrite), followed by Najay. 28 em)
(27%)7 Mg%;:/ 2—8 cm) (7%)= and Kzrav. 2—8 cm) (2%) Only
two bentonites showed an increase in exchangeable
Nazrav' 2—g om) With respect to the average values and
these bentonites had very low Na(rgr) values (Rokle and
Calcigel, both <5%). One of the FRI blocks (block 23)
and the only intact COX block (block 16) also showed an
increase in average Na?av‘ 2-8 ¢m) values (14 % and 11 %,
respectively). All other blocks lost exchangeable

Table 4. The observed differences between the ABM-I and ABM-II samples.

Parameter ABM-I ABM-II
Heating From start After water saturation
Duration of heating phase 1 year 3-4 years

Artificial water sturation by Ti tubes 4 holes per block (120 in total) 4 holes each 10 blocks
No. of blocks 30 31

Horizontal variation (Na*z) - upper part

Horizontal variation (Mg*") - upper part

Horizontal variation (Ca2+) - — (inflated)

Horizontal variation (CEC) - -

Na” loss (total) 19% 55%

Mg>" loss (total) 17% 59%

Ca*" gain (total) 41% ~200%

Na' loss (section) upper part middle part

Mg>" loss (section) - upper part

Ca®" gain (section) upper part upper part

CEC drop
Sum-CEC
Boiling
Na/Mg* -ratio

<5 meq/100 g

stronger than ABM-II, different bentonites

3.1 (blocks 16—30); 2.9 (blocks 1—15)

MX80 (4 x), Asha

~20 meq/100 g, partly inflated

assumed

5—10 (blocks 16—31); 3.5 (blocks 1—15)
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Na(:w, 2-scmy and the losses were larger when the
concentration of the REF material was high. Also for
exchangeable Mgfgv' >-g cmy values, the losses were
larger when the concentration of the REF materials
was high. Only one out of the measured 29 blocks lost
exchangeable Caf;% 2—g emy (Calcigel, block 3) and all
others were enriched in exchangeable Ca(zsz 2-8 cm)- NO
correlation was found between the exchangeable Ca(zﬁEF)
values and the gains in exchangeable Ca%;V_ 2-8 cm)- AS
discussed, the exchangeable Ca®" values were difficult
to interpret mostly because of (1) variable amounts of at
least partially soluble components (such as gypsum or
anhydrite) present in many reacted blocks (compare to
Kaufhold et al., 2017a) which inflated exchangeable
Ca®" values; (2) additional exchangeable Ca®" sources
may have increased the ionic strength by evaporation of
groundwater; and (3) an unknown amount of actual
exchangeable Ca®" which was increased by ion
exchange. The gypsum and anhydrite concentrations
were quantified using the differences between the
elemental sulfur concentrations of the reacted samples
and the REF samples. Assuming that these minerals were
dissolved completely during a CEC experiment, the
inflated Ca®" values can be calculated and used to
correct the actual exchangeable Ca®" values as discussed
by Dohrmann and Kauthold (2010). In the ABM-II
package, however, the increase in measured exchange-
able Ca®" values did not correlate with the “calculated
inflated exchangeable Ca”** values based on anhydrite
and gypsum dissolution (Figure 4). The problem was
discussed for block 21, which was close to the “boiling
zone” and the 2 cm sample contained anhydrite
(compare to Kauthold et al., 2017a). For this sample,
approximately half of the observed increase in
exchangeable Ca®" can be explained by anhydrite
dissolution, whereas this amount was much lower for
the ‘0.1 cm’ sample and anhydrite was absent in the 5 cm
and 8 cm samples. In all of these samples of block 21,
the sum of exchangeable cations exceeded the measured
CEC values by 50% or more. Obviously, soluble Ca-
sulfate minerals cannot explain these differences. An
alternative source for the “inflated exchangeable Ca®™
values could be the evaporation of groundwater which
led to an increased ionic strength. On the other hand, a
real increase in actual exchangeable Ca”" was likely as
well. The increased measured values of exchangeable
Ca®" were correlated with the “exchangeable Ca®"”
values that were calculated from anhydrite and gypsum
dissolution. Differences in the CEC values between the
REF materials and the bulk average values
(CEC(av. 2—8 cm)) Were typically lower than the reprodu-
cibility (£3.1 meq/100 g, +3 sigma) of the applied
method. Only a few samples showed larger deviations,
such as the two bottom blocks and the two top blocks of
MX80 and Asha 505 (block 21) in the boiling zone. The
only block that showed a pronounced CECy. 2-5 cm)
increase was Rokle (block 7, Figure 3). The CEC blocks
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that showed a decrease could have resulted from
(1) structural degradation of the smectites, (2) “dilu-
tion” of the sample by the precipitation of secondary
minerals, such as anhydrite, which has a very low CEC
value, or (3) by pH changes which caused lower CECs
by the lower amounts of pH-dependent charge.

