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ABSTRACT (ENGLISH)

MX-80 bentonite saturated with pressurized weakly
brackish water, was heated up to 130°C with and
without y-radiation for 1 year. The smectite content
remained largely intact while accessory minerals like
feldspars were strongly affected. The hydraulic con-
ductivity was not altered but slight cementation by
precipitated silica took place.

ABSTRACT (SWEDISH)

MX-80 bentonit mdttad med trycksatt, svagt brickt
vatten, vdrmdes upp till 130°C med och utan
7-strdlning under 1 3r. Smektitinneh&llet férblev i
stort sett opadverkat medan accessoriska mineral sdsom
fdltspat pdverkades starkt. Hydrauliska konduktivi-
teten d&ndrades inte men viss cementering dgde rum
genom utfdllning av kiself6reningar.
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SUMMARY

MX-80 clay, saturated with very weakly brackish
Allard water, was heated up to 130 °c under hydro-
thermal conditions with and without y-radiation for 1
year. Chemical and mineralogical analyses as well as
physical testing showed that no major changes in
smectite content had taken place in the test period.
A major conclusion is that the hydraulic conductivity
was not changed, while the rheological properties
including expandability were slightly altered. Micro-
structural changes in the form of precipitationg were
obvious in the part that had been heated to 130°C and
which had also become significantly stiffer.

The major mineralogical alterations were the dis-
appearance of feldspars and formation of sulphates;
the montmorillonite appearing to be largely unaffect-
ed except for slight dissolution and transformation
to 10 A minerals and possibly pseudo-chlorite. Rather
insignificant interaction had taken place between the
clay and the steel heater despite the rather exten-
sive corrosion of the steel heater but iron had dif-
fused to about 10 mm depth in the clay.

The overall conclusions are that the combined effect
of strong 7 radiation and heating up to 130°C under
repository-like conditions with electrolyte-poor
porewater in the clay causes only insignificant al-
teration of the smectite content and physical pro-
perties. The most important effect on the latter is
slight cementation by precipitation of released sili-
ca.



PURPOSE AND OUTLINE OF THE TEST

The major idea with the test was to expose a 7 cm
long water saturated sample of MX-80 bentonlte clay
to a constant temperature gradient of 40°C (Max.
T=130°C and min. T=90°C) with and without applying
strong y radiation, for simulating the conditions in
a repository. The test was conducted at CEA:s labora-
tories at Saclay close to Paris and ran for 1 year.
Detailed analyses of the mineralogical and che-
mical changes were then performed both at CEA and at
Clay Technology AB, Sweden. The physical properties
before and after treatment were determined by Clay
Technology AB.

MX-80 clay saturated with Allard water, i.e. very
weakly brackish water with sodium as major cation,
was confined in a cylindrical chamber w1th one end
closed by steel that was exposed to 130°C without 7
radiation in one experiment and with ¥ radiation in a
preceding experiment. The other end consisted of a
filter connected to a vessel with Allard water that
was pressurized to 1.5 MPa throughout the tests, such
that the physical conditions under the hydrothermal
experiments were well defined.

After termination of the tests, the samples were sec-
tioned and stored under nitrogen gas until laboratory
testing took place. Detailed interim reports on spe-
cific subjects have been worked out in the course of
the tests. The present document is the final report
of the study.



METHODS FOR CLAY CHARACTERIZATION

MINERALOGY AND CHEMISTRY
General

Three cores of compacted MX-80 clay were prepared and
analyzed as follows:

* Sample REF (Reference clay) investigated
immediately after preparation

* Sample IR (Irradiated clay) exposed to
90/130 C temperature gradient and y radia-
tion for 1 year

* Sample non- IR (Non-irradiated clay) exposed
to 90/130°C tempera- ture gradient for 1
year

Analaytical methods (CEA)
XRD

Physical and chemical investigations were performed
on bulk specimens as well as on the minus 2um materi-
al, i.e. the clay fraction.

For the bulk analyses the samples were gently crushed
in an agate mortar under air-dry conditions. The clay
fraction was separated by decanting from powdered
bulk material dlspersed in water. Dehydration was
made by heating to 60°C.

XRD patterns were obtained by use of a Philips PW
1730 diffractometer with Fe-filtered Coka radiation
(r=1.789 R). A proportional detector was used either
with a continuous scanning goniometer and graphical
recording, or with a step mode scanning goniometer
and digital recording.

Powder patterns were obtained for the bulk samples,
while the clay fraction was investigated by using
oriented aggregates evaporated on glass slides. The
following preparation modes were applied: 1) Ca-
saturation, followed by air-drying and treatment with
ethylene glycol (EG); 2) Ca-saturatlon, K-exchange
and 2 hours heating to 300°C, followed by EG treat-
ment. K-exchanged samples were used for estimating
the proportion of high-charge to low-charge smectite:
after K-saturation high-charge layers collapse while
low-charge smectite maintain their expandability on
EG treatment.



2.1.2.2

2.1.2.3

2.1.2.4

Chemical analyses (CEA)

Ordinary chemical analyses were made by atomic
absorption spectroscopy (AAS) and flame spectroscopy
using a P.E. apparatus after fusion in a SrClz
matrix.

Cation exchange capacity (CEC) was determined by
saturation with ammonium acetate of the clay
fraction. Exchangeable cations were determined by
AAS.

FTIR spectra covering the range 4000 and 400 cm
were obtained by a Nicolet 510 equipment. 1-4 mg of
the <2um fraction pressed with 200 mg of KBr and then
dehydrated at 200°C for 24 hours.

ESR spectra were recorded at 21°C in X-band (Centre
de Spectroscochimie, Universite P. et M.Curlie,
Paris).

Mossbauer data were collected by use of an Elscint
AME 30 spectrometer at room temperature, using a ~Co
source dispersed in an Rh-matrix (nominal strength 25
mCi).

Mineralogical analyses (Clay Technology AB)

The mineralogical analyses were intended to give a
quick overall picture of major changes and were not
aimed at elucidating possible transformation
mechanisms.

Mineralogical characterization was made by XRD, using
a Philips PW 1730 machine with CuKa radiation, with
and without ethylene glycol treatment of sedimented
specimens. Also, cation exchange capacity measure-
ments were made by using strontium as exchange cat-
ion. Morphological analysis together with semi-
-quantitative determination of elements (EDX) was
utilized for identification of precipitates.

