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This report summarizes the research and development activities on

" radiocactive waste management at the Engineered Barrier Materials Labo-

ratory, Shallow Land Migration Laboratory, Environmental Geochemistry

Laboratory and Environmental Radiochemistry Laboratory of the Department

of Envirommental Safety Research during the fiscal year of 1992 (Apfil 1,

1992-March 31, 1993).

The topics are as follows:

1) As for waste forms and engineered barrier material, performance assess-
ment studies were carried out on various waste forms, buffer materials
and mertar.

2) In the safety evaluation study for shallow land disposal, migration
behavior in the soil layer were studied.

3) In the safety evaluation study for geological disposal, chemical be-
havior of nuclide in water, nuclide migration and fixétion in geosphere
were studied.

4) Distribution of uranium and migraticn of uranium series nuclide in

uranium ore were examined as a natural analogue study.

Keywords: High-level Waste, Low-level Waste, Waste Form, Engineered
Barrier, Natural Barrier, Geosphere, Migration, Fixatilon,

Natural Analogue
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Introduction

In order to achieve the safe disposal of radicactive wastes, it is
necessary to promote the development of waste management and safety
assessment methodology.

The Japan Atomic Energy Research Institute (JAERI).has been con-
ducting safety assessment study and development of new techmology to
contribute the establishment of national system for the radioactive waste
management in Japan.

This report summarizes thé status and results of %tudies performed
in the fiscal year 1992 at Engineered Barrier Materials Laboratory,
Shallow Land Migration Laboratory, Envirommental Geochemistry Laboratory
and Environmental Radiochemistry Laboratory of the Department of Environ-

mental Safety Research, JAERI.

The progress report series have been issued in the following numbers:
JAERI-M 82-145, 83-076, 84-133, 85-090, 86-131, 87-131, 88-201, 89-192,
91-019, 92-022 and 93-037.

vii
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1. Research and Development of Waste Forms and Engineered Barrier
Materials

1.1 Performance of Waste Forms

1.1.1 Durability of High-level Waste Glass in Flowing Groundwater under

Gamma-ray Irradiation

H. Kamizono

1. Introductiomn

Disposal sites suitable for the isolation of high-level waste glass
(HLW glass) may be comstructed in geologic formations more than several
hundred meters below the land surface. During the first several hundreds
of years after the disposal, a considerable amount of !37Cs emits gamma-
ray to the surrounding area. If the glass comes into contact with
groundwater during this period, leaching behavior from the glass will be
affected by radiolysis in groundwater.

There are many studies on the effects of gamma-irradiation on the
HLW glass durability in water. However, in most studies leach experi-
ments are carried out under static conditions, and therefore in the
present study we examine the dynamic effects of gamma-irradiation on the
HLw glass in flowing groundwater.l_”) We also mention that groundwater
is not oxidized nor acidified under gamma-irradiation in the absence of

nitrogen and oxygen.

2. Experimental

2.1 Preparation of Simulated HLW Glass

The simulated HLW glass containing 11.8 wt% of simulated fisson pro-

ducts was prepared.

2.2 Leach Apparatus

The continuous-flow leach tests were carried out at 90 + 1°C using
an MCC-4 type leaching apparatus. The apparatus had been improved in

five ways as follows.

{1} The shape of the leach containers was designed to provide three
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glass-surface-area to leachant-volume ratios of 10, 1 and 0.1 el
These conditions need about fifty pineapple-sliced specimens, five pine-
apple-sliced specimens, and one discoid specimen, respectively.

(2) The leach containers and the connected leachant-inlets and out-
lets were made of stainless steel capable of enduring gamma-irradiation
of about 1 MGy.

(3) The movable parts of the apparatus, such as the receiver
bottles, which had to be handled throughout the experiments, were
designed to be easily manipulated in a hot cell.

(4) All outlets were covéred with heaters to maintain their temper-
ature at about 90°C in order to prevent any precipitation of elements
while the leachates were transported to the receiver bottles.

(5) The air in the upper space of the reservoirs and the receiver
bottles was replaced with argon which was flowing at a rate of 50 em?/min,

This prevents the influence of nitrogen and oxygen from air.

2.3 Synthetic Groundwater

Synthetic J-13 tuff groundwater was prepared in accordance with the

recipe described by Johnson. >)

3. Results

3.1 Eh-pH Excursion during Leaching

Figure | shows an example of the Eh-pH excursion in the present
experiments. The results show that the flowing groundwater tends to be
reduced under a constant gamma-irradiatiom of about 10* R/h.

The relationship between the Eh values and the pH values can be
expressed, for example, at a flow rate of 1000 ml/vear with the irradia-
tion.

Eh = (.780 - 0.060pH,
and for the same flow rate without the irradiation,
Eh = 0.914 - 0.069pH.
Note that the reduction is estimated as much as -0.12 V for the present

conditions.
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3.2 Concentrations of the Elements in the Leachates

At a flow rate of 10000 ml/vear, the concentrations of the network
formers Si and B increase for the initial 20 day duration and then reach
constants. At a flow rate of 1000 ml/year, however, the duration of
about 400 days is needed to achieve the steady state conditions (Fig. 2).

The alkaline earth elements Ca and Mg show "negative leach rates" as
a result of adsorption of Ca and ﬁg onto the sylanol groups on the glass
surface (Fig; 2). The word "negative' means that the conﬁentration of
the elements in the leachates are lower than those in the fresh leachant.
This phenomenon was observed in the experiments with and without the

gamma—irradiation.

4. Discussion

4.1 Eh-pH Excursion during Leaching

Gamma-irradiation is a cause of the formation of hydrogen radicals
which is reductive in a chemical reaction. In addition, hydrogen radical
may form another reducing agent 0,7 in alkaline or neutral groundwater.
We think that, in alkaline groundwater without much oxygen, some elements
such as Ce may be reduced. When a reduced chemical species of an element
has higher solubility in water, then the gamma-irradiation will effect
an increase of the leach rates. For example, Ce(OH)3 may have higher
solubility in water than Ce(OH),, and is expected to dissolve more easily
in reducing environments.

However, this issue is sometimes controversial in that divalent iron
is reported to be oxidized under similar irradiation conditions. This is
because oxidizing potential of divalent irom is not so high, and it is
easily oxidized by the secondary chemical species H;0, rather than re-

duced by hydrogen radicals.

4.2 Leach Rates of the Elements Studied

The elements studied can be divided into three groups. First, leach
rates of the network fomer elements Si and B are not affected easily by
the irradiation, because they are single valent cations under the present
experimental conditions, and their solubilities are stable during the

irradiation.
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Second, leach rates of alkaline earth elements Ca and Mg tend to
decrease with time as a result of the adsorption onto silanol groups on
the glass surface. However, this is independent of the cumulative dose
and were also observed in a blank run without irradiation.

Third, as mentioned above, leach rates of the divalent cations may
be affected considerably. When an element which is oxidized or reduced
by the irradiation has a higher solubility, then leach rates of the

element is to be higher under irradiation.

5. Concluding Remarks

Our experiments simulate the conditions in a geologic disposal site
over several hundreds of vears after burial, where radiation dose is
still in the order of about 10% R/hour. This irradiation to the sur-
rounding groundwater is a major issue for predicting leach rates of HLW

glass.

Long-lived alpha-emitters such as Pu and Cm alsc change the ground-
water chemistry, and therefore study on gamma-irradiation will clarify
part of the influence of the alpha-emitters on the leaching behavior in a
long run, This will be studied further in the near future with HLW glass

containing TRU elements.
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1.1.2 Long Term Leaching Test of Low Level Radioactive Solidified Waste

T. Takeda, K. Saite and H. Takazawa

1. Introduction

Large guantity of LLW (Low Level Radioactive Waste) are generated
from various facilities such as power plants, research organizations and
industries every year. Most of LLWs are generatedrfrom nuclear power
plants, and they are categorizeﬁ into liquid wastes, combustible wastes,
miscellaneous solid wastes and other wastes.