The structural degradation of smectites (1) is an
unlikely source of the observed CEC decrease. Even for
the ‘0.1 cm’ sample, Kaufhold ez al. (2017a) observed no
indication of smectite interstratification for any block in
comparison to the REF materials after intercalation with
ethylene glycol. No direct ethylene glycol expansion
measurements were performed on the samples from
2—8 cm, but the alteration conditions (temperature,
corrosion) were less aggressive in this part of the
experiment. The CEC of a bentonite may have decreased
by “dilution” of the reacted sample in comparison to a
REF sample. If secondary low-CEC minerals, such as
anhydrite, gypsum, goecthite, carbonates, etc., were
formed in a sample in ABM-II, then the CEC would be
lower. Kauthold ef al. (2017a) studied all the samples of
ABM-II with particular focus on the dissolution and
precipitation of these mineral phases. They concluded
that only anhydrite concentrations increased signifi-
cantly, particularly in the upper part of the package;
however, no quantitative analysis was performed. Total
S concentrations can be used to calculate the increase in
sulfate minerals (anhydrite + gypsum). The calculation
was performed in a way that the S concentration of the
REF sample was subtracted from an ABM-II sample by
assuming that the difference in S content represents
anhydrite or gypsum. This procedure fails, however, to
take into account pyrite dissolution because pyrite
concentrations were very low. The largest S increase in
a bentonite material with respect to the REF samples was
observed in blocks 21 (Asha 505), 24 (Rokle), and 26
(Dep. CAN) (all 2 cm samples) with an increase of
0.5—0.6% S, which indicates a total mass of 2—3%
anhydrite or gypsum. Hence, the resulting CEC values of
these samples should be 2—3% lower. The CEC analyses
of these particular “2 cm samples” (CEC(; o)) gave no
clear correlation with —10% (block 21), —3%
(block 24), and +1% (block 26). In the top and bottom
blocks where up to 10% lower CEC(yy. 25 cm) Vvalues
were recorded, the variations in S concentrations were
not large enough to explain a CEC decrease by
“dilution.” The CEC of a bentonite may also be
influenced by pH changes. The pH values, however,
were only measured for the REF and “contact samples”
(0.1 cm) and no information is available to discuss any
changes in the CEC(,y. 28 cm) Values of the blocks. For
the CEC(o.1 cm) samples, however, a pH increase could
have been caused by corrosion and cation exchange with
a pH increase/decrease correlated with increased/
decreased Na* values (Kaufhold et al, 2008). A
comparison of the CEC(y ¢m) decrease with the pH
change indicated that part of the CEC(o .m) decrease
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Figure 3. Bar graphs to indicate (a) the CEC changes of the REF samples vs. the reacted samples and (b) the sum of the ECs - CEC
(sum — CEC) values at the end of the test for the 2—8 cm samples (averages) for all blocks of ABM-II.