Chemical analyses (Clay Technology AB)

The chemical analyses were intended to identify pos-
sible major changes and not to yield a detailed pic-
ture of the involved processes.

ICP spectroscopy of LiBOz2-melts were used for quanti-
tative determination of Si0O2, Al203, Fe203, MnoO,

TiO2, MgO, CaO, K20, Na20, and P20s. The EDX electron
microscopy for spot analysis and mapping gave in-
formation on major elements in discrete parts of the
clay.



2.1.2.5

Microstructural analysis

Three different types of electron microscopy were
applied in the present study with the following pur-
poses:

1. Transmission electron microscopy for general
characterization of microstructural features

2. Scanning EM for morphological
characterization of precipitations

3. Analytical EM for qualitative and semi-
quantitative element analysis

These investigations were made by use of the JEOL 200
CX STEM and Philips SEM 515 microscopes of the Dept.
of Electron Microscopy, Lund University.

The preparation of specimens for transmission EM was
made by freeze-drying followed by saturation with
methyl/butyl acrylate, polymerization, and ultra-
microtomy yielding 500-1000 & sections (1).

Scanning EM specimens were prepared from freeze-dried
samples, which were gold-coated except for the speci-
mens used for element analysis.

PHYSICAL PROPERTIES (Clay Technology AB)
General

The hydraulic conductivity and the rheological pro-
perties in terms of creep behavior were investigated
at Clay Technology’s laboratory in Lund, Sweden.

Hydraulic conductivity

The specimens were transferred to a 20 mm diameter
shear box in which they were exposed to slight com-
pression by loading them to the assumed swelling
pressure. Then, percolation was made with Allard
water for a few days, whereafter rheological testing
was conducted.

Rheology

A normal stress ¢ corresponding to the estimated
swelling pressure of MX-80 clay saturated with dis-
tilled water, i.e. 6 MPa, was applied and this stress
was then adjusted so that the samples expanded axial-
1y by about 10 um in order to eliminate friction be



tween the two shear box halves. A shear stress T cor-
responding to about 10 % of the shear strength of
equally dense unheated MX-80 clay saturated with dis-
tilled water, i.e. 260 kPa, was applied for about two
days, after which the shear stress was doubled and
the creep again recorded for two days. The low stress
level was selected in order not to disturb the micro-
structure, which was investigated subsequently.

Automatic recording of the shear displacement was
made and the angular shear strain evaluated by ap-
plying the expression in Eq.1, which was derived in
an earlier FEM-based identification of a suitable
strain parameter from this kind of shear tests (2).

7 = 3¢ (1)

where A is the shear displacement for the respective
load step and € = A/D, D being the diameter of the
shear-box. Af is the total shear displacement at fai-
lure.

A generalized form of the creep rate is given by Eq.
2, from which the characteristic parameters to and B
can be derived. This is preferably made by a least
square fit of recorded creep data to the expression
in Eq. 3.

B (t + to)7}, (2)

7

B ln (t + to) + A (3)

(4

where t denotes elapsed time after onset of creep and
A is a constant of integration. The B- and to-values
evaluated from the experiments will be reported here-
and correlated with the influence of heat exposure.

In addition to the creep tests, experiments were made
in which samples confined in the shear box under 6
MPa external pressure were allowed to expand on re-
ducing this pressure to 5 MPa. This was expected to
give information of possible transformation from ful-
ly expandable montmorillonite to collapsed 10 & mine-~
rals, as well as of possible cementation effects.



DESCRIPTION OF THE TESTS

CLAY MATERIAL

The clay was sampled from industrially processed com-
mercial MX-80 (Wyoming bentonite), which is known to
be rich in montmorillonite with sodium as major ad-
sorbed cation.

Samples for exposure to heat and radiation were pre-
pared by compacting air-dry powder in swelling pres-
sure oedometers and saturating them with Allard water
to almost complete saturation. The samples were cy-
lindrical with 20 mm diameter and 70 mm length; their
dry density was 1.65 g/cm” and the water content
about 23 %. The theoretical bu}k density at complete
water saturation was 2.05 g/cm .

WATER SOLUTION

The type of water which had been used for saturation
of the clay and with which it was contacted through-
out the test was low-electrolyte Allard water with
the following composition:

Component mmole/liter
HCO3™ 2.014
HaSjOs 0.205
S04 0.100
Clm- 1.973
Ca2+ 0.448
Mg 0.177

K . 0.100
Na 2.836
pH 8.0-8.2
STEEL

A 5 mm thick plane disc of XC1l0 steel was placed in
contact with one of the ends of the sample, the steel
being exposed to the highest temperature (130°c) and
to irradiation. At the other end, the sample contact-
ed a sintered porous filter of acid-proof, stainless
steel.

The steel at the hot, irradiated end had the follow-
ing composition:



Element %

C 0.120
Mn 0.470
Si 0.250
S 0.003
P 0.026

IRRADIATION PARAMETERS

The irradiation lasted for almost exactly 1 year, i.e.
from April 1 1988 to April 3 1989, by exposing the
hlgp temperature end of the sample to ¥ radiation from
a Co radiation source in the Poseidon irradiator

(CEN Saclay).

5 sensors were inserted in the sample for recording
the dose rate along the sample, the values being:

Distance from irradiated Adsorbed dose rate
contact, mm Gy/h
0.0 3972
23.5 843
36.6 670
46.0 561
64.1 456

The total absorbed dose integrated over the sample
7
was 3.27x10° Gy.

SAMPLE CHAMBER

The sample was placed in a cylindrical chamber with
the steel plate and filter at opposite ends. The
chamber had lead-throughs for the radiation gauges
and for tubings used for maintaining the water pres-
sure at 1.5 MPa (+/-0.1 MPa), as well as for heatlng
coils by which the temperature was maintained at 130°
at the irradiated end and 90° at the opposite one, and
for gauges through which the temperature were recorded
in the sample (Fig.3-1).
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Figure 3-1 Chamber with the clay sample confined for the heat-
ing and irradiation experiment (CEA)



10

4 TEST RESULTS

4.1 SAMPLING

Figs.4-1 and 4-2 show the sectioning principle for
obtaining specimens. It was made in nitrogen gas at-
mosphere and resulted in 8 discs of the irradiated
sample and 4 of the non-irradiated one. The ir-
radiated disc samples were sectioned and used for
analyses by CEA and Clay Technology AB, respectively.

METALLIC
IRON (A) FILTER (B)

c
!