LTLT (Long Term Leaching Test) was started from 1982 fiscal year as
shown in Table I in JAERI (Japan Atomic Energy Research Institute) based
on the budget of STA (Science and Technology Agency of Japan). In 1989,
LTLT on homogeneous waste forms was finished, and LTLT on miscellaneous
waste forms was started in 1988 fiscal year and have been conducted.

The liquid wastes have been concentrated and converted to stable
forms such as homogeneously solidified with cement, bitumen (asphalt) and
plastic forms, and stored in the site of nuclear power plants. The soli-
dified wastes are safely disposed of shallow land at Rokkasho-mura in

Aomori Prefecture, Japan.

2. Schematic Diagram of Test Equipments

The outlined structure of a test unit for actual size waste in sea
and/or land water is shown in Fig. 1. Circulation speed by stirrer is
about 2 cm/sec around a body of waste form. One for actual size waste in
soil is shown in Fig. 2. All of these leaching test units are opemed to
atmosphere.

Total volume of water in a test unit for sea or land water condition
was decided to be equivalent to about 10 times of a form as shown in
Tables 2 and 3.

Actual size simulated homogeneous forms were manufactured with addi-
tion of three radionuclides, which are two typical fission products, (a)
Cs-137 and (b) Sr-90, and a typical corresion product, (c} Co-60 as
listed in Tables 1 through 3.

The solidification matrices used for LTLT were (a) cement, (b)

i'?i
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asphalt and {(c¢) plastic.

LTLT on homogeneous forms was carried out for about 4 years. But,
leaching time for each form is about 1,000 days in maximum., In order to
study the effect of enviromments of disposal sites on leaching phenomena,
LTLT was conducted under the following three environmental conditions.

{1) Sea water conditions

Eight forms (Kl through K8) as listed in Table 1 were immersed in
test units with full of real sea water of 2°C, which simulated deep sea
water in case of sea disposal.

(2) Land water conditioﬁs

Ten forms (Rl through RI10) as listed in Table Z were immersed in
test units with full of deionized water of 20°C, which simulated ground-
water in case of shallow land disposal.

(3) Scil conditionms

Sixteen forms (Dl through DI6) as listed in Table 3 were buried in
test units with full of soils saturated with deionized water of 20°C,
which simulated soils containing groundwater in case of shallow land

disposal.

The combination of actual size waste forms tested is summarized in
Table 4.
In addition, many kinds of small size leaching tests (TAEA size

tests) were conducted as shown in Table 5.

3. Test Conditions and Test Procedures

Drum containers on the surface of solidified wastes should be cor-
roded away by groundwater before long after the disposal. From a view
point of conservative evaluation, all of steel drum on the surface of’
these forms were peeled off before starting of leaching test.

In the leaching test in water, solidified waste form without steel
drum (bared form) was immersed in sea water of about 2°C or land water of
about 20°C under constant stirring condition. Leachate was sampled every
1 or 2 months. After sampling, whole of water remaining in a test unit
was changed to fresh sea or land water.

Gamma-ray emitters such as Cs-137 and Co-60 in leachate were directly

measured by gamma-ray spectrometer adopted with pure Ge semiconductor
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detector after concentration using evaporator. On the other hand, beta-
ray emitter such as Sr-90 in leachate was chemically separated from
gamma-ray emitters with the standard procedure using fuming nitric acid,
which was authorized by STA. And Sr-90 was measured by a 2 7 gas flow
counter under the radiological equilibrium of Sr-90 and Y-90.

In the leaching test in soil, solidified waste form without steel
drum was immersed in the wet soil, whose thickness was about 310 cm for
waste form of 200 liters size and about 180 cm for waste form of 50
liters size. The annular lateral and upper parts of waste form were
covered with soil. Soil of each test unit was saturated with land water
of 20°C. ‘Leachate leaked out through soil layer was also sampled every 1
or ? months. Radionuclides in leachate was measured by means of the same
procedure of sea and land water conditions. After sampling, whole of
remaining water in a test unit was drained out, and fresh deionized water
was fed into a test unit for next leaching test duratiomn.

After the termination of LTLT, all forms tested in sea, land waters
and in soll stack were pulled out from respective test units, and were
disassembled into small pieces with a cutter in order to cobserve degrada-
tion of matrix, to measure distribution of radionuclides in the body of

waste forms and to analyze some of chemical elements.

4., Cumulative Leaching Ratio (F} in the Cases of Sea Water and Land Water

After the measurements of radiocactivity in leachate of sea water or
land water every 1 or 2 months, radicactivity measured was corrected
considering the decay time of radionuclides. Cumulative leaching ratio
(F) of radionuclides such as Co-60, Sr-90 and Cs-137 was calculated by

the following formula.
F=1IAi/ Ao

where, Ao is initial radiocactivity of radionuclide charged into a
solidified form, and Ai is radioactivity in leachate of sea or land water
during of sampling times (i-1) through (i).

Some transient curves of the cumulative leaching ratio F of each
nuclide for sea water condition are shown in Fig. 3, and for land water

condition in Fig. 4.
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5. Cumulative Leaching Ratio (F'} in the Case of Soil

In the case of soil condition, cumulative leaching ratio (F') of
radionuciides such as Co-60, Sr-90 and Cs-137 was calculated by the

following formula.
F' = £ Ai" / Ao

where, Ao is initial radiocactivity of radionuclide charged into a
solidified form, and Ai' is radioactivity in leachate leaked from soil
layer into drained water during of sampling times (i-1) through {(i).

Some transient curve of the cumulative leaching ratio F' of each

nuclide is shown in Fig. 5 for soil condition.

6. Miscellaneous Waste Forms of LTLT

LTLT is now conducted for three kinds of actual size simulated mis-
cellaneous waste forms.

The first is the non-compacted metal wastes with Non-liner Steel
Drum, the second is the non-compacted metal wastes with Liner Steel Drum,
and third is the compacted metal wastes with Liner Steel Drum. The manu-
facturing processes of simulated miscellaneous forms is schematically
shown in Figs. 6 through 8.

Test conditions of these miscellaneous waste forms are the same as
those of homogeneous waste under which the land water was used.

The detail of miscellaneous waste forms is summarized in Tables 6
and 7.

For the specimen which has finished the leaching test, a cutting
work has initiated to inspect the inside leaching phenomena of the '