can be explained by the decrease in pH. The trend,
however, was weak and suggested that, in addition, other
reactions were involved that affected the CEC g ¢m).-
Examples of such additional reactions could be the
oxidation of ferrous Fe and the precipitation of Fe
(oxyhydr)oxides because the reacted samples had been
oxidized. The CEC(y; .m) decrease for the MX80
samples correlated with the pH decrease from 10.0 to
8.5—9.5, but similar decreases in pH were also found in
Calcigel, block 18 for samples with an increase in
CEC(0.1 cm)- Based on the analyzed data, this CEC 0.1 ¢m)
decrease cannot yet be explained. The parameter “sum-
CEC” indicated soluble minerals, such as sulfates or
halite for a positive value (compare to Dohrmann et al.,
2012b). Calcite and dolomite dissolution was minimized
in this study using the Cu-triens  caicite CEC method. As
discussed before, gypsum, anhydrite, and in part halite
were responsible for the inflated exchangeable Na* and
Ca?" values and, therefore, the inflated “sum-
CEC(av. 2-8 ¢m) Vvalues (Figure 3). In general, the
“sum-CEC4y. 2-5 cm)” values were <20 meq/100 g in
the lower part of the ABM-II package. The “sum-
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CEC(av. 2-8 cm) increased strongly in the upper part of
the ABM-II package close to the disintegrated blocks
(19—-20) and decreased again to values around 20 meq/
100 g in the top blocks (29—-31).

This trend can be followed by the changes in the
Calay. 28 emy values of the ECpoputation (Table 3). The
values were always >100% in the upper part (blocks 16,
and 21-28) and were >100% only once in the lower part
of block 4, FRI, which had a low CEC value. Summing
up, the second hypothesis that the exchangeable cation
ratios were equal in all blocks independent of position
has to be rejected because the Ca(zz:'VA 2-8 cm):
NaZ’av‘ )y cm):Mg(ZQ’VA 2-8 cm) Tatios were not equal in all
blocks of ABM-II, independent of position in the
package. Instead, large variations were present and
these variations were even more pronounced in the
vicinity of the two disintegrated blocks (19 and 20).

Exchangeable cation redistribution over the entire
ABM-II package and Na'/Mg’"-ratios

The question arose as to why equilibrium was not
reached or if equilibrium was reached why did the


https://doi.org/10.1346/CCMN.2017.064052

Vol. 65, No. 2, 2017

= N w S 8] o]
o o o o o o

o

"exchangeabe" Ca?* (calculated) explained by S analysis (meqg/100 g)

Exchangeable cation rearrangement in Bentonite buffer

115

Ash3505é21) 2cm

¢ Asha505 (21) ‘0.1 cm’
®

60 80 100 120

Increase of exchangeable Ca2* vs. REF samples (meg/100 g)

Figure 4. Correlation between the measured increases in exchangeable Ca®" values and the calculated “exchangeable Ca

from anhydrite and gypsum dissolution.

equilibrium change. Exchangeable Na* and Mg*" values
were not inflated by soluble minerals with the one
exception of halite in block 23. Therefore, the Na'/
Mg”"-ratio and the gains and losses in Na(yy 2 g cm) and
Mgy 28 emy values (Na“/Mg**-ratiog,. 2 g cm)) Were
investigated in more detail (Figure 5). After installation
and before the heating of ABM-II, the Na'/Mg®'-
ratiosrgpy of the REF samples varied from <0.1
(Rokle) to 47 (Kunigel V1). Fourteen bentonites had
Naﬁ/Mg2+ ratiosay. 2—8 cmy >3 (two blocks of Kunigel
V1, two blocks of IBE, and ten blocks of MX80). These
blocks were evenly distributed from bottom to the top of
ABM-II. During the experiment, the blocks took up
groundwater while being heated. After retrieval, how-
ever, a clear distinction could be made between the Na™/
Mg2+ ratios(ay. 2—s cm) Of the upper and lower part of the
package. In the upper part (block numbers >15), a
significant variation in the Na"/Mg*" ratiosy. 2 g cm)
and the larger absolute Na*/Mg>" ratios s, 2 g cm) Were
observed and ranged from approximately 5 to 10 (Figure
5). In the lower part (blocks 1—15), the Na“/Mg*"
ratioy. 2—8 cm) Was on average 3.5 with little variation.
This indicated that locally different conditions affected
the cation equilibration.