ALLARD
WATER

22 23 24 25 26

90°C

NONIR METALLIC
FILTER (B)

Figure 4-1 Code numbers of CEA-investigated samples. Upper:
Irradiated sample. Lower: non-irradiated sample

Fig.4-2 shows the code numbering of the samples
investigated by Clay Technology AB and Table 4-1
gives the approximate temperatures to which these
samples had been exposed.
METALLIC
IRON (A) FILTER (B)

T C IR c
7] '
1

ALLARD
WATER

01 24 22 23 24 25 26 30
130°C 90°C

Figure 4-2 Samples investigated by Clay Technology AB



Table 4-1

11

Sample codes and type of analyses in Clay Technolo-
gy’s study: M is mineralogy, C chemistry, Mi micro-
structure, k hydraulic conductivity, R rheology,

Code no Temperature Analyses
., ®
M Cc M1 k R
00 Reference X X X X X
01 130°C x x p'e x X
22 115°C % X p'e X X
26 95°C X x X X X

* Including EDX

4.2.1.1

MINERALOGY
CEA study

All the cores had remained coherent and ductile and
could be sectioned without difficulty. The REF sample
appeared to be somewhat heterogeneous with milli-
meter-sized light zones that turned out to be feld-
spars and calcite. The IR and NON-IR samples gave a
more homogeneous impression with a somewhat darker
greyish color except for the ends, which were orange-
yellow to rusty in color. In the IR sample the color-
ed zones extended up to 5 mm from the irradiated
steel and to 2 mm from the filter. The NON-IR sample
had colored zones that were only 1 mm thick.

XRD
REF sample

The REF sample showed spectra with the following
major reflections (Fig.4-3):



12

REF Sm

Sm

Figure 4-3 Diffraction pattern of the REF sample (bulk,
packed)

* Smectite /(001):12.8 &, (02-11):4.43 &,
(13-20):2.55 &, (15-24-31):1.69 &,
(06-33):1.49 A. The last value indicates
that the smectite is dioctahedral/;

* Quartz /(100):4.22 A, (101):3.33 &,
(112):1.80 &/;

* Na-Ca Feldspars /(001):6.33 &, (201):4.02 &
and others near 3.75, 3.20, 3.10 &/;

* Calcite in low concentrations /(102):3.86 A
(104):3.03 A and (110):2.49 &/;

* Opal probably present in low concentrations
/broad reflections at (101):4.02 & and
(200):2.49 A/;

* Unknown species with reflections at 7.45 &

IR sample

The IR sample showed characteristic reflections of
smectite, quartz and feldspars but signals indicating
calcite were not present (Fig.4-4). A weak reflection
of anhydrite (3.46 A) appeared in IR-3 while there
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were no signs of gypsum. A small amount of hematite
was also observed /(104):2.70 &, (110):2.52 A and
(116):1.70 &/ and of hydrous mica (illite) as well
/(001):10 &/.

IR Sm
Q
S
F Q
Sm
Sm M
Sm Sm Sm
70 &0 50 40 30 20 10
20

Figure 4-4

Diffraction pattern of IR sample (bulk, packed)

The amounts of quartz, feldspar and illite varied
irregularly along the core which suggests a variation
in the composition of the MX-80 ED material investi-
gated.

In the IR sample only the more intense reflections of
quartz and feldspar were recognized and they appeared
to be broader than in the REF sample. These two min-
erals are concluded to have been partly dissolved in
the irradiated sample. :

The basal reflections (001) of the smectite in the IR
sample show two maxima, i.e. at 12-13 and 14-15.5 &,
indicating that some stacks held one and others two
hydrate layers, a matter that can be due to Na or Ca
dominance in certain interlamellar positions and to
varying humidity at the testing.

The position and shape of the other smectite reflec-
tions were not different in the IR sample than in the
REF sample, indicating that the dioctahedral nature
of the smectite was preserved and that crystal growth
or dissolution were insignificant.
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NONIR sample

The following minerals could be identified (Fig.4-5):

@
l <
3.34 &
1672
S = Smectite
Q = Quartz
F= IgclfIsz;r F
= H s
B 3.18 &
Q 3.2 AF
4.24 & !
S I
14.57 & S D .
f 4.46 & 2.89 A
I | — f
\\ ?.915 = ﬂ
o S A Mj ) M
S M fu W WMy
8 1 T T i
18 20 38 40

Figure 4-5 Diffraction pattern of NONIR sample (bulk, packed)

* Dioctahedral smectite /d(06-33)=1.496 A/
with a basal reflection near 15 &, i.e.
with 2 hydrate layers;

* Illite, quartz and feldspars in varying
amounts along the core;

* Dolomite (104):2.89 &
The quartz and feldspar reflections were as sharp as

in the REF sample. Sulphates and iron oxides or
hydroxides were not found.

Detailed study of the clay fraction

XRD of oriented material from the clay fraction
gave the following conclusions:
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REF sample

A characteristic basal reflection d(001)=12.4-12.8
appeared in air-dry condition (Fig.4-6). After Ca
saturation and EG treatment peaks appeared at 17 A
(001) and 8.52 A (002), indicating that MX-80 ED is a
pure smectite with no high-charge layers or illite.
After K-saturation, and EG treatment complete re-
expansion to 16.6 i (001) and 8.3 ).\ (002) took place.

©B

JletOry ™ i 15
5 ) [3 z

Figure 4-6 Diffractogram of the clay fraction of the REF
sample (oriented, air-dry)

IR sample

All specimens showed a single and narrow (001) re-
flection in the interval 14.66-15.5 A (cf. Fig.4-7).
After Ca-saturation and EG treatment harmonic reflec-
tions were found at 16.8-17.3 & (001), 8.41- 8.53 A
(002), 5.63-5.64 A (003), and at 3.39 & (005). These
data show that the smectite remained intact with no
illitization. After K-saturation and EG treatment a
strong (001) peak was found; the (002) reflection
appeared at 8.65-8.70 & and a 10 peak also showed
up. It was concluded that more than 95 % of the
smectite remained intact but that a small amount was
converted to high-charge material. This tendency was
irregular along the sample, however, indicating some
original variation in composition rather than true
conversion.
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Figure 4-7 Diffractograms of IR sample. Upper: Ca saturation,
Lower: K-saturation (oriented, EG-treated)

NONIR sample

The NONIR sample behaved much like the IR sample
(Fig.4-8). Thus, under air-dry conditions Ca-
saturated specimens showed a single (001) reflection
located between 14.5 and 14.9 A, and after EG treat-
ment this peak was displaced to 16.8-17.3 & while the
002) reflection appeared in the interval 8.42-8.51

. After K-saturation, heating and EG treatment a
strong (001) reflection showed up at 17 & while the
(002) reflection was in the interval 8.51-8.58 &,
i.e. slightly higher in the Ca state.