specimen.
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Table 1 Major Items of Actual Size Waste Form in Sea Water at Preparation.
Test Noainal Yolume Sotidlficotion | Chemica! Fore | Hixing | Rndloouct (do Added | Dismcler{ms) icight | Welght
Pleee Agent (Matrix) | of Wasie Ratio | to Waste Form(aCl)
Nusber | Classillcation belore of Top | Cent | Dott
of Waste Forw | I Preperstion Waste | *'Co{ ''Sr| *?'Cs er |om | (sm) | (kg)
K 1 |Simulated 200 | Slug Cement ca.15% Nas50, 0.05 |4.4 |0.98| 3.8 567 | 558 | 568 726 | 359.4
BWR Cement Type C in JIS |soln. +Fe;0, .
K 2 | Maste 4.4 [0.98] 2.8 567 | 568 | 568 (| 725! 353.0
K 3 ca.20% Na;50, 0.067 | 0.67 | 0.45 | 0.32 5671 567 | 568{ 744 | 373.8
soln. +Fe;0,
K 4 ' 0.67 [0.45 | 0.32 5671 568 | 5681 748 | 375.2
K 5 |Similated 100 | Straight H3B0, saln. 0.3% (2.3 {3.0 0.58 452 | 452 | — | 674 | 134.2
PWA Asphalt Asphalt(Bitume | +NaQH soln.
K 8 f{B8]tumen] n}{Penetration 1.8 [2.4 D.46 451 | 452 —-| 5301 109.4
| Haste 60-80) ‘
K 1 |Simlated 50 { Unsaturated NarSCe soln. 0.60 [3.4 |2.0 Q.76 385 | 385 ( 385 | 432 B&.&
BWR Plastic Polyester +Fes0,
3 | Waste 3.4 2.0 0.76 385 | 385 85| 434 87.2
(Note} Hixing Ratio of Waste : Waste / Test Piece in Weght
Table 2 Major Items of Actual Size Waste Form in Land Water at Preparation.
Test Neainal Yolume Solldification ! Chemical Form | Mixing | Radionucl ide Added | Dl ometer (zm} ]ihl;ht Welght
Plece Agent (Matrix) | of Waste Matlo | to Wasle Form(sCl)
Number | Classiflcation before af Top | Cent | Bott
of Haste Form | ¢ Preparation Waste | **Co | '*Sr| '?'Cs er |om |[{m)} {(kg)
R 1 |Stsulated 200 | STug Cement ca. 19X Ha,s0, 0.05 |0.6710.45] 3.1 568 | SeB | 568 ) 760 | 372.2
BWR Cement Type € in JIS |[soln. +Feid,
R 2 |Waste D.6&6 [ 0.44 | 3.1 5681 S&7 | S67 | 751 | 369.4
R 3 ca.20% Na; 50, 0.067 |0.78 |0.52 | 0.30 568 | 5671 5671 706 | 360.0
soin. +Fe:0,
R 4 0.78 10.52| 0.3 567 | 567 | 567 | 707| 362.2
R & 50 ca.15% Ha;30, 0,05 |0.19(0.13] 0.092| 390 390 | 350 | 483 | 107.%6
soin. +fe:0,
R & ca.20% Na;50, 0.067 [0-19(0.13{ 0.0091| 350 | 390| 389 | 453 107.8
soln. +Fe; 0,
7 | Simutated 50 | Straight H,B0, soln. 0.40 |1.6 [0.70| 0.7 | 367 367 ) 367} 3971 * 60.8
PWR Asphalt Asphalt(Bitume | +NaOH soln.
8 | {Bitumen) n)(Penstration 1.6 {0.70| 0.79 | 367 | 367 | 367 | 409 * 63.0
Waste 40-60)
R 9 |Simulated 50 | Unsaturated Ha:50¢ soln. 0.60 |0.6070.36| .1 385 | 385| 385( 385 79.0
BWR Plastic Polyester +Fez0,
R 10 |Haste 0.6010.36( 1.1 34| 385 | 385 | 3B4{ 78.4

{Mote] * : Welght Including Steel Drum
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Table 3 Major Items cf Actual Size Waste Form ir Soil at Preparatiom.

Test Nominaf Yolume Kind of | 3olldilca | Chomical Kixlng | Nadionuclide Added | Dlamcier{mm) Tielght | Wolght
Plecn Sell tlon Torm of Matlo | to Waslc Form(sCl}
Kuber | Classiflen Agent ¥osie al
Lion of {Matrix) before Wnsle
Waste Form Preparstlo sy [ 157 [ ''Cs [ Top | Cont | Boit
] n er jom | {m)| (kg)
D 1 |Similated 200 | Masado 5 | 3iug ca.15% 6.05 {0.84|0.43 0.30 567 | 587 | 567 | T44{ 361.0
Bt Cement f———{ Coment Hay50.
D 2 ]Yasta Sand A |Type C soln. .66 [0.44) 0.31 557 | 567 | %87 75| 363.2
in JIS +Feall,
0D 3 Klxed §. .68 | 0.45 | 0.32 58 | 567 | 568 | TI1| 379.8
(O I | Sand A 0.55!0.42] 0.3 | 568 568 | 569 720 | 353.2
0 3 50 [ Hasado 5 0.21 [0.14 0,097 390 390 | 390 458 [ lik.6
D 8 Sand A a.i8|6.12; 0085 ) 390§ 390 | 388 | 430| 101.0
D 1 Mixed 5. p.21(0.14 | 0.098] 290 | 329 389 ( 499 | 116.4
D Sand € ’ 0.20]0.14 | 0.093 | 350 | 3291 390 ( 447 ) 209.8}
D % |Sisulated 50 | Masado § | Straight K;BO, 9.40 {0.77[0.34( 0.9 0 | 38§ | 390 | 385 58.2
PR Asphalt sein.
D10 [Asphalt Sand A | (Bitumen) | +HaOH 0,78 |0.35| 0.39 390 | 389 | 30| 394 9.2
(B! tumen) {Permtrati | sotn. -
D11 |Haste Mixed 5. | on 0.7710.341 0.39 390 390; 395| 406 £0.4
40-60 )
D12 Sand A o.7h|o.38) 035 | 389 390 | 90| 399} 608
D 3! Simlated 50 | Kasado S | Unsaturate | Hai5C. o.60 {0.51(0.3%) 1.1 g4 | 385 386 | 2% 80.6
R d soln.
014 |Plastic Sand A |Polysstar | +Fe;0, c.60 (036 1.1 3a4 | 384 385 384 78.2
| Haste
DY S Hlxed 5. 0.600.36 | 1.1 384 | 385 384 392 .8
D18 Sand A 0.60 0,36 1.1 3847 384 | 385 | 384 18.8

{Wote) Masage Soti {One of Typical Japanese Soils) : Sampled in Hitachl Clty, lbarak} Prefecture
Sand—une 5011 A : Saspled In Oh-arai Town, Ibarakl Prefecture
% 1 Sampled In Asahi Yillage, [barakl Prefecture
€ : Saupled !n Rokkasho Viilage, hcwori Prefecture
Yolcanic Ash Seil : Saapled in Tama Ward, Tokye
Mixed Soll : Sand—dume 5al! A 70X + Volcanic Ash Sall 30%

Table 4 Eombination of Actual Size Waste Forms

Nominal Yolume Solidification j Chemical Form Test Piece Mumber
Ageat (Matrix) | of Waste
Classification before Sea Land Soil
of Waste Form | £ Preparation Water ] Water
Siaulated | 200 | Slag Cement |ca.i5% Na:$O, [K 1|R 1|D
BWR Cement Type € in JIS |soln. +Fe:d, | K 23R 2 {
Waste D 4
ca.20% Na280; |K 3 1R 3
soln. +Fe:0, K 4 | R 4
50 ca.19% Na:S0, A 5D 5
soin. +Fez0, {
D 8
ca-20% Hap50, R §
soln. +Fez0,
Simulated 100 | Straight HiBO; soin. K 5
PWR Asphalt Asphalt +NadH soln. K B
{Bitumen) {Penetration:
Waste 60-80)
50 R 7{D 8§
(Penetration: R & §
40-60) (*>)1D12
Simulated 50 | Unsaturated Naz50. scln. K 7]1R 8§ 13
BWR Plastic Palyester +Fez0, K 8|R120 §
Waste D1§

{Note) Mixing Ratio of Waste : Waste / Test Piece in Weight
* : Weight Including Steel Drum
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1.2 Performance of Ceramic Waste Forms

1.2.1 Preparation of Cm-doped Perovskite Material

H. Mitamura and K. Matsumoto

1. Intreduction

In Synroc, actinide nuclides are to be incorporated in perovskite
and zirconolite phases. In the previous studies(l), Synroc was doped
with 2%%Cm (half-life, 18.1 years), and alpha-decay damage effects omn
Synroc were totally measured. Single phase material is, however, useful
for study of its own deterioration due to alpha-decay damage. 1In the
present study, Cm-doped perovskite sample was made to reveal change in

its own properties.