Comparison of ABM-II with ABM-1

In ABM-II, heating of the package started after water
saturation, whereas heating in ABM-I started immedi-
ately after installation. The duration of heating was
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2 values

longer in ABM-II (3—4 years) than in ABM-I (approxi-
mately 1 year). Before ABM-II and during the heating of
both ABM-I and ABM-II, groundwater interacted with
the blocks. The question was whether or not this
groundwater interaction influenced equilibrium of the
ECpopulation in the two packages. Note that ABM-II and
ABM-I had the same buffer materials, but were packed
in different sequences. This created many different
interfaces and EC gradients. Even in ABM-I after 2.5
years of heating, Dohrmann et a/. (2013b) showed that
the ECpopulation Was almost completely equilibrated with
the surrounding water and this was confirmed by
modelling (Wallis et al., 2016). As heating was even
longer in ABM-II, the equilibration should not be
significantly influenced by the block sequences. The
observed differences between ABM-I and ABM-II were
summarized (Table 4) and are discussed below. In
contrast to the previous field study in ABM-I
(Dohrmann et al., 2013b Sasamoto et al., 2017),
horizontal variations in the ECpputation in single blocks
of ABM-II could be observed. The Ca®"-rich Aspd water
diffused in from the rock side and caused a decrease in
the exchangeable Na“ and Mg®" values and an increase
in the Ca”" values in ABM-II. The expected gradient (if
observed) should show larger Ca?f;dividua, 2—g om) Values
closer to the rock. This would mean that
Na(ﬁndividual 2-g em) values were lower closer to the
rock. In some blocks in the upper part, however, the
Naandividual >-g em) vValues were lower close to the heater
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Figure 5. Plot of block number versus Na*/Mg?" ratios for exchangeable Na(ay. 28 cmand Mg(zzfv_ 2-g em) (filled squares) in ABM-II
of reacted samples in comparison to the Na*/Mg*" ratios for the REF samples (open squares).