No 10 & reflections were found, from which it was
clear that the low-charge smectite had been practi-
cally completely preserved.
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17.63 &
12151
Ca+EC
NONR- C
8.48 A 5.65 A
A —AM—Ah
8 T i i H i 1 H 1 T 1 H H T H i 1 t i
5 18 15 24
16.94 &
8842
8 —

Figure 4-8 Diffractograms of NONIR sample. Upper: Ca satura-
tion and EG treatment. Lower: K saturation, heating
to 300°C, and EG treatment

4.2.2 Clay Technology AB study
4.2.2.1 XRD

A condensed picture of the diffractograms of unheated
MX-80 and of the 130°C is given in Fig.4-9. It is im-
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mediately clear that the most striking effect of the
heating and irradiation is the complete disappearance
of the feldspar peaks around 2 = 14°, 24° and 28°.
Other obvious d%fferences are 'a slight increase in
10 A minerals, “broadening towards low angles of the
(001) montmorillonite peak in the the 130° specimen,
%ndicating formation of chlorite-type minerals, and
appearance of new peaks in this specimen that most
probably were caused by neoformation of anhydrate and
possibly also hexahydrate, MgSOs:(6H20), chlorite,
and quartz. The content of kaolinite remained almost

constant.
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Figure 4-9 Rectifiedodiffractograms of Specimens 00 (200)
and 01 (130°¢)

Examination of the diffractograms of specimen 22
(115°C) ; and specimen 26 (95°) showed that part of
the feldspars sustained 95° but that they had almost
disappeared at 115°C (Fig.4-10). The amount of 10 A&
minerals had increased very little in these specimens
while there was a more obvious increase in quartz in
the 95°C as manifested by the enlarged peak at 26 =
21° and 26.7°. The 115°C specimen contained some neo-
formed gypsum (and anhydrate), of which there was
also some sign in the 95°C specimen. The latter may
possibly have experienced some neoformation of hexa-
hydrate.
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Figure 4-10 Diffractograms of all the specimens

The tendency of broadening of the major smectite peak
at 26 = 5°-7° towards the low angle region for all
the heated specimens, espec1ally the 130 and 115°C
ones, was interpreted as resultlng from the formation
of chloritic minerals. It is probably not a matter of
true neoformed chlorite but rather of interlamellar
establishment of positively charged, non-stoechio-
metric iron hydroxide in the smectite stacks, trans-
forming them to chloritic pseudo-forms.

The major interpreted changes of the mineralogy of
virgin MX-80 Na montmorillonite are summarized in
Table 4-2. The variation in initial mineral compos1—
tion of the clay makes the interpretation uncertain;
except for the slight tendency of formation of 10 -\
minerals and for the clear reduction in feldspar as
well as the neoformation of sulphates at 130°C.
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Table 4-2. Major interpreted changes of the mineralogy of the
clay fraction

Specimen Reduction Increase Change
no
01 (130°%) Feldspars Strong
Chlorite Medium
10 & min. Weak
Anhydrite Strong
(+ gypsum) ,
Hexahydrate Mediunm
22 (115°C) Feldspars Strong
Chlorite Weak
10 & min. Weak
Anhydrite Strong
(+ gypsum)
Quartz Weak
26 (950) Feldspars Medium
Anhydrite Weak
Quartz Weak
4.3 CHEMISTRY
4.3.1 CEA study

4.3.1.1 Composition of bulk samples and clay fractions

The analyses showed that the chemical composition of
the bulk and clay fractions were similar (Tables 4-3
and 4-4), which is natural because of the high per-
centage of smectite in the bulk material.

Table 4-3 Chemical composition of bulk samples

Echantillons |  SiO ALOY | Fealy M Mg0 Ca0 Na;0 K20 TiO;
REF 58.4 17.6 3.22 0.02 2.12 1.67 3.04 0.53 0.2
R1 5120 | 17.80 4.90 0.04 3.20 - 2.20 0.77 0.30
IR 2-1 5460 | 18.00 4,40 0.03 3.00 . 2.20 0.65 0.30
R 2:2 5450 | 1670 4.00 0.03 3.00 2.20 0.70 0.35
IR 2-3 54.80 | 17.50 4.50 0.04 2.30 - 2.20 0.60 0.40
IR 2-4 54.00 | 17.20 4.20 0.04 2.60 . 2.30 0.70 0.25
IR 2-5 55.00 | 18.50 4.30 0.04 2.70 - 2.30 0.70 0.35

IR 2-6 54.50 18.70 4.60 0.04 2.80 - 2.40 0.80 0.35
iR3 55.50 18.00 4.70 0.03 2.70 - 2.40 0.70 . 0.25
NONIR-a 57.00 18.30 4.30 .01 243 0.88 1.95 0.75 0.27
NONIR-b | 5500 | 1897 4.13 0.02 2.87 1.09 1.95 0.73 0.33
NONIR-c | $6.00 | 19.40 4.20 0.03 2.96 1.16 1.97 0.76 0.33
NONIR-d | 5600 | 1943 4.03 0.02 2.88 1.16 2.00 0.77 0.36
130°conacia | 53.90 | 1770 6.40 0.02 2.46 0.87 1.82 0.74 0.39
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Table 4-4 Chemical composition of clay fractions

Table 4-5

Echantillons Si0, AhO3 Fe,03 Mad Mg0 Cad Na0 K.20 TiO
REF 58.4 18.8 3.2 0.01 2.33 1.52 3.33 0.18 0.15
iR-1 53.00 18.40 4.00 0.01 3.10 - 0.60 0.23 0.24