2. Experimental Procedure

Figure 1 shows preparation process. Curium source of 0.8165 g was
dissolved in 40 g of concentrated nitric acid with 0.1 emd of hydroflu-
oric acid, and then 20 em3 of 0.1 N nitric acid was added to increase the
volume of curium stock solution as larger solution volume decreases loss
of the curium source in the subseguent process. This curium stock solu-
tion of 0.1 cm3 was collected for alpha radioanalysis of curium-244 con-
centration. After correction of this quantity, the curium source of
0.8140 g was actually mixed with the precursor materlal. On 31 March
1993, the curium source included 39 moleZ% of 254%Ccm, and 56 mole% of 240py
that was a daughter nuclide of 24%4cm. When actinide nuclides in the
curium source are assumed to be trivalent and to be incerporated in the
calcium site via an A13% substitution on a Ti%t site, and excess aluminum
is supposed to become alumina, the present nominal composition of the

slurry mixture should make the following perovskite material:

Cap,og9198n0 1081819, 01081T10, 9891903

together with 0.02 wt% of alumina. This amount of alumina formation

would be practically negligible.

The pH of slurry mixture was adjusted to be 9 with ammonium hydrox-
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ide. After the slurry mixture was poured into an in-cell calciner pot,
it was dried at 80°C in a stream of Ny gas, and then calcined at 750°C
for 2 hours in a stream of Ar-4%H; gas. The calcined powder of 36.7089 g
was collected from the calciner pot with a spatula. The recovery of this
powder was 97%. The calcined powder (22.2574 g) was poured into a gradu-
ated polyethylene cylinder to measure the pour density. The cylinder was
then tapped (~3-cm drops) until no further change in powder volume was
observed (300 taps).

The calcined powder was divided into three portions of 12.2616,
12.2462, and 12.2432 g, Each p&rtion was hot-pressed using a graphite
die at 1250°C and 29MPa for 2 hours in a stream of Np gas.- Three as-
cast cylinder samples weighed 12.1002, 12.0930, and 12.0760 g, respec-
tively. This means that the calcined powder showed 1.3-1.4% of weight
loss during hot-pressing. Deacy heat of each as-cast cylinder sample was
measured using a twin-type conduction calorimeter.

After the periphery of each cylinder sample was polished with No.
600 grit abrasive paper, its flat faces were lapped with 6-micron diamond
 paste. Densities of the polished cylinder samples were measured by water

displacement method. The water was kept at 30°C.

3. Results and Discussion

Pour and tap densities of the calcined products were 0.53 and 1.09
g.cm‘3. Since the powder surface in the polyethylene cylinder was wavy,
the surface was roughly averaged by eye estimation in reading the volume
scale.

Densities of polished cylinder samples were 4.084, 4.085 and 4,081
g.cm'3 one month after hot pressing (Table 1). In that one month, these

samples had a cumulative dose of 7 x 1018 alpha decays.g"l.

The average
density of the three cylinder samples is 4.083 g.cm‘3. As the amount of
scatter of the three densities is <0.05% of the mean, the reproducibility
of hot pressing is considered to be acceptable.

The three as-cast cylinders gemerated the decay heat of 0.251, 0.252
and 0.244 W. 1If the heat generation is assumed to be due to the alpha
decay of 244em alone (a Q value of 5.902 MeV), the average decay heat of

the cylinder samples corresponds to specific alpha activity of 21.88

GBq.g™! (0.5914 Ci.g™!) on 31 March 1993. This value is smaller than the
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specific alpha activity calculated from mass assay by 2.3%. On the other
hand, the 2"%%Cm activity of the curium stock solution was 0.904 TBq
(24.42 Ci) if it was assumed that specific gravity of the curium stock
golution was the same as that of 41 wt% of nitric acid (1.25 g.cm‘s),
which was estimated from the weight ratio of concentrated and 0.1 N
nitric acids added in dissolution of the curium source. This 244 e
activity is higher than the value calculated from mass assay by 6.5%.
Both the activities obtained from the calorimetry and the alpha radio-
analysis were similar to the value calculated from mass assay. There-
fore, the value of 22.40 GBq:g‘l (0.6053 Ci.g"l) and 22.29 GBq.g‘1
{0.6024 Ci;g_l) on 31 March 1993, which was deduced from the mass assay,
was adopted as the specific alpha and 2h4cy activities of the hot-pressed
material, respectively. This latter specific activity was used for cal-
culation of cumulative alpha decays in the present samples as 99.5 % of

alpha activity comes from 244 Cm,

4. Conclusion

Curium-doped perovskite slurry, which had the nominal composition of
Cag,gg9194ng, 010681410, 01081T10, 9891903, was calcined at 750°C for 2 hours
in a stream of Ar-4%H, gas. Calcined powder had pour and tap densities
of 0.53 and 1.09 g.cm_3. This powder showed 1.3-1.47% of weight loss
during hot-pressing at 1250°C and 29MPa for 2 hours. The hot-pressed
cylinder samples had the specific 24%Ccm activity of 22.3 GBq.g~! on 31
March 1993. After these samples got a cumulative dose of 7 X 1018, their
density was 4.083 g.cm‘s. The polished samples will be cut in the near

future to make leaching and XRD specimens.
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Table 1 Density of Cm—doped Perovskite Cylinder Samples

Sample Density Sigma

No. (g/cm3) (g/cm3)
93001 4.084 0.002
93002 4.085 0.004
93003 4.081 0.002

Average 4.083
Sigma  0.002

Measurement was carried out about one
month after hot-pressing.

Cold Laboratory
Precursor

VT T ETTETTTETETETETETNL N P AV N Z L7l 7Tz, Z ]

——— Adjusting pH (= ~9)

l

Drying (80°C)

— —m» and Calcining - -

(750°C, 2 k)

Hot-Pressing
(1250°C, 29MPa, 2h)

Fig. 1 Preparation process for curium-doped perovskite
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1.2.2 Durability of an La,Zr,0; Waste Form Containing Various Amounts

of Simulated HLW Elements

I. Hayakawa and H. Kamizono

1. Introduction

In our studies(1-3), LagZr,0- is found to be a superior host for
nuclear waste elements. The actinide and lanthanide elements are assumed
to occupy the lLa sites of LayZr,0; because their iomic radii are close to
that of Ladt,

Leachability of waste elements confined in LajyZr;0, is generally
presumed to depend on the intrinsic chemical reactivity of the waste
elements, the matrix crystal structure and the coordination number to-
oxygen., It is considered that the formation of solid solution of waste
elements affects the leachability of La and Zr because the addition of
waste elements alters the metal-oxygen bond lengths and- the vacancy con-
centration in the LayZr,0+ waste form.

In the present work, the effects of simulated HLW constituents on
the leach rates of the Las;Zr,0, waste form are examined in three kinds of
solutions with different pH values. Ce, Nd and Sr were used as simulated
constituents for various kinds of actinide, lanthanide and alkaline earth

metal elements.

