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Abstract.

The formation of an expanding volume containing the
radiolytically formed oxidants H,0, and O, has been studied in
a-irradiated compacted water saturated bentonite (p = 2.12
g'cm'3). The G-values (0.67+/-0.05), (0.64+/-0.07) for H2O2 and
o respectively are in fair agreement with the corresponding G-
values obtained in experiments with synthetic ground water.
From the leaching of y-irradiated bentonite it is concluded

that only a fraction of the Fe?* content is easily accessible

as scavenger for the radiolytically formed oxidants.
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1. INTRODUCTION.

On radiolysis of the pore water im compacted water saturated
bentonite oxidizing and reducing species are formed in equal
amounts. The radiolytitr yields of the radicals e—aq' H*, OH",
HO,* and the molecular products H50,, Hy and O, are strongly
dependent on the LET (Linear Energy Transfer) of the

radiations, the G-value of the molecular products increasing

with increasing LET at the expense of the radical ylelds.

The primary oxidizing and reducimg species react with solutes
in the pore water and the redox potential will be strongly
influenced by the composition of the agueous phase eg DH,

concentration of carbonate amd iron.

Due to its low reactivity and high diffusivity H, will diffuse
out of the irradiated volume leaving behind an excess of
reactive oxidizing species. The Fe?t ion is a good scavenger
for oxidizing radicals and H,0,, O) The solubility of the
product Fe3* is much lower than the solubility of Fe?% at the
expected environmental conditiom in a nuclear waste repository
(pH= 8, HCO3~ =2 mmol-dm™3) and ¥Fe3" will most probably be
precipitated. The rate of expamsion of the volume containing
radiolytically created oxidizimg species will therefore be
strongly dependent on the aécessibility of Fe(Il) as a sink for

oxidizing species.

The diffusion of radiolytically formed H, out of irradiated
volumes compacted water saturated bentonite has been

demonstrated in several studies (Eriksen and Jacobsson 1983,



Eriksen et al 1987, 1988) and reasonable agreement was obtained
between experimental G-values and G-values calculated using the

computer program CHEMSIMUL (Christensen and Bjergbakke, 1986).

The formation of an expanding oxidative volume i.e. a moving
redox front on oa-irradiation of synthetic ground water has
recently been demonstrated in experiments with a glass filter
as diffusion barrier (Eriksen et al 1988). The experimental
G(H202) value obtained was lower than the value calculated by
CHEMSIMUL, whereas the overall oxidizing capacity assumed to be

due to H,0, and O, was found to agree within the experimental

error.

The aim of the present work is to assess the accessibility of
Fe(II) as a sink term for oxidizing species in compacted water
saturated bentonite and to demonstrate experimentally the

formation of a moving oxidative redox front.

2. EXPERIMENTAL.

2.1 Material.

The clay used in the present study is the American Colloid Co
type Mx-80 granulated Na-bentonite. The water used in the
radiolysis experiments was, if not otherwise stated, synthetic

ground water, the composition of which is given in Table 1.



Table 1

Composition of synethetic ground water*.

Species Concentration (mg'dm‘3)
HCO3— 123
2-
SO, 9.6
Cl™ . 70
sio, 12
ca%* 18
Mg?* 4.3
Na* 65
K* 3.9
* pH 8-8.2
2.2 Fe(II)-leaching.

Clay samples were suspended in varying volumes of iron-free
double distilled water. After 24 h the Fe?' and Fe3?
concentrations in the aqueous phase of the suspensions were
determined colorimetrically with o-phenanthroline according to
the procedure described in literature (Fortune and Mellon,

1938; Gerstl and Banin, 1980).

2.3 Gamma irradiation of washed bentonite.

Water soluble Fe?' was removed by washing Mx-80 with double

distilled water. Bentonite suspensions were thereafter purged



with Ar (AGA-SR gquality) containirng < 1 ppm O, and irradiated
in a AECL-Co-60 unit with dose rate 240 krad-h™! to a maximum
dose of 12 Mrad. Corresponding suspensions containing

10 mmol-'dm™3 formate were irradiated to 15 Mrad. In this system
the *OH radical is converted to the reducing radical lon CO," "

by the reaction
OH + HCOZ— g COZ‘_ + HZO

The irradiated samples were analyzed for Fe?* and Fe3+, as

described above.