IR-2-1 52.40 18.00 3.60 0.01 3.50 - 1.00 0.30 0.24
1R-2-2 52.90 18.40 3.70 0.02 3.00 - 0.70 0.27 0.25
IR-2-3 53.60 17.80 3.30 0.01 3.00 - 0.50 0.22 0.27
IR-2-4 53.80 18.30 3.60 0.01 2.90 - 0.60 0.22 0.27
iR-2.5 54.00 18.40 3.50 0.02 2.70 - 0.65 0.24 0.26
IR-2-6 52.50 18.70 3.40 0.01 3.00 - 0.40 0.30 0.30
IR-3 51.50 18.50 4.00 0.01 2.80 - 0.80 0.25 0.25
NONIR-a 51.40 17.00 4.40) 0.02 2.50 1.40 1.30 0.40 0.25
NONIR-b 50.16 16.90 4.10 0.02 2.50 1.30 1.25 0.40 0.25
NONIR-c 50.50 18.40 4.20 0.02 2,70 1.70 1.20 0.45 0.30
NONIR-d 51.00 17.30 4.20 0.02 2.45 1.10 1.38 0.44 0.26

In comparing the REF material with the IR and NONIR
ones one finds that the REF clay had a significantly
higher content of Na20, CaO, and SiOz2, which can be
interpreted as caused by dissolution of feldspars in
the heated and irradiated samples. The amounts of
Fe203 had increased throughout the IR and NONIR cores
and it was particularly obvious in the NONIR material
contacting the steel.

The data in Tables 4-3 and 4-4 include water and if
correction is made for this one finds less obvious
differences except for the sodium and iron contents
(Table 4-5). Taking the initial spread in composition
into consideration it is concluded that the changes
are insignificant.

Average chemical composition of REF, IR and NONIR
samples with correction for the water content

Samples | SiO2 | Al203 | Fe203 | MgO | CaO | Na20 | K20

REF 68.2 22.0 5.8 2.7 1.8 2.7 0.2

IR 68.4 232 4.6 3.7 - 0.8 0.3

NONIR | 65.9 21.8 5.6 3.2 1.4 1.7 0.5
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4.3.1.2 CEC
The CEC data are given in Table 4-6, from which the
following conclusions were drawn respecting mineral
conversions:
* The cation exchange capacity was in the
range of 80 to 100 meq/100 g of all samples
‘except for the NONIR specimen that had con-
tacted the steel and for one almost cent-
rally located NONIR specimen. Most speci-
mens had higher CEC:s than the reference
sample
* IR samples showed a significant drop in
exchangeable sodium and magnesium caused by
uptake of calcium
* NONIR samples did not show any significant
change at all; the most obvious processes
were moderate drops in sodium and potas-
sium. The latter may be related to the
formation of a very small amount of
high-charge smectite
The main conclusion was that the dominant process in
the IR core was an exchange of the type:
REF-Na' ———---c-- > IR-ca”’
The drop in exchangeable sodium of the NONIR material
is not readily explained; iron emanating from the
steel may have replaced at least some of the sodium.
Protons may also have played a role.
Table 4-6 CEC analyses (meqg/100 g)
Samples Na _ K Mg Ca CEC.
REF 56.0 23 15.6 30.1 79.3
IR1 20.6 2.4 13.5 50.5 97
IR2-1 26.8 42 9.8 49.8 96
IR2-2 24.5 1.7 8.5 53.5 101
IR2-3 12.2 0 85 63.2 . 954
IR24 24.0 1.4 8.6 54.2 94.3
IR2-5 18.0 14 73 435 100
IR2-6 7.5 1.6 9.8 534 104
IR3 346 1.7 10.4 36.4 92.5
NONIR a 41.25 2.00 11.52 24.7 94.43
NONIR b 30.43 145 11.14 17.0 59.29
NONIR ¢ 30.48 147 12.88 289 84.05
NONIR d 43.22 1.78 11.03 248 75.83
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FTIR

All the recorded spectra are almost identical as il-
lustrated by Figs.4-11 and 4-12. In the high-
frequency zone a major band is observed near 3630

cm = with a shoulder at 3690-3700 cm . These bands,
which are characteristic of smectite, are attributed
to valence vibrations of Alz-(OH) and Al-Mg(OH)
groups. In the low frequency zone lattice vibrations
including Si-0 and Si-O-Mﬂpands are observed at 1120,
1040, 622, 525 and 466 cm . No significant modifica-
tions of frequencies were found among the spectra.

Banding modes of (OH) vibrations are recognized more
clearly in the low-frequency zones and one can iden-
tify the following ones: Alz(qg): 917 cm ', Al-OH-Fe:
887 cm , and Al-OH-Mg: 850 cm , the shape and in-
tensity of which are about the same in all the spect-
ra. The two bands located at 798 and 779 cm’ are
attributed to Si-O vibrations in SiO2 compounds
(quartz, opal), the intensities varying as a function
of the amounts of such compounds in the samples.

NONR  CORE
NONIR CORE
P

A

3800 azao

3700 aeso 2800 3580 3800 » N
Nombre © onde (cme1) 1200 1100 2000 0G0 860 700 800  Boo | 400
Nombre d'onde (em-1}

Figure 4-11 FTIR spectra of NONIR materials
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3630

A =REF
B=IRI 3700
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+ + —~
3850.0 As00.0

= + + # 4
asco.0 37850.0 3700.0 38580.0 QBOO -0
Wavenumber (cm-—1)

+ —
4300.0 1200.0 1100.0 1000.0 ©00 .00 800.00 700.00 600 .00 oo .00
Havenumoer (cm—1)

Figure 4-12 FTIR spectra of REF and IR materials
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4.3.1.4 MOssbauer data
REF

The REF sample gave a spectrum showing one asymmetric
doublet centered at about +3 mm/s, a correct fit be-
ing obtained only with a doublet containing two Lo-
rentzian lines of equal width (Fig.4-13). The Moss-
bauer parameters of this fit show that the smectite
contains only Fe ' in octahedral positions (Table
4-7), geanlng that the REF material did not contain
any Fe” cations. No signal indicating the presence
of crystallized iron oxides or hydroxides could be
observed.