2. Experimental

The nitrates of La, Zr, Nd, Ce and Sr were mixed and dissolved in
0.5 M HNO; solution and calcined at 700°C in air. The calcined powder
was ground in an Al,03 mortar and pressed into pellets of 20 mm in di-
ameter under a pressure of 300 kg/cmz. Preliminary experiments revealed
that enhanced reaction and crystal growth occurred at 1400°C. Therefore
the firing temperature was fixed at 1400°C. The pellets fired at 1400°C
for 16 hr in air were ground in an Al,03 mortar, pressed into pellets,
and refired at 1400°C for 16 hr in air. The refired product was ground
to powders in an Al,03 mortar and used for measuring the lattice para-

meters and leach rates.
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3. Results

3.1 Leaching Behavior in HC1 Solution

Figure 1(A) shows the change of the lattice parameters in the system
LayZry07— NdpZr,0y. Only a pyrochlore phase appears in this system. The
lattice parameter of the pyrochlore phase decreases in proportion to the
decrease of Nd. It is thought that Nd tends to be substituted for La in
the solid solution, because the ionic radius of Nd3* is smaller than that
of Ladt and is larger than that .of zrit, Figure 1(B) shows that the
leach rates of La and Nd decrease with the increase of Nd melZ%Z. When
a small amount of Nd is added to LajZr,0;, the leach rate is greatly
reduced. In contrast to this, when a small amount of La is added to
Nd,Zr,07, the change of leach rate is negligible. The leach rate of “r
was almost constant at about 2 x 107% g m~2d-! in this system. The same
kind of phenomencn was also observed in the systems LapZrp0;- 2Ce03272r0;

and La22r207— Z(CEOZSIOZZIOZ).

3.2 Leaching Behavior in Deionized Water and in NaOH Solution

Figure 2 shows the leach rates of La, Nd and Zr in deionized water
in the system LasZr,07-Nd;Zr;07. The leach rate of La slightly increases
with the increase of Nd in the deionized water, although it decreases In
the HC1 solution. The leach rate of Nd once decreases with the increase
of La and then slightly increases. The leach rates of Nd and La in the
deionized water are smaller than those in the HC1l solutiom, but the dif-
ference was within one order of magnitude. The leach rate of Zr is
almost constant as observed in the HCl solution and is smaller than that
in the HCl solution by 1-2 orders of magnitude. In the NaOH solutiom,
the leach rates of La and Nd were 1-3 x 10=7 g m~2d-! and were smaller
than those in the deionized water by 2 orders of magnitude. The leach

rates of Zr were smaller than those in the deionized water by ome order

of magnitude.

4, Disucussion

The effect of the chemical composition on the leach rates of each

constituent, La, Nd, Ce and Sr, is clearly cbserved in the BCl solution
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in our work. In the HCLl solution of a pH=l, all constituents dissolve as
ions simultaneously. Hence, the dissolution of the waste elements depends
on the dissolution of the matrix crystal lattice. On the other hand, in
the deionized water, Zr, La, Nd and Ce iomns in the crystal structure are
hydrolyzed by water, and the insoluble hydroxides or carbonates are

formed on the surface of the waste form. Since the hydroxides or carbon-
ates retard the dissolution, the effect of the crystal structure on the
leach rates of each constituent is not clearly observed in deionized
water. .

Figure 3 shows the relationship between the leach rate of the metal
ions confined in LayZr,0; and the metal-oxygen(M-0) bond energies. This
figure also shows the relationship between the M-0 bond energy and the
ionicity of M-0 bond which is conveniently expressed by the difference
between the electronegativities of the metal and oxygen atoms {(The fig-
ures in parentheses show the coordination numbers to oxygen). The more
the difference of electronegativities between metal and oxygen becomes,
the less its covalency is. The leach rates of constituents tend to
decrease with increasing bond energy. Generally leachable alkali metal
elements have a low metal-oxygen bond energy of about 15 kcal/mol. 1In
contrast, Al, Ti and Zr which form insoluble oxides have higher M-0 bond
energies. As for these elements, the element with higher M-0 bond energy
tends to have stronger covalency. Hence, the leach rate of some metal
may be affected by beth M-O bond energy and its covalency. In our exper-
iments, the leaching behavior of La, Nd and Ce in the solid solution
range is considered to be mainly a function of the M-0 bond energy alone

because the electromegativities of La, Nd and Ce are almost the same.

5. Conclusion

In HC1 solution of a pH=l, the leach rate of La from the pyrochlore
phase in the system LayZr07-Nd;Zr;07 decreased as the ratio of NdyZr,07
in this system increased from 0 to 100 molZ. 1In the system LasZrp0s—
2Ce0,2Zr0,, the leach rate of La from the pyrochlore phase decreased as
observed in the system La,Zr,07-Nd;Zr;07, although the solid seolution
range of Ce in this phase was limited up to 27 mol% 2Ce0,2Zr05.

Tn deionized water of a pH=5.6 and NaOH solution of a pH=10, however,
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such a compositional effect on leach rates was not observed because of

the formation of hydroxides or carbonates on the surface of the solid.
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1.2.3 8 mol% Yttria-Stabilized Zirconia (YS5Z) and Alumina-based Ceramic

Waste Forms Containing Ce and Nd

K. Kuramoto

1. Introduction

This report is a fundamental study for the development of a new
ceramic waste form to immobilize the selected elements such as actinides
with TRU and lanthanides with lﬁng half lives. Yttria-stabilized zirco-
nia (¥SZ) with fluorite type structure and alumina based ceramics were
selected as matrixl=3). Ce and Nd were used as the simulated wastes,
which substituted for radiocactive TRU and represented other lanthanide
elements. The properties of samples sintered at 1400°C in air or at
1500°C in reduced atmosphere were investigated with emphasis upon X-ray
diffractometer (XRD) and scanning electron microscope (SEM). The
accelerated leach tests were carried out using crushed powder samples in
‘nitric acid solution and in deionized water at 150°C for designed peri-
ods. The relation between the leach rates and the crystalline phases 1is

discussed.
A, Examination Using YSZ

A.2 Experimental procedure

TZ-8Y (Zry, gg¥p,1401,93), the commercial sub-micron powder of YSZ2
and designed amounts of Ce0, and Nd,03 powders were mixed simultaneously
in a ball-mill, pelletized uniaxially at 360 kg/cmz, and sintered at
1400°C for 80 hr and cooled in air. On the other side, TZ-8Y and designed
amounts of Ce{NO3)3 or Nd(NO3)3 solution were mixed individually, and
denitrated. Using the same technique, the pellet samples were sintered
at 1400°C for 16 hr and ccoled in air. The powder samples adjusted under
75 um in size were used for the leachability and XRD measurements.

XRD measurements were carried out to identify the crystalline
phases, to evaluate accurate lattice parameters of fluorite type struc-
ture and to investigate macro strain caused by dissolution with nitric
acid solution. 8i was used as the internal standard.

Density measurements were carried out using pellet samples contain-
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ing only Ce or Nd. The bulk demnsities in g/cm3 were compared with the
theoretical densities) in g/cms. SEM observations were carried out to
measure the average grain size of a YSZ pellet and to observe the grain
boundary using electron probe micro analyzer (EPMA) .

The accelerated leach tests were carried out at 150°C for 3, 7, 16
and 34 days in nitric acid solution of pH 1. In these tests, the acid
was used as the leachate to accelerate the leaching behavior and to re-
move the effect of segregated layers on the concentrations of leachates,
such as hydroxides and carbonates®). As to remove the effect of the
dependence on each sample, thé same powder samples were used through the
time schedule of leach tests in accordance with the technique of MCC-26),
The samples in the acid were heated in an oven at 150°C for 3 days.
After that, the leachate and the powders were separated by the ultra-
filtration. The powders were washed and again put into a teflon crucible
with fresh nitric acid solution, and heated at 150°C for next 4 days.
The leach tests for following 9 and 18 days were also carried out using
the same technique. Finally, the poﬁders were dried in-an vacuum desic-
cator, and measured the macre strain by XRD. On the other side, the
concentration of the leachates were analyzed by an inductively coupled
plasma atomic emission spectroscopy (ICP) (Seiko Co. Ltd.). The leach
rates (Lry, in g/cm?+day) for the element i were given by the foliowing

equation (1).
Lry = Ay*V/(F1{*SA-T) {1

Where. Aj is the concentration of the element i in the leachate, V is the
volume of the leachate, Fj is mass fraction of the element i in the sam-

ple, SA is the initial surface area of the sample and T is the leaching

time.