2.4 Gamma irradiation of untreated bentonite.

1 g Mx-80 in equilibrium with air at ambient humidity and
temperature was suspended in 3 cm? N,5O saturated synthetic
ground water. The N,0 converts the hydrated electron e'aq to a

‘OH radical by the reaction

e—aq + N;O - Ny + *OH + OH™

and a oxidative solution is thus obtained. The irradiated

2+ 3+

samples were analyzed for Fe and Fe

2.5 o-irradiation.

2.5.1 Radiation source.

The radiation source consisted of 2%lam incorporated into a
gold matrix on silver backing. The g-emitting surface was

covered by a 2 um thick layer of a gold-palladium alloy. The



(G2

diameter of the active surface was 25 mm and the total activity
35.7 MBg. The average energy of the a-particles leaving the

surface was, as determined by a-spectroscopy (Eriksen et al,

1987), 4.6 MeV and the energy deposition 8.22°10%3 ev-s1- The

range of the o-particles is taken to be 37 m in water (Flugge,
1958) and thus 17 um in the water saturated compacted bentonite

with density 2.12 g'cm"3.

2.5.2 Experimental set .up.

Bentonite in equilibrium with air at ambient temperature and

humidity was compacted to a density of 1.8 g'cm'3 and

thereafter equilibrated with synthetic ground water in a
swelling pressure oedometer. The water was deoxygenated by
purging with Ar (AGA SR-quality) containing <1 ppm O, during
the equilibration. During the water saturation process the

density of the bentonite increased to 2.12 g'cm’3.

After water saturation, the oedometer was opened in a glove box

with Ar-atmosphere and the 241pm radiation source mounted as

shown in Figure 1.

2.5.3 Radiolysis experiment.

The following analysis were carried out:

a) Synthetic ground water was flushed through the filterstone
and the solution analyzed for H,0, diffused through the
bentonite at different times after the onset of irradiation.
The H,0, analyses were carried out using a chemiluminescence

method (Kok et al 1978). 100 =1 solution was added to 2 cm3



reagent containing 2°107° mol'dm‘3 luminol (5 amino-2,3
dihydro-1.4 phtalazinedione) and 2°107° mol-dm™3 cu?* and the

light emission was measured with a LKB-1250 luminometer.

b) Synthetic ground water, initially containing
2°10"% mol-dm~3 Fe?* was flushed through the filterstone and
the solution analyzed for Fel® at different times after the

change of flushing solution.

3. EXPERIMENTAL RESULTS.

3.1 Fe-leaching.

The concentration of Fe2¥ in suspensions containing <100 cm3

water per gram dry clay has been shown to be constant,
8.6°10°% mol-dm3 (Eriksen and Jacobsson, 1983) indicating a
solubility limited dissolution from the clay. The Fe3*

concentration was found to be below the detection limit. On

increasing the water volume to more than 1000 cm3 per gram dry

Mx-80 a total Fe3' content of 0.72 mg Fe2+/g dry clay was

obtained (Figure 2).

3.2 Gamma irradiation of washed bentonite.

The total radiolytic production of the reducing radicals e‘aq

and CO,"~ was 6-8 mmol/g dry clay. No dissolution of Fe??, Fe3”

was observed after the irradiation.



3.3 Gamma irradiation of untreated clay.

On irradiation of a N,0 saturated suspension of Mx-80 the total
amount of Fe?™ going into solution decreased with increasing

dose. The experimental data are plotted in Fig. 2.

3.4 o —irradiation.