ABSORPTION Mxea
1.0

1399

.99

.98

097'

l96'

MM/S

.95 i I ! ] i i i 1
-3, -3. -1, 1. 3. 9.
P pour impression papier, G pour sortie GRAPH

Figure 4-13 MOssbauer spectrum of the REF material
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Table 4-7 MOssbauer parameters

Sample Fe3+ octahedral Fe2+ octahedral

) A r S 8 A [ S
REF 0.325 | 0.622 0.79 100

MX80.ED| 0.30 0.67 0.7 83 1.15 2.83 0.6 17
IR1 0.36 0.663 0.75 81 1.14 2.78 0.47 19
IR2-1 0.31 0.686 0.66 72 1.28 2.68 0.73 28
IR3 0.36 0.608 0.56 85 1.1 2.84 0.48 15
NONIRA| 0.32 | 0.654 | 0.65 | 85 1.34 | 2.43 0.5 15
NONIR B| 0.31 0.67 0.70 78 1.20 2.55 0.6 22

& = isomer shift

A = quadrupole splitting
{* = full line width

S = relatve area

Since the mineralogical variations in the MX-80 ED
material appeared to be rather significant, other
samples of this clay material than the REF material
were analyzed as well and all of them appeared to
yield somewhat different Mdssbauer spectra as
indicated by Fig.4-14. The spectra can be fitted with
two doublets, one corresponding to Fe ' ggtions in
octahedral positions and the other to Fe” in such
positions. About 15-20 % of the iron is in ferrous
form. Since the clay fraction of MX-80 ED did not
contain carbonates or micaceous phases, all iron was
assumed to be located in the smectite clay lattice.

IR

The spectra of the IR material, specimens 1, 21 and 3
(located as shown in Fig.4-1), appeared to be practi-
cally identical and could be fitted with two doublets
(Fig.4-15). This gave the conclusion that the iron in
the IR material contained from 15 to 28 $ Fe“’ cat-

ions. No well crystallized iron oxy-hydroxides could

be identified.
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Figure 4-14 Example of variation in M&ssbauer spectra of MX-80
ED material

NONIR

All the specimens from the NONIR sample gave the same
Mdssbauer spectra, which fitted well with gyo doub-
lets (Fig.4-16). As for the IR material Fe” cations
represent about 15-25 % of the iron. Well crystal-
lized iron oxide or hydroxide was not present.
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4.3.1.5 ESR data

The investigated material was the clay fraction of
the REF sample and all the specimens from the IR and
NONIR samples. A general conclusion is that the re-
corded signals are typical of montmorillonite as il-
lustrated by Fig.4-17.

REF

/k//“\k

Figure 4-17 ESR spectra. REF and IR materials (clay fractions)
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The following features could be identified:

* The narrow line at g=4.4 indicates Fe' atoms in
octahedral sites, dispersed in sheets that con-
tains aluminum and magnesium

* The broad band_centered at g=2 refers to near-
neighboring Fe™ atoms. This indicates that
the small amount of iron in MX-80 ED is present
as oxides or hydroxides

* The very narrow line at g=2 is interpreted as
defect centers in the smectite lattice since
significant amounts of organic material - which
would otherwise show such a feature - were not
present

The ratio of the intensity of the signal caused by
defect centers and that at g=4.4 is about 0.08 for
both the REF and the NONIR materials, while it is
0.20 for the IR material, which shows that irradia-
tion had produced an increase in the number of defect
centers.

Clay Technology AB study
Composition of bulk samples

As in the mineralogical study performed by Clay Tech-
nology, the intention was to identify whether major
changes had taken place that could explain differ-
ences in the physical properties of reference materi-
al and the material exposed to heat combined with
irradiation, and not to get information on detailed
changes.

The spectrometric analyses of LiBOz melts shown in
Table 4-8 indicate that the major elements are pre-
sent in approximately unaltered proportions in all
the specimens, except for iron, which is enriched in
the 130°C and the 115°C specimens. There may be a
slight net loss in Si0Oz in all the specimens, especi-
ally in the hottest one, and some silica may have
migrated out of the system due to the concentration
gradient. However, the precipitations noticed in the
TEM study and the assumed neoformation of quartz sug-
gests that silica was released from dissolving mont-
morillonite and accessory silicate minerals had pre-
cipitated in the sample. It should be noted that this
study, like CEA’s, did not show the reduction in so-
dium at the hot end that appeared in the non-irradi-
ated sample.
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Table 4-8. Major element composition of clay specimens (solid

Specimen

mass and contained in water), in %. The values are
corrected for the ignition loss

Sio0z Al203 Fe203 MgO Kz20 Ca0 Naz20

00 (Ref)
01 (130_C)
22 (115°¢)

26 (95°C)

4.3.2.2

Table 4-9.

64.4 21.0 4
63.5 21.2 5
5
4

[ W= )]

64.1 21.4
63.7 22.4

NN

BN =N
WK ®®Oo

One finds that a signgficant increase in iron content
took place in the 130 C specimen and some increase
was also noticed for the one exposed to 115 C. Part
of this iron is assumed to have formed cementing pre-
cipitates, while some is assumed to have been used up
in the formation of chloritic minerals. Theoretically
at least, montmorillonite may have partly transformed
to nontronite.

Although it is not very significant there seems to be
an uptake of magnesium in the hottest parts of the
clay sample. This enrichment may have been caused

by Mg being taken up in octahedral positions in
conjunction with some transformation of montmorillo-
nite to high-charge smectite at the hottest end. This
would have enhanced the release of silica from this
end and caused some I/S mixed-layer formation, where
I may simply have been montmorillonite stacks col-
lapsed to 10 A minerals and prevented from expanding
by cementing silica precipitates. Another possible
cause of the Mg enrichment may be formation of mag-
nesium sulphate.

Pyrite, being a natural constituent of the bentonite,
was dissolved, by which sulphur was set free to in-
teract with calcium and magnesium to form sulphates
like anhydrite in the hotter parts of the sample.
CEC

Determination of the Sr uptake on strontium solution
treatment gave the CEC-values in Table 4-9.

CEC =-values

Specimen CEC, meq/100 g
00 (Ref& 99
01 (130.C) 93
22 (115_C) 92

26 (95°¢) 97
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One concludes from the CEC-measurements that the
changes are small and that valuable information on
actual mineralogical changes is hardly offered by
this sort of analysis except that the amount of
smectite cannot have been significantly reduced.

Microstructural properties

A general conclusion from the TEM study is that all
the specimens showed the characteristic microstruc-
tural features of dense smectite clay formed from
granulated powder, i.e. stacks of flakes ("aggre-
gates") separated by voids in which softer clay gels
are hosted. The latter may either be flakes or stacks
released from the dense aggregates, or neoformed
crystalline or amorphous aluminosilicates.