A.3 Results and Discussion

A.3.1 ZXRD measurements

For the samples containing only Ce, fluorite type structure was
stable in the region from 0 to 48.1 mol% of Ce. TFor the samples contain-
ing only Nd, fluorite type structure was stable in the region from 0 to
19.4 molZ of Nd. The fluorite type structure was stable in all samples
containing Ce and Nd simultaneously from 4.7 to 24.1 mol#% in Ce and Nd,

respectively.
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Figure A-1 shows the observed lattice parameters of fluorite type
structure for the samples containing only Ce or Nd, respectively. Each
lattice parameter (Apeobg. and Aydgbs.» in nm) increased linearly with
Ce or Nd contents according to the equations (2) and (3.

Aceops. = 0.51391 + 0.00029 x C (2)

ANdobs. = 0.51385 + 0.00040 x N (3)
Where C or N is the contents of Ce or Nd in molZ%, respectively. It is
recognized that the gradient of the lattice parameter for Ce is smaller
than that for Nd. These results were compared with the thoretical ones™) .
Baced on the results of Catlow ét a1.7) and Uehara et al.a), it was
adopted in the theoretical equation that Zr*t and ce“t seléctively occupy
in the sites of four nearest-neighbors of an oxygen vacancy, where these
elements turn into 7~coordination9). For 02—, or Y3+ and Nd3+, the value
of ionic radii of 4~ or 8-coordination were also adopted. Judging from
the results in good agreements with those lattice parameters as shown in
Fig. A-2, it 1s confirmed on the points of lattice parameters that some
of Zr*t and Ce"t ions exist ‘in the selective cation sites. Nd3t, Y3t and
the other tetra-valent ioms with 8-coordination, on the other side, dis-

persed in the other sites in ¥YSZ.

A.3.2 SEM observations and density measurements

From the results of EPMA, all elements were recognized to be dis-
persed homogeneously, and no grain boundaries were observed. The average
grain size was about 8.7 um in diameter for the sample of TZ-8Y., It was
cleared that the grains grew considerably during sintering.

The samples containing only Ce have little open pores and a good
sinterability, especially up to 96.7% of relative density. The samples
containing only Nd had low sinterability as the contents of Nd increased.
This will be due to the hard particles of Nd;0g which made up during

calcination and remained even after the ball mill crushing.

A.3.3 Leachability

From the results of the time dependence of leach rates, it was
revealed that leach rates for initial periods showed quite large values.
This will be the reason that the parts with high activation energy

dissolve selectively into leachates,
Figure A-2 shows the leach rates of 16-34 days in nitric acid solu-

tion at 150°C of each element. For the samples containing only Ce, Lrce
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and Lry decreased as the contents of Ce increased. The minimum value of
Lrge or Lry was 3.4 x 10-2 g/cm2°day and 1.1 x 1078 g/cmz-day, respec-—
tively. On the contrary, for the samples containing only Nd, Lryg and
Lry increased as the contents of Nd increased. TFor the samples contain-
ing Ce and Nd simultaneocusly, each leach rate became similar values of
2-4 x 107% g/cmz-day in the case that the sum of Ce and Nd were under 20
mol%. A tendency was revealed that Lrp, in 9C-9N increased threefold
than that in 11C with similar contents for Ce, and Lryg in 9C-9N de-
creased one-fifth than that in 10N. In the case that the sum of Ce and
Nd were 28.5 mol%, each leach-rate increased linearly as Ce were replaced
by Nd. The same tendency was c¢hserved, in words, Lryg and Lry decreased
as the contents of Ce increased such as In 19N, 10C-19N and up to 24C-
24N, These tendencies will be due to the decrease of Ce-0 distance with
lower bonding energy and the increase of Nd-O distance with higher bond-
ing energy surrounding oxygen vacancies.

A new secondary phase was identified in the after leached sample of
19N. TFor 10N and 19N, decreases of about 0.05%Z of lattice parameters
were also observed. It is considerable that the selective dissolution of
Nd and Y cause the breath of the full widths at half maximum (FWHMs),
further the creation of the secondary phase. No obvious change of FWHMs

and lattice parameters were observed in the other samples.

A,4  Conclusien

The following results were obtained through these experiments.

(1) Fluorite type structure was stable in the range of 0<Ce<48.2 or O<Nd<
19.4 in mol% at 1400°C for 16 hr, and in the range of 4.7<Ce, Nd<
24.1 in mol% at 1400°C for 80 hr,

(2) No grain boundary was identified and each element was distributed
homogeneously in YSZ samples. The average grain size of TZ-8Y was
8.7 um in diameter after a sintering at 1400°C for 16 hr in air. A
high dense pellet sample of 96.7% could be made.

(3) TFor leach tests in nitric acid solution at 150°¢C, Lree decrease as
the contents of Ce increased up te 3.4 x 10 kS g/cmz-day. Lrygq and
Lry increased as the contents of Nd increased in the samples contain-
ing only Nd. Lrge, Lryg and Lry turned into the similar values of
2 — 4 xx107¢ g/cmz-day in the samples containing Ce and Nd simulta-
necusly. Because of the change of Ce-0 or Nd-0 distance, Lrge or -

Lryg increased threefold or decreased one-fifth, respectively.
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B. Examjination Using Alumina Based Ceramics

B.2 Experimental Procedure

Table B—1 (A) shows the composition of the samples used in this
experiments. The sub-micron o-alumina powder, designed amounts of Ce and
Nd nitric solution and silica ethoxide were mixed and calcined at 250°C.
After pelletized at 360 kg/cm?, the pellets were sintered at 1500°C for
25 hr in 3%H, + Ar reduced atmosphere. XRD measurements were carried out
to identify crystalline phases.  The densities were measured using pellet
samples. The accelerating leach tests were carried out at.150°C for 3,

7, 14 and 28 days in nitric acid solution of pH 1 and in deionized water.

B.3 Results and Discussion

B.3.1 Formation of crystalline phases

Magnetoplumbite [CeAl;;0;g] () phase and a little amounts of a-Al;03
(a) were observed in ACS, and perovskite [NdA103] (P) and a phase were
detected in ANS as shown in Fig. B-1. In ACNS-1 and ACNS-2, these three
phases co-existed. Judging from the change of lattice parameters as
shown in Table B-1 (B), it was cleared that Ce was included in M and P
phases and Nd was only in P phase.

Table B=1 (C) and (D) show the relative amounts of the phases and
the apparent densities of each sample, respectively. It was cleared that
the sample density tended to increase with the exchange of Ce for Nd.
Judging from these results, the restraint of formations of M phase is
required to make high dense alumina ceramics forms under the condition

used in this experiment.

B.3.2 Leachability in nitric acid solution and in deionized water

Leach rates of each element in the acid at 150°C are listed in Table
B-1 (E). Lraj, Lrge and Lryg in the water were lower than 1077 g/cmz-day,
while in the acid, they were of the order of 10-8 g/cmz-day. However no
measurable peaks from P phase was detected, expect faint traces in ANS, M
phase showed little changes in peak intensity after leaching in the acid.
This indicates that P phase is more prome to leaching in the acid than M
phase.