The break through curve of H,0, diffusing out of the thin layer
(17 m) of irradiated water saturated compacted bentonite is
shown in Figure 3. Assuming steady state after 36 hours

irradiation the H,0, production is 2.66°10713 mol-sec i,

The Fe?™ consumption by oxidizing species diffusing out of the
irradiated volume, following the addition of Fe?® to the

flushing solution, is plotted in Figure 4. From the slope we

obtain the Fe?* consumption 1.72°10712 mol-sec™ 1. Assuming the

oxidation of Fe?' to be caused by the long lived products O,
and H,0,, the following reactions may be written

Fe?* + 1/2 H,0, (ag) + HT » Fe3™ + H,0

re?* + 1/4 0, (agq) + HY » Fe3" + 1/2 H,0
and the O, production is thus

1/4 (1.72-10712 _ 2-2.66-10713) =

= 2.97'10_13 rnol'sec'l



3.5 Calculation of radiolytic vields.

The watersaturated bentonite is a two phase system and the
calculation of G-values are based on the following assumption.
The water/dry clay ratio of bentonite in equilibrium with air
at ambient temperature is 0.08-0.11 (Pusch et al 1985). On
water saturation the compacted bentonite density increases from

1.8 to 2.12 g'cm‘3. The overall watercontent is thus taken to

be 23+/-2 per cent.

The ¢ -energy deposition in the water phase 1s thus

(l.9+/—0.15)'1013 ev-s 1 Energy transfer from bentonite 1s, as
in previous work (Eriksen et al, 1987) assumed to increase the
dose with a factor 1.3 (Christensen 1966). G-values calculated

from the plots in Figs 2-4 are summarized in Table 2.

Table 2

Irradiated

system Radiation G(H505) G(-Fe?*) G(05)
washed Mx-80, Y nm” 0

dist H,0, 10 mM

HCOZ"

untreated Mx-80, Y nm 5.1=0.5 nm
1 g clay 3 g'N,0O-
sat. synth. ground

water



compacted water o 0.67t0.05 3.920.3 0.64-0.07
saturated Mx-80

= . -3
(¢r=2.12 grcm™ 7)

synthetic ground

water

synthetic ground a 0.69+0.03 3*0.3 0.4+0.07

water (Eriksen

et al, 1988)

4. DISCUSSION.

The Fe-content of Mx-80 is according to Miller-Vonmoos and Kahr
1983, taking pyrite into account, (see Table 3) 2.4 mg‘g”1 Fel?
and 25 mg'g‘l Fe3*. The Fe?? going into solution in synthetic

ground water was in this work found to be 0.72 mg'g‘l.

The y-irradiation experiments clearly indicates that Fe3® is
not on a short time scale accessable for reactions with
radiolytically produced reducing radicals in the pore water.
Whereas the primary radiolytic yields in G-units are well Known
for fast electrons and y-radiation this is not the case for
a-radiation (Bibler 1974, Burns and Simic 1981, Cohen 1969).

“Best estimate values" given Table 3 are used when discussirg

the experimental results.



Table 3

Primary G-values for radiolysis of water.

G, events/100 ev

G ( y-radiation) (a—radiation)l)
H20 4.08 2.71

H,) 0.45 1.3

H* 0.55 0.21

e-aq 2.63 0.06

H202 0.68 0.985

HO, " 0.008 0.22

OH 2.72 0.24

1) Christensen and Bjergbakke (1982)

2)  spinks and Wood (1976).

In gamma-irracdiated N-,O saturated aqueous solutions the
hydrated electron e’aq is converted to a ‘OH radical. The
reactions between Fe2+ and H202, 02 are slow and the H202, O2
concentrations will most probably build up and be high enough
2+

to scavenge the hydrogen atoms. The expected Fe consumption

G(—Fe2+) is thus given by

G(-Fe?*) = 2°G(H,0,) + G(e aq) *+ G(OH)

~G(H") = 6.16

10



1

The experimentally determined Fel?t consumption corresponds to
G(—FeZ+) = (5.1+/-0.5) i.e. in falr agreement with consumption
calculated using primary G-values. In earlier calculations of
G(H505,) in a-irradiated synthetic ground water (Eriksen et al,
1988) using the computer program CHEMSIMUL we found poor
agreement between calculated and experimental G(H,0,) values.
The experimentally G(H,0,) = 0.69+/-0.03 measured in synthetic
ground water is, however, in very good agreement with

G(Hy0,) = 0.67+/-0.05 obtained in this work.