However, while the general appearance of heated

and unheated virgin material turned out to be very
similar, a careful examination showed a number of
different features (Fig.4-18). The major one is that
the unheated reference material exhibited a rather
low degree of homogeneity while all the other showed
a more homogeneous structure, which is in good agree-
ment with earlier experience (Fig.7). Still, it seems
that the most strongly heated specimen 01 had a some-
what higher frequency of dense aggregates, possibly
representing stacks of montmorillonite flakes that
had collapsed to 10 & units.

Further obvious differences are that specimen 01
heated to 130°C and specimen 22 heated to 115°C show-
ed a number of precipitations, the first-mentioned
clay sample being particularly rich in such objects
(Fig.4-19). The morphology and EDX analysis suggest
that anhydrite (or gypsum), and calcite (probably
monohydrocalcite as indicated by the XRD analysis)
were the major neoformed species.
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REFERENCE SAMPLE SAMPLE O1

Figure 4-18 TEM micrographs of the specimens in the Clay
Technology study
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Figure 4-19 grecipitatians in the 01 specimen, heated
130 °C. Upper and center: Calcium sulphate.
Lower: Precipitates rich in iron and calcium
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Conclusions and discussion of mineralogical and
chemical changes caused by heating and irradiation

Initial composition of MX-80 ED

A major conclusion that makes it difficult to draw
definite conclusions concerning the mineral changes
that took place in the heat and heat/irradiation ex-
periments is that the MX-80 ED material is not very
homogeneous. Thus, while the smectite content is very
high, i.e. more than 80 %, it varies somewhat as does
the content and composition of accessory minerals.
These consist of quartz and feldspars, illite, opal,

gypsum,

An important fact is that the iron content is
low and that most iron is present as octahedral Fe

calcite, dolomite and hematite.

3+

while about 20 % seems to form octahedral Feaﬂ

Heat- and irradiation-induced changes

The CEA study showed the following major effects:

*

Irradiation combined with heating caused
disappearance of calcite and considerable
loss in quartz and feldspars. Ferric iron
phases appeared at the two steel contacts,
where poorly crystallized hematite was
formed. The diffusion rate of iron in the
sample was rather significant.

A significant drop in Na20 content took
place particularly at the hot end.

The smectite content was very little af-
fected; there was no clear indication
neither of dissolution or crystal growth.
However, a small amount of high-charge
smectite seems to have formed as a separate
phase.

The changes that could be observed appeared
to be quicker than in the non-irradiated,
heated experiment.

The irradiation caused more crystal lattice
defects than only heating.

Heating without irradiation caused nearly
the same changes as when irradiation was
also applied, but they were slower and less
well developed.

Crystal lattice defects were not caused.
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The Clay Technology AB study, which only concerned
the sample with combined irradiation/heating, showed
the following major effects:

* Strong drop in feldspar content at the hot
end and also a clear reduction in the rest
of the clay core.

* Significant formation of sulphates at the
hot end, primarily hexahydrate and an-
hydrite with Ca stemming from dissolved
feldspars and probably calcite, and sulphur
from dissolved sulphide minerals.

* Slight increase in quartz throughout the
sample, the probable reason being recrys-
tallization of silica released from feld-
spars.

* Tendency of chlorite formation in the
hottest half of the clay core, the steel
possibly supplying iron for this process.

Conclusions

Putting together the information from the studies, it
seems clear that the dioctahedral mineral montmoril-
lonite underwent insignificant changes in the one
year long experiment with combined heating and ir-
radiation, the effects being even smaller when only
heating was applied.

The accessory minerals, however, were very signifi-
cantly altered, creating free silica that became
available for cementing processes. Also, iron stem-
ming primarily from the most strongly heated, ir-
radiated steel, is concluded to have taken part both
in cation exchange processes and in the formation of
iron compounds serving as cement.

PHYSICAL PROPERTIES
Hydraulic conductivity

The hydraulic conductivity was found to be of the
same order of magnitude as that of reference MX-80
clay (cf. Table 4-10)). The slight difference in con-
ductivity is within the accuracy of measurements.
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Table 4-10 Hydraulic conductivity

No Temp. Dist.fr.iron plate Hydr. cond.

°c cm m/s
00 Ref. - 1.7x10_ >
01 130 0.5 2.9x1043
22 115 2.5 1.1)(10_13
26 95 5.7 2.6x%x10

The evaluated hydraulic conductivities are very close
to those generally found for MX-80 clay prepared and
percolated by low-electrolyte water (3). It is con-
cluded that there is no definite trend of a changed
conductivity with increased temperature and irradia-
tion.

4.4.2 Rheology

Creep curves of the specimens are shown in Figs.4-20
4-23. They are all very smooth, indicatgng that cemen-
tation was insignificant. Taking t = 10" s as a re-
ference time, one obtains the accumulated strain ¢
shown in Table 4-11 for the four specimens, the table
also showing the evaluated A, B, and to-values. Gen-
erally expressed, high B-values indicate large de-
formability, while low ones indicate strengthening

and stiffening by cementation or homogenization, usu-
ally accompanied by a very low or negative to (2).

One finds that the specimen 01, i.e. the one exposed
to 130°C and the strongest radiation, and also being
in close contact with the iron plate, had undergone
considerable strengthening. Also specimen 22, which
was located a couple of centimeters from the iron
plate and heated to 115°C, experienced some streng-
thening. In contrast, specimen 26 which was heated to
95°C, seems to have become slightly more deformable
than untreated MX-80 as manifested by the higher B-
value. However, its to-values are lower than those of
the reference sample, which means higher strain rates
on load application, probably indicating slight
cementation.
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Table 4-11 Rhelogical data (Ref. time for e is 10° s)

"EFFECTIVE" SHEAR STRESS 260 KPa

No Temp. Dist.fr. irr. steel € A B to
°c cmx10* s

00  Ref. - 5x10, 16 2.1 8000

01 130 0.5 2107 -2 0.4 240

22 115 2.5 4107 -3 0.9 1460

26 95 5.7 10x10 -17 2.8 2570

"EFFECTIVE" SHEAR STRESS 520 kPa

00
01
22
26

Ref.
130
115
95

- 16x107%  -22 3.7 1610
0.5 12x107, =10 2.4 770
2.5 23107, -9 3.5 100
5.7 27x10 -22 5.0 440

The similar trend for both stress levels of the para-
meter B, which is the most important one, indicates
that the shear resistance of the most strongly heated
and irradiated part of the clay core was definitely
increased, but the increase was very moderate and the
ductile behav1or of the entire clay core was largely
preserved. This is confirmed by the fact that to was
not altered to become negative even of the part that
was exposed to the highest temperature and radiation.