(blocks 21—22 and 24—28, Table 2a). In the rest of the
ABM-II package, the Naandividual 2—g8 cm) values showed
no changes or relatively low horizontal changes between
8 and 2 cm from the rock side to the contact with the iron
heater. The Mg(zi;dividual 2—8 om) Values were more or less
equal in the horizontal direction in the middle and lower
parts of ABM-II, whereas the horizontal changes in the
upper part were visible and indicated larger
Mg%f;dividual 2-8 emy Vvalues towards the heater. The
ABM-II blocks were enriched in “exchangeable Ca*™”
(partly inflated). The warmer parts had larger Caf,:%
blocks 1-31, 2 cm) values and the smallest differences in
values with horizontal position were found in the lower
part of ABM-IIL. A steady increase in CEC individual 2 cm, 5
cm, 8 om) Values towards the heater side was observed in
blocks 7 and 11, however, in most blocks the variation in
CEC values was either negligible or without a clear
horizontal trend. Dividing ABM-II into three units of ten
blocks each gives interesting insights into the large scale
horizontal changes (gains and losses of Nafa\,‘ upper,
middle, lower)> Mg(2a+V upper, middle, lower)s> and Ca(za\h upper,
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middle, lower)) that were missing in ABM-I. The total
exchangeable Na' and Mg?>" values decreased by
approximately 55% and 59% in ABM-II. The largest
total loss of exchangeable Na' was observed in the
middle part (—67%), whereas the exchangeable Mg**
values decreased by 79% in the upper part. In contrast to
these large absolute losses, the Na* and Mg?™ values
showed only minor horizontal variations in the three
parts of ABM-II. Total exchangeable Ca®*" values
increased by nearly 200% in ABM-II and the highest
values were measured in the top section. The exchange-
able Ca®" increase cannot be evaluated precisely with
respect to mass balances because the method used to
determine CEC cannot avoid artefacts caused by the
dissolution of soluble Ca-sulfates. As already established
in ABM-I, average values for whole blocks of the field
experiment were calculated and used for mass balance
estimations. Compared to the average EC and CEC
values of ABM-I, only very few ABM-II blocks showed
an increase in exchangeable Nazrav‘ 2-8cm) and
Mgl 2 g emy values. The Na™ and Mg®" values were
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discussed together because both decreased in a more or
less similar way. The Na(REF) (Mg(ZEEF)) concentrations
in the bentonite REF materials had to be very low to
allow gains in exchangeable Najrer) (MgRer): <5%
(<10%). Bentonites with larger Najrer) (Mg{rer)) values
lost Najay. 2 g emy (Mgav. 2 8 em))- In ABM-IL, this
threshold range was at much higher Na* (Mg*") values.
The Febex (block 9 in ABM-I) had, for example, 27%
Na?REF) (37% MgfﬁEF)) before retrieval and 42%
Na?av_ 2-8 em) (23% Mg(Z;,_ 2-8cm)) after retrieval. The
reacted Febex (also block 9 in ABM-II) ended up with
significantly lower values: 17% Naz'av_ 2-8 em) and 8%
Mg(zgfv, 2-8 em). This was typical for ABM-II in compar-
ison to ABM-I. The two sedimentary clays showed
larger increases for Na(t,v, 2-8 cm) (Mg%;,‘ 2-8 em)) IN
ABM-II in comparison to ABM-I, which was a relative
effect because these samples had very low CECs in
comparison to the bentonites. Average Ca(za*V‘ 2-8 om)
values of the reacted bentonites in ABM-II varied from
64—148%, which is much larger than in ABM-I
(28—65%). Although many Ca®" values in ABM-II
were inflated, this increase was often an actual increase
as, for example, in Febex (block 9 in ABM-I and ABM-
1), which was free of soluble Ca-sulfates. While the
Ca(z.:v, 2—g em) value of reacted Febex was more or less
identical in ABM-I, it increased in ABM-II from 33% to
86%. Differences between the CECrrgr) and the
CEC(av. 2—8 om) Values in the reacted samples in ABM-
IT were small with a few exceptions. The two bottom and
top blocks of MX80 and the Asha 505 (block 21) in the
boiling zone had a CEC(y.>_s.cm) decrease of up to
10 meq/100 g and one block showed a pronounced
CEC(av. 28 ¢m) increase: Rokle + 8 meq/100 g (block 7).
Only 12 out of 30 samples were analyzed for CEC in
ABM-I, which does not allow a comprehensive compar-
ison of the two packages. On the other hand, many of the
average CECS(ay. 1_9 cm) in the reacted samples were
lower in ABM-I. The drop in average bentonite
CEC(av. 1—9 ecm) (n = 9) of reacted samples was 5.5
meq/100 g (with 9 meq/100 g being the largest
CEC(av. 1-9 ¢my decrease). In ABM-I, the different
bentonites that lost >5 meq/100 g of the initial
CECav. 1-9 cm) Were IBE (block 6), Febex (block 8),
MX80 (block 11), Asha 505 (block 14), and Dep. CAN
(block 15). The reason for this CEC decrease is not yet
understood although different possible causes have been
discussed. In ABM-II, the “sum-CEC(ay. 2—5 cm)” Values
were often around 20 meq/100 g, which indicates
minerals soluble in the exchange solution inflated the
EC values. The parameter “sum-CEC(,v. 2-8 cm),
increased strongly in the upper part close to the
disintegrated blocks. In this part, halite and Ca-sulfates
were detected (Kaufhold et al., 2017a). In ABM-I, the
“sum-CECay. 1—9 cmy” Values were <5 meq/100 g. The
Na“/Mg*" ratio(sy. » g em) indicated differences between
the upper and lower parts of the package which allowed
the assumption that different zones of ion exchange
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equilibria occurred in ABM-IIL. This distribution of Na*/
Mg?*" ratios of reacted samples differed from ABM-I in
which no such variation was observed. The same clays
were used in ABM-I and gave a similar Na'/Mg>*
ratiorgr), however, the blocks were packed in a
different order which does not allow a 1:1 comparison.
Comparing the average Na"/Mg”" ratioS(ay. 1 o cm) of the
lower 15 blocks (2.9) of ABM-I with the upper 15 blocks
(3.1) of ABM-I gave no significant separation of the
NaJr/Mg2+ ratioSay. 1-9 cmy in ABM-I. After 6 years, the
Nafr/Mg2+ ratiogy. 2—8 cm) Was approximately in the same
range for ABM-II in the lower part (3.5) as in ABM-I (in
the whole package) which could be approximated as a
kind of equilibrium for the ABM packages. In the upper
part, the large variation in the Na+/Mg2+-ratio(aV‘ 228 cm)
(5—10) must be explained by an additional process.