Leach rates in the water were fairly low compared with that of the

currently investigated borosilicate waste glasses, especially those for
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Al and Ce were such as less than detection limits in this work. Lryg was
influenced to some extent by the P phase contents of ceramics, as in
Table B-1 (F), but still kept below nearly 1077 g/cm?+day. This suggests
P phase is practially not a serious problem in the dissolution of ceram-
ics in water. Given the fact further that the pH of matural groundwater
ranges from 6 to 9, it can be concluded that the alumina-based ceramics
consolidating some rare earth oxides have crystalline phases with suf-

ficient chemical durability in candidate repository environments.

B.4 Conclusion

The following results were obtained through these experiments for

alumina based ceramics accommodating some rare earth oxides.

(1) For making ceramic waste forms with higher demnsity, it seems impor-
tant to suppress the formation of magnetoplumbite phases.

(2) Perovskite (REALO3) are more prone to leaching in an acid solution
than the magnetoplumbite phases.

(3) Leachability of samples in water is low enough for incorporating

some rare earth oxides into alumina matrix.
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Table B-1 (A) Compositions of samples based on alumina based ceramics.
(B) Lattice parameters of a and ¢ axes of perovskite and
mangetoplumbite phases, (€) relative amounts of the phases
and (D) densities. (E) Leach rates of each element from
ceramic in 0.IM HNOj3 and (F) in deionized water at 150°C
for 28 days.

Sample ACS ACNS-1 ACNS-2 ANS

(A) Composition {moi%)

Al 83.6 85.5 87.1 90.7
Nd —es 1.9 39 8.3
Ce 15.3 11.6 8.0 e
Si 0.9 1.0 1.0 1.1
(B) Lattice parameters {nm)
Perovskite
aaxis  seeems 0.5332 0.5329 0.5321
caxis = ---—-- 13004 1,2982 1.2928
Magnetoplumbite
a axis 0.5558 0.5554 0.555¢ e
¢ axis 2.1999 2.2004 2198 e
(C) Relative amounts (%)
a-alumina 0.0 15.9 46 452
Perovskite 0.0 139 34.2 548
Magnetoplumbite 100.0 70.2 31.2 0.0
{D) Apparent densities (g/cm?)
221 2,47 3.02 ] 341
(E) Leach rates' in nitric acid solution (g/em?:day)
Al 6.12 x 106 5.35x 106 3,41 x 10 2.10 x 1o
Ce §.43 x 106 6,32 x 10 352x106 0 e
Nd - 545 %105 272 x 106 2.21 x 107
(F) Leach rates in deionized water (g/cm?-day)
Al <2.20 x 109 <219 x 10 <2.20 x 109 <221 x 105
Ce <745 x 109 1.00 < 10 149 x 108 e
Nd e 1.01 x 107 5.90 x 109 529 x 103

M: magnetoplumbite

M M

P: perovskite

a: o-alumina

Intensity(Arbitrary Unit)

10 20 30 40 50 60 70

2 6 (degree)

Fig. B-1 XRD patterns for alumina based ceramic samples containing
Ce and Nd. 1l: ACS, 2: ACNS-1, 3: ACNS-2, 4: ANS
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1.3 Performance of Engineered Barrier Materials

1.3.1 Sorption Characteristics of Neptunium by Smectite

N. Keozai

Introduction

Sorption characteristics of neptunium by smectite {(montmorillonite)
which is ome of the major clay minerals contained in bentonite (buffer
material) have been studied by bafch type sorption-desorption experiment.

Sodium type smectite (Na-smectite) which has sodium iéns (Nat) as
interlayer cations is considered to be used as buffer material. After
contact with underground water, the interlayer cation Nat of Na-smectite
is supposed to be substituted with cations such as Ca?t contained in
underground water. Characteristics of smectite depend on cations sorbed
as interlayer cations; Sorption characteristics of meptunium by smectite
is, therefore, different between before and after the contact with under-
ground water.

Effect of calcium ion on sorption of neptunium by smectite was
studied because calcium ion is one of the most important cations con-

tained in the underground water.

Experimental

Sorption experiments were carried out to discuss the relationship
between pH of the neptunium solution and the amount of neptunium sorbed
by smectite. Na-smectite (Sya) and Ca-smectite (Sgg) were prepared by
substituting Nat and Ca2t for interlayer cation of smectite respectively.
Each smectite was added to the neptunium solution in polycarbonate cen-
trifugation at 12000 rpm for 1 hr, and the pH and concentration of
neptunium of the supernatant were measured. The same experiments with
Na-smectite and the neptunium solution which contains 5x10~% mol-1-!
CaCl, (SNa,Ca) were carried out.

Subsequently, desorption experiments using the sequential extraction
procedure were carried out to clarify the association of neptunium with
smectite. The smectite by which neptunium was sorbed was firsly treated

with a IM KCL at 20°C for 2 days. After another treatment with a IM KC1,
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the treatment with a 1M HCl was carried out for 2 or 3 times. At the end
of each extraction step, the suspended solution was separated by cen-

trifugation mentioned above.

Results

The K4 values of neptunium for smectite are shown in Fig. 1. At
around pH 7.5, all samples had almost the same Kd value about 20 ml-g‘l.
Below pH 7.5, Kgs of Syg,ca and Sga were smaller than Sya. Below pH 5,
Kqs for all samples show tendencies to increase with decreasing pH. How-
ever, those tendencies are different between Sy, and others, and in-
creases of Kgs for Sg, and Sya g are seemed to be suppressed by the
existence of calcium iom.

Percent fractions of neptunium desorbed from smectite by 1 M KC1
solutions (Pgcy) are shown in Fig. 2. At around pH 7.5, Pgcis for all
samples became almost the same value of about 15. That for Sga decreased
with pH until 7, and became constant below pH 7. Those for Sya,ca and
for Sy, slightly decreased with pH of the solution and both values were
quite similar in this experimental pH region.

Percent fractions of neptunium desorbed from smectite by 1 M HCl
solutions (Pycy) are shown in Fig. 3. Above pH 5, Pgcys for all samples
were constant less than 3. Below pH 5, Pggys for all samples increased
with decreasing pH. Although those for Syg,ca and Sca are gimilar to
each other, both of them are quite smaller than for Sy, below pH 5.

From these results of desorption experiments, calcium ion is con-

sidered to suppress the sorption of neptunium by smectite and in especial

the sorption can be desorbed by 1 M HC1.
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1.3.2 Sorption Behavior of 1%¢ by Mortar

J. Matsumoto

Sorption of 14¢ in mortar was determined by the batch method at 15°C,
The batch test was carried out for the safety evaluation of shallow land
disposal of low level radicactive waste.

Two chemicals, Na,!*COz (inorganic form) and CH3CH, L*CH,0H (hydro-
carbon), were used as the source of 14%c, The solid materials used in
this study were crushed mortar (grain size 0.50-1.0 mm) which was the
mixture of ordinary portland cement, fine aggregates and water Witﬁ a
mass ratioc of 1:2:0.55. The crushed mortars 0.30 g were contacted with
9.0 ml of pure water for 4 days. Then two chemicals isotopeskleachates
were added. The initial concentrations of l%C were respectively 7.4x1078
- 1x10~3 and 4.3x1077 mol/l in Na,CO3 and CH3CH,CH,OH. The Rd were cal-
culated from the !“C concentrations of leachates as follows:

(amount of radionuclide sorbed / mass of solid)

Rd = [ml/g]
{amount of radionuclide in solution / solution volume)

In the case of Naj;1%C0j3, each Rd-value increased rapidly with de-
creasing 1%¢ concentration, however, after 70 days Rd-value seemed to
achieve an equilibrium state, except the Rd-value of D was scattered
(Fig. 1). All Rd-values were high and constant at about 1x103 ml/g
before centrifugation. The reason why the Rd-value of D was scattered,
is seemed that much CO,(aq) produced precipitate to combine with some
cation of mortar contents because of COp concentration was the highest.
The carbonates formed by the reaction was seemed that was floating in the
leachate. This precipitate was separated and the Rd-value was calculated
(after centrifugation). The Rd-value before centrifugration was lower
than that after centrifugation (Fig. 2). This difference betwéen the Rd-
values before and after centrifugation was attributed to the precipitate
in the leachate. This precipitate was identified as calcite (CaC03) by
the X-ray diffraction analyses (Fig. 3). Calcite was formed by the re-
action between CO;(aq) and Cat leached from the mortar. The Rd-value
will be high until mortar has been completely carbonated. This is be-
cauge Ca?t is rich in the mortar and the solubility of calcite is low.