The total G-value for oxidizing species produced on a-
radiolysis may be calculated if it is assumed that e_aq and H°

react with H202/02 in the irradiated water. The expected

G(—Fez+) is thus given by

G(-Fe?*) = 2°G(H,0,) + G(OH) + 3°G(HO,")

~G(e " q) - G(H) = 2.6

q)

The experimental consumption is somewhat higher, corresponding

to G(—Fe2+) = 3.9, which may be partly due to residual oxygen

present in the flushing solution after Ar-purging.

5. CONCLUSIONS.

The formation of an "expanding" volume containing oxidants
formed on a-radiolysis of washed compacted watersaturated
bentonite has been demonstrated. The G-value for H,O0,
productions in the pore water is in agreement with the G-value
2+

obtained in synthetic ground water. The overall Fe

consumption of oxidants diffusing through the irradiated



12

bentonite is in fair agreement with the oxidative-capacity
calculated using primary G-values. Only a fraction of the total
Fe-contert of Mx-80 is accessible for reactions with

radiolytically formed oxidative and reducing species.



References.

Bibler N

J Phys Chem 78, 211 (1974).

Burns W G and Simic H E

77, 2803 (1981):

J Chem Soc Faraday Trans I,

Christensen H and Bjergbakke E

Nuclear and Waste Management 6, 256 (1986).

Christensen H

Nukleonik 8, 121 (1966).

Christensen H and Bjergbakke E

KBS TR 82-18 (1982).

Cohen P
Water coolant technology of power reactors.

Gordon and Breach, NY (1969).

Eriksen T E and Jacobsson A

KBS TR 83-27 (1983).

Eriksen T E, Christensen H and Bjergbakke E

J Radional Nucl Chem 116:1, 13 (1987).



Eriksen T E, Ndalamba P, Christensen H and Bjergbaxke E

Radiolysis of groundwater: influence of carbonate
and chloride on the hydrogen peroxide production

(submitted for publication 1988).

Fortune W B and Mellon M G

Anal Chem 10, 60 (1938).

Flﬁgge S
Karpuskeln und Strahlung in Materie II.
Handbuch der Physik, Band XXXIV,

Springer Verlag (1958).

Gerstl Z and Banin A

Clay and Clay Minerals 28:5, 335 (1980).

Kok G L, Holler T P, Lopez M B, Nacktrieb H A

and Yuan M

Environ Sci Technol 12, 1072 (1978).

Muller vonMoos M and Kahr G

NAGRA NTB 83-12 (1983).

Pusch R, Nilsson I and Ramgvist G

Stripa Project TR 85-11 (1985).

Spinks J W T and Woods R J
An Introduction to Radiation Chemistry,

2nd ed (1976), Ch 7.



FIGURE LEGENDS.
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Schematic of a-irradiation cell and flushing

system.
3 ]

Bentonite: p = 2.1 g cm”
Effect of y -radiolysis on dissolved

Fe(II).

Accumulation of H,O0, diffusing through the
a-irradiated 8 mm thick water saturated
compacted Mx-80 disc.

(p= 2.12 g'cm‘3).

Fe(II)-consumption by oxidants diffusing
through the g-irradiated 8 mm thick
water saturated compacted bentonite
disc.

(p = 2.1 g‘cm“3).



Peristaltic pump (for water saturation)

Argon

(2
)
L

RARARS B

_Filterstone

/ \
it sl e st e o .l e o -2

// 2 2 2 /// —Bentonite

N
Am-241

rig. 1 Schematic of irradiation cell (oedometer)



107

"o gl

> |

E o

=]

$ 06r

@

5 04 °

o

X 02} 4
0 A 1 ! 1

100 500 1000 1500

fie. 2 Extraction volume (cm? g')



B4

~
4

(SADp) ®@Wl} UO1DIPOII]

g7 97 07

Zs

Accumulated HQ, (u mol)

o =
— N

| |

€0




[Fel]-10%mol.- dni3

—

Fig. 4

20 40

Collection time (h)



List of SKB reports

Annual Reports

1977-78
TR 121

KBS Technical Reports 1 - 120.
Summaries. Stockho!m, May 1979.