Expansion tests

The tests involved measurement of the spontaneous
expansion of laterally confined clay samples when the
initial effective pressure 6 MPa was reduced to 5
MPa, the samples being exposed to Allard water
through a filter stone. The results are plotted in
the diagram of Fig.4-24, from which one finds that
the expansion took place in a smooth, continuous
fashion. This indicates that signiflcant cementation
had not taken place in any of the specimens. Also, it
is clear that the unheated reference sample and the
130°C specimen 01, which had been most strongly
affected by radlatlon, behaved similarly and that the
latter had an expandability that was even somewhat
higher than that of specimens 22 and 26. Since cemen-
tation can hardly have affected specimens 22 and 26
more than specimen 01, a possible explanation may be
that irradiation had caused dlSlntegratlon and a drop
in particle size and, hence, an increase in specific
surface area. This matter is further discussed later
in the report.
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Figure 4-20 Creep curves of Reference Sample
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Figure 4-21 Creep curves of specimen 01, heated to 130°¢
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Figure 4-22 Creep curves of specimen 22, heated to 115°%¢
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Figure 4-23 Creep curves of specimen 26, heated to 95°%¢
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Figure 4-24 Swelling tests under uniaxial conditions

STEEL CORROSION

The steel at the most strongly heated end of the ir-
radiated and non-irradiated clay cores was investi-
gated by CEA, applying thin section technique.
Figs.4-25 and 4-26 illustrate the corroded profile of
the heated and irradiated clay, while Fig.4-27 shows
the gteel which was only subjected to heating

(130°C) .

It was concluded that the corrosion of the heated and
irradiated steel had taken place locally to 480 um
depth. The average depth was 80 um (Figs.4-25 and
4-26). The steel/clay boundary appeared to be very
irregular and a 10-20 um thick dark zone of enriched,
presumably iron-rich matter was identified.

The non-irradiated steel showed somewhat less degra-
dation (Fig.4-27): the maximum corrosion depth was
160 um and the average depth 18 um.
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X 65

X 125

Figure 4-25 Steel surface that had contacted MX-80 ED clay in
the heated (130°C) and irradiated case. Magnifica-
tions 65 and 125 x. The steel is shown white
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x 250

#

x 250

Figure 4-26 Steel surface that had contacted MX-80 ED clay in
the heated (130°) and irradiated case. Magnifications
250 x. The steel is shown white
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x 125

x 125

Figure 4-27 Steel surface that had contacted MX-80 ED clay in
the heated (130°) case without irradiation. The steel
is shown white
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DISCUSSION AND CONCLUSIONS

EFFECTS OF HEAT AND IRRADIATION ON THE
MINERALOGY OF THE CLAY

It seems probable that several processes took place
that had some but rather small effect on the mont-
morillonite content in the clay in the hottest part
of the clay core. Thus, it seems possible that a
small portion of the montmorillonite was converted to
high-charge smectite like beidellite (4), yielding
some free silica that contributed to the slight ce-
mentation that took place at the hot end of the ir-
radiated sample. It may also be a matter of permanent
collapse to 10 A minerals, appearing as paragonite-
type minerals, of a small fraction of the montmoril-
lonite content in conjunction with drying at the
steel/clay contact despite the high water pressure
(5). Hydrogen gas formed at the corrosion of the
steel may well have displaced water and caused drying

(6).

The silification, i.e. precipitation of silicious com-
pounds that caused the slight cementation in the most
strongly heated and irradiated part of the sample may
also have originated from the dissolution of feld-
spars.

Iron released from the corroding steel in the most
strongly heated and irradiated part of the clay core
seems to have migrated rather far in the clay and may
have taken part in several processes. Cation exchange
and formation of amorphous oxy-hydroxide iron com-
plexes contributing to the slight cementation are two
probable processes and intercalation of iron com-
pounds yielding some transformation of the montmoril-
lonite to chlorite-type minerals is also possible.

Neoformation of calcium- and magnesium-bearing sul-
phates at the hot end, and the very obvious drop in
feldspar content are the two most significant changes
among the non-clay minerals. The precipitation of
sulphates may actually also have contributed to the
cementation process.

IMPACT OF HEAT AND IRRADIATION ON THE PHYSICAL
PROPERTIES OF THE CLAY

A general conclusion is that the one-year long hydro-
thermal test with rather strong ¥ radiation did not
alter the physical properties very significantly.
Thus, the hydraulic conductivity remained unchanged
and the rheological behavior only underwent moderate
or small changes, meaning that cementation effects
were not very important and that the swelling ability
did not decrease significantly.
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Still, appreciable strengthening of the clay within 1
- 2 cm distance from the steel plate took place and
it may lead to brittleness and fracturing at pro-
longed exposure to heat in the near vicinity of a
steel canister in a repository (6).

IMPACT OF IRRADIATION ON THE CLAY

Gas production

Radiolysis must have been caused in the experiment,
meaning that H', Hz, OH, H202 and HOz were primary
products formed in the porewater, and that 0z and 02
were secondary products. The oxygen produced in the
sample is assumed to have supported corrosion of the
steel, forming iron hydroxide and hydrogen gas,

as well as iron in ionic form. The hydrogen gas of
which some may have been released by diffusion, may
have filled a large fraction of the clay voids at the
steel contact and thereby retarded the corrosion pro-
cess. No channel-like discontinuties through which
gas under high pressure can have left the clay/steel
contact were found in the microstructural analysis,
visual examination or hydraulic testing.

Influence of radiation on clay minerals

The direct effect of very strong 7 radiation is known
to be very small but that it tends to cause lattice
breakdown and transfer from crystalline state to
amorphous conditions of minerals (7). Aluminum has
been reported to be replaced by protons, yielding
lattice instability. Another finding is that the av-
erage particle size decreases because of the lattice
instability and this creates an increased specific
surface area. If this took place in the presently
described experiments it may have produced a high
hydration power and swelling ability in the most
heated and irradiated clay despite the cementation
and slight drop in montmorillonite content.

IMPACT OF HEAT AND IRRADIATION ON STEEL CONTACTING
CLAY

A major conclusion was that irradiation speeds up the
corrosive attack on steel caused by heating, and that
the corrosion depth becomes larger than with heating
only. The corrosion and the release of iron from the
corroded steel is on the same order of magnitude as
in field and laboratory experiments described in
literature (6,8,9).
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