Conceptual model for water uptake from start until
boiling

During operation of the experiment, water pressure
dropped. If the pressure drops at such high temperatures
(maximum 140°C), the water could start boiling. Note
that the maximum temperature was recorded with
sensors close to the heater, whereas the temperature in
the sand filter between the blocks and the rock was much
lower. The design of the heaters in the ABM experiment
created two temperature maxima in each of the
packages. The temperature maxima were located at 1/3
and 2/3 heights in the package, which is around blocks
10 and 20 (compare to Dohrmann et al., 2013b). The
resulting temperature gradients became more diffuse
towards the rock side, however, the temperature
gradients could still be located in these blocks.

In order to maintain the pressure well above boiling,
additional water was added using the artificial watering
system. Results for the reacted samples of the ABM-II
package obviously indicated that this technical proce-
dure for the addition of water was not fully successful.
The main observations can be summarized as follows:
(1) Horizontal changes were detected; (2) the ECpopulation
(av. 2—8 om) Of the blocks was not in equilibrium, although
the reaction time was longer than in ABM-II; (3) the
Na"/Mg" ratios(ay. »_g em) differed in the different parts
of ABM-II; (4) some blocks were disintegrated (19—20);
(5) the “sum-CEC 4y 25 cm)” exceeded 100% largely in
the disintegrated region; and (6) halite and anhydrite
precipitated in the disintegrated region. All these
observations can be explained by boiling during the
operation of ABM-II (Figure 6). The interactions of the
buffer samples with the Aspd groundwater can be
assumed as follows: At ¢y, the installation started and
the blocks were allowed to saturate with water without
being heated. The large blue (gray in grayscale) arrow
on the left (Figure 6) represents groundwater entering
the buffer from the crystalline rock, whereas the small
arrows at the rock/buffer boundary represent the
artificial water saturation system (12 holes in total at
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a fo b t ¢ {, (boiling)
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Material/ gw artw. gw artw. gw  artw.

Block abbreviation ¢ ¢

31 MX80

30 MX80

29 Febex

28 lkoserb (KO)

27 cage MX30 granulate

26 Dep. CAN

25 cage MXBOgran. +q. E> - [}

24 Roke {Raw ra)

23 Frigdland (FRI)

22 Kunigel V1 (JNB)

21 Asha 505 i L
20ab Callovo-Oxf, discs - )

19 Cabovo-Oxfordian ?: i sz ? =

18 Calcigel {CAL) 7}

17 MXB0

16 Callovo-Oxfordian

15 beco Seal (IBE) |:> d E>

14 cage MXBO gran. +q.