1979

TR 79-28

The KBS Annual Report 1979.
KBS Technical Reports 79-01 - 79-27.
Summaries. Stockholm, March 1980.

1980
TR 80-26

The KBS Annual Report 1980.
KBS Technicail Reports 80-01 — 80-25.
Summaries. Stockholm, March 1881.

1981

TR81-17

The KBS Annual Report 1981.
KBS Technical Reports 81-01 - 81-16.
Summaries. Stockholm, April 1982.

1982

TR 82-28

The KBS Annual Report 1982.
KBS Technical Reports 82-01 — 82-27.
Summaries. Stockholm, July 1983.

1983
TR 83-77
The KBS Annual Report 1983.

KBS Technical Reports 83-01—-83-76
Summaries. Stockhoim, June 1984.

1984

TR 85-01
Annual Research and Development Report
1984

Including Summaries of Technical Reports Issued
during 1984. (Technical Reports 84-01-84-19)
Stockhoim June 1985.

1985

TR 85-20

Annual Research and Development Report
1985

Including Summaries of Technical Reports Issued
during 1985. (Technica! Reports 85-01-85-19)
Stockholm May 1986.

1986

TR 86-31
SKB Annual Report 1986

including Summaries of Technical Reports Issued
during 1986
Stockholm, May 1987

1987

TR 87-33
SKB Annual Report 1987
Including Summaries of Technical Reports issued

during 1987
Stockhpim, May 1988

Technical Reports

1988

TR 88-01

Preliminary investigations of deep ground
water microbiology in Swedish granitic rocks
Karsten Pedersen

University of Goteborg
December 1987

TR 8B-02

Migration of the fission products strontium,
technetium, iodine, cesium and the actinides
neptunium, plutonium, americium in granitic
rock

Thomas lttner?, Bérje Torstenfelt!, Bert Allard?
1Chalmers University of Technology

2University of Linkdping

January 1988

TR 88-03

Flow and solute transport in a single fracture.
A two-dimensional statistical model

Luis Moreno', Yvonne Tsang?, Chin Fu Tsang?,

Ivars Neretnieks’

1Royal Institute of Technology, Stockholm, Sweden

2| awrence Berkeley Laboratory, Berkeley, CA, USA
January 1988

TR 88-04

{on binding by humic and fulvic acids:

A computational procedure based on func-
tional site heterogeneity and the physical
chemistry of polyelectrolyte solutions

J A Marinsky, M M Reddy, J Ephraim, A Mathuthu

US Geological Survey, Lakewood, CA, USA

Link#ping University, Linkdping

State University of New York at Buffalo, Buffalo, NY, USA
April 1987

TR 88-05
Description of geophysical data on the SKB
database GEOTAB

Stefan Sehlstedt
Swedish Geological Co, Lulea
February 1988



TR 88-06
Description of geological data in SKBs data-
base GEOTAB

Tomas Stark
Swedish Geological Co, Luiea
April 1988

TR 88-07
Tectonic studies in the Lansjarv region

Herbert Henkel
Swedish Geological Survey, Uppsala
October 1987

TR 88-08
Diffusion in the matrix of granitic rock.
Field test in the Stripa mine. Final report.

Lars Birgersson, lvars Neretnieks
Royal Institute of Technology, Stockholm
April 1988

TR 88-09
The kinetics of pitting corrosion of carbon
steel. Progress report to June 1987

G P Marsh, K J Taylor, Z Sooi
Materials Development Division
Harwell Laboratory

February 1988

TR 88-10

GWHRT - A flow model for coupled ground-
water and heat flow

Version 1.0

Roger Thunvik!, Carol Braester?