13 Kunigel V1 (JNB)

12 lkoseorb (KO}

1 lbeca Seal (IBE)

10 Asha 505

9 Febex

8 cage MX80 granulate

i Rokle (Raw ra)

<] MX80

5 Dep. CAN E> s =

4 Friedland (FRI)

3 Calcigel (CAL)

2 MXB0

; e rock | buffer rock  buffer rock | buffer

gw = groundwater; art.w. = artificial water (from saturation system); @ =temperature maxima

Figure 6. Conceptual model for the uptake of water from the start until boiling in ABM-II: t, = time of start after installation with no
heating and a strong contrast between ECpqpuiation Values; t; = time after water saturation after heating was started and after the
ECpopulation has rearranged; and t, = the time after the peak temperature occurred, a pressure drop, the uptake of water, possible
boiling, evaporation, disintegration, and additional rearrangements of the EC,opylation in the boiling zone. SKB (2014) described the

rock surrounding ABM-II as highly fractured.

three depths in ABM-II). In the initial phase #;,, most
blocks had very different ECpqpuiations and started to be
modified by cation exchange. At #;, the buffer was
assumed to be water saturated and the heaters were
switched on. During heating, an intense rearrangement
of the ECp,oputation OCcurred similar to that in ABM-I. The
arrows are much smaller in this phase and represent less
water uptake. As the ¢, peak temperature was reached
and the pressure suddenly dropped, did this indicate a
loss of water that had possibly moved towards the rock
via fractures? The addition of water in order to avoid
boiling was clearly not successful. Water from the
artificial watering system plus water from the rock may
have entered the buffers, although the buffers were
previously water saturated. This could be explained by a
water loss via fractures at the rock/buffer boundary. The
SKB (2014) described the rock surrounding ABM-II as
highly fractured. This may have caused the release of
water, evaporation, disintegration, and additional re-
arrangements of the ECpopuiation in the boiling zone. In
this period, Na, Ca, and CI rich water was entrapped and
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was possibly evaporated, which resulted in the observed
differences in the ECpqpulation-

CONCLUSIONS

Ion exchange reactions proceeded much faster in the
buffer materials than the mineral alteration reactions
which made these studies effective tools to follow the
early reactions in the bentonite buffer experiments. The
most significant change observed in the bentonites of the
ABM-I test after the heating period was the equilibration
of the ECyopulation With the surrounding water and the
surrounding water was assumed to have been a mixture
of groundwater and water in the bentonite (Dohrmann et
al., 2013b; Wallis et al., 2016). In ABM-II, the ion
exchange was even more pronounced because the
heating phase was 3—4 years in comparison to only
about 1 year in ABM-I. The ECopuiation €quilibrium,
however, was possibly disturbed during the experiment.
In ABM-II, the cation exchange caused by the uptake of
groundwater to saturate the blocks was different in


https://doi.org/10.1346/CCMN.2017.064052

Vol. 65, No. 2, 2017

different parts of the package. The most useful
parameter to distinguish between ion exchange equili-
brium and boiling was the Na"/Mg”" ratioy. » g cm)-
This parameter indicated differences between the upper
and lower parts of the package. The ABM-II was first
allowed to saturate with water for approximately 2—3
years. The observed differences, however, could not be
explained by either the saturation before heating or the
longer heating phase. The large Na'/Mg”" ratio-
S(av. 2—8 cm) 1N the upper part could possibly be explained
by water loss caused by a pressure drop and water
boiling and by the subsequent addition of water via the
artificial water saturation system. The ABM-II was
operated at a temperature above 100°C, which is well
above the temperature of the KBS-3 concept. The
observed water loss along with a pressure drop indicated
a possible risk if temperatures above 100°C are planned
to be used in concepts for the disposal of highly
radioactive waste in crystalline rock. The standard
conditions in the KBS-3, therefore, were reasonably set
to 90°C.
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