1 Royal institute of Technology, Stockholm
2{srael Institute of Technology, Haifa

April 1988

TR 88-11

Groundwater numerical modelling of the
Fjallveden study site — Evaluation of
parameter variations

A hydrocoin study - Level 3, case 5A

Nils-Ake Larsson?, Anders Markstrém2

1 Swedish Geological Company, Uppsala
2 Kemakta Consultants Co, Stockholm
October 1987

TR 88-12

Near-distance seismological monitoring
of the Lansjarv neotectonic fauit region
Rutger Wahlstrém, Sven-Olof Linder,

Conny Holmgqvist

Seismological Depertment, Uppsala University,

Uppsala
May 1988

TR 88-13

Validation of the rock mechanics HNFEMP
code against Colorado school of mines
block test data

Ove Stephansson, Tomas Savilahti
University of Luled, Lule&
May 1988

TR 88-14
Validation of MUDEC against Colorado
school of mines block test data

Nick Barton, Panayiotis Chryssanthakis,
Karstein Monsen

Norges Geotekniske Institutt, Oslo, Norge
April 1988

TR 88-15

Hydrothermal effects on montmorillonite.
A preliminary study

Roland Pusch

Ola Karnland
June 1988

TR 88-16

Swedish Hard Rock Laboratory

First evaluation of preinvestigations 1986-87
and target area characterization

Gunnar Gustafson
Roy Stanfors
Peter Wikberg
June 1988

TR 88-17
On the corrosion of copper in pure water

T E Eriksen', P Ndalamba!, | Grenthe?

1The Royal Institute of Technology, Stockhoim
Department of nuclear chemistry

2The Royal Institute of Technology, Stockholm
Department of inorganic chemistry

March 1988

TR 88-18

Geochemical modelling of the evolution

of a granite-concrete-water system around
a repository for spent nuclear fuel

Bertrand Fritz, Benoit Madé, Yves Tardy
Université Louis Pasteur de Strasbourg
April 1988

TR 88-19
A Bayesian nonparametric estimation of

distributions and quantiles

Kurt Pérn
Studsvik AB
November 1988



TR 88-20
Creep properties of welded joints in OFHC
copper for nuclear waste containment

Bo Ivarsson, Jan-Olof Osterberg
Swedish Institute for Metals Research
August 1988

TR 88-21

Modelling uranium solubilities in aqueous
solutions: Validation of a thermodynamic
data base for the EQ3/6 geochemical codes

| Puigdomenech’, J Bruno2

1 Studsvik Nuclear, Nykdping
Environmental Services

2Roval Institute of Technology, Stockholm
Department of Inorganic Chemistry

October 1988

TR 88-22

Radiolysis of ground water: influence of

carbonate and chloride on the hydrogen

peroxide production

T E Eriksen', P Ndalamba?, H Christensen?,

E Bjergbakke3

1The Royal Institute of Technology, Department of
Nuclear Chemistry, S-100 44 Stockhoim, Sweden

2Studsvik Energiteknik AB, S-611 82 Nykdping,
Sweden

3Risd National Laboratory, DK-4000 Roskilde,
Denmark

December 1988

TR 88-23

Source parameters of major earthquakes
near Kiruna, northern Sweden, deduced from
synthetic seismogram computation

W T Kim, E Skordas, Y P Zohu, O Kulhanek
Seismological Department, Uppsala University,
Box 12019, S-750 12 UPPSALA

June 1988

TR 88-24

Fission product concentration profiles
(Sr, Xe, Cs and Nd) at the individual grain
level in power-ramped LWR fuel

R S Forsyth, O Mattsson, D Schrire
Studsvik Nuclear, Nykdping
December 1988

TR 88-25
Postglacial faulting and paleoseismicity in
the Lansjarv area, northern Sweden

Robert Lagerback
October 1988

TR 88-26
Geological evidence of smectite longevity
The Sardinian and Gotland cases

Roland Pusch, Ola Karnland
Clay Technology AB
December 1988