In the case of CH3CH,!“CH,0H, the Rd-value didn't change with time

and was constant at about 1 ml/g after centrifugation (Fig. 4).
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1.3.3 Changes in the Properties of Mortar Containing Durability

Improving Agent under Gamma-ray Irradiation

M. Mochizuki

Abstract

Concrete used in facilities for LLW is required to be highly durable.
The authors evaluated an ordinary concrete and concretes containing a
glycol ether derivative and silica fume as admixtures.

Compressive strength, depth of accelerated carbonation, diffusion
coefficient of 137Cs were investigated using mortar specimens before and
after irradiation of gamma rays. Results showed that using glycol ether

derivatives and silica fume was effective in improving the durability.

Experimental

Changes in the properties of mortar by irradiation of gamma rays
were investigated. The proportioning of the specimens is presented in
Table 1. The evaluations were made regarding compressive strength,
accelerated carbonation, total pore volume and 137¢s diffusion. ©09Co
was used as the radiation source, and a dese of 102 R was irradiated to
simulate exposure for 300 years, which is the term of control of LLW
facilities.

Compression test: Cylindres 5 cm in diameter and 10 cm in length were

made, and were tested after being cured in water at 20°C for 4 weeks.

Accelerated carbonation test: Prisms 4 x 4 x 16 cm in size were made and

cured in water at 20°C for 4 weeks, and were then dried in the atmo-
sphere. The ends and the top and bottom surfaces with respect to the
position as molded were coated with epoxy resin. The specimens were then
placed in a room with a temperature of 30°C, a relative humidity of 607
and a carbon dioxide gas concentration of 5% for 4 weeks. After being
removed from the room, the specimens were split at the center and the
split surface was sprayed with an alcoholic solution of phenclphthalein.
The depth of the uncolored portion was measured as the depth of carbona-
tion.

Total pore volume: After compression test each specimen was crashed under
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5mm in diameter, and was dried for a day after being immersed in acetone
for a day. Then the total pore volume of each specimen was determined by
means of mercury intrusion porosimetry. The superpressure was from 0.1
to 200 Pa, so the measured pore size was from 3.75 to 7500 nm.

137¢cs diffusion test: Cylinders 5 cm in diameter and 10 cm in length were

made, and were cured in water at 20°C for 4 weeks. A slice 5 mm in
thickness was sawed from the center of the specimen, and was set in a
diffusion tester shown in Fig. 1. In one side, added 137¢cs of 830 Bg/ml
into the pure water of 700 ml, with 0.1 mol/1 CsCl as carrier, and
another side, 700 ml of pure wéter, s0 as to measure the changes in the
concentration of !37Cs over time on the pure water side. The meaéuremeﬁt
was continued until the rate of concentration rise became constant, and
the diffusion coefficient was calculated by Fick's law indicated as Eq. 1.
Vo x L d Cp

Dy = x (L)
Axcl d t

where D, diffusion coefficient of 137¢s(em?/s)
V, volume of measured solution
L thickness of specimen
A  cross-section of diffusion
C; initial concentration of 137cg

C, measured concentration of diffused 137¢s

Regults and Discussion

The results of the experiments are shown in Table 2 and Fig. 2. The
inclination of the concentration curve when the rate of change over time
became constant was obtained from Fig. 2, to calculate the diffusion co-
efficient. As for AEC, the compressive strength was not affected by the
irradiation of gamma rays, whereas the depth of accelerated carbonation
and total pore volume slightly increased, and the coefficient of 137¢s
diffusion substantially increased. As for GEC and HDC, the irradiation
of gamma rays led to increases in the compressive strengths as well as in
the depths of accelerated carbonation, although the resulting depths of
carbonation were less than that of AEC. Virtually no change was observed
in the total pore volume and the coefficients of 137¢s diffusion in GEC

and HDC after the irradiation. The resulting depths of carbonation were
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gimilar to that of AEC before the irradiation. The losses In the effect
of inhibiting carbonation resulting from the irradiatiom are therefore
considered to cause no problem, Gamma rays are considered to chemically
alter the durability improving agent contained in the mortar, increasing
the content of acid substances, which led to a decrease in the alkali
content in the mortar. This may be the cause of the loss in the effect
of inhibiting carbonation, which depends on the alkali content. On the
other hand, the effect of inhibiting 13705 ion penetration is considered
to be brought about solely by the densification of the structure. Since
no change in the total pore volumes were observed after the irradiation
in these tests, it is considered that the irradiation led to no change in

denseness of the structure.

Reference

1. Kunio Yanagihashi et al., "Concrete Containing a Durability Improving
Agent for LLW Facilities", Proceedings of the Internmational Confer-
ences and Technology Exposition on Future Nuclear Systems: Emerging
Fuel Cycles and Waste Disposal Options Global '93. September 12 -
17, 1993 Seattle, Washington, pp. 949-956 (1993) '
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2. Safety Evaluation Study cn Shallow Land Disposal
2.1 Nuclide Migration Study

2.1.1 Migration Behavior of Radionuclides on the Undisturbed Soil Layer

5. Takebe, M. Mukai and T. Komiya

1. Introduction

Safety evaluation test on the shallow land disposal of Low Level
Radicactive Waste (LLRW) has beén performed to evaluate the migration
behavior of ©0Co, 8°Sr and 137cs in the undisturbed soil layer undér the
natural condition. Layers of typical subsurface soil layers in Japan,
including the candidate final storage site, were investigated for their
radionuclide migration delaying capability in a large scale column test
using undisturbed soil samples. In the large column test, the cationic
species were adsorbed mainly near the surface of the soil layer(lsz), but
very small portion of radionuclides were found to be distributed at very
low concentration deeper area. A low concentration of 80Co was detected
in the column effluent. A desorption migration test was conducted with
60Co evaluate the migration behavior of the low adsorbing portion more

quantitatively.

2. Experiment

The experimental apparatus as shown schematically in Fig. 1 is com-
posed of a soil column, a pump, an autosampler, a sprinkler, a sample
solution tank, ete. The column size was 30 cm in inner diameter and 120
em in length, soil samples (30 cm¢ x60 cmh) of undisturbed soil layer
were taken from a candidate final storage site. The desorption migration
test of the aerated subsurface soil layer was accomplished by putting a
contaminated thin soil layer labeled with each 37 MBq of 60co, ®%sr and
137¢s on the top of an undisturbed soil layer. Artificial groundwater
containing 3H was supplied at an inflow rate of about 0.1 em/h until ¥H
was detected in the effluent. Effluent samples were periodically col-
lected in 1,000 ml fraction by the autosampler. The effluents collected
in the polyethylene vessel were subjected to the radioactivity measure-

ment. After the column test, in the soil layer was obtained by disassem-—
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bling the column, sampling the soil from various parts of the soil layer.
The soils sampled were finally measured the radicactivity. The concen-
trations of radionuclides in the effluent samples and in the soil samples

were determined with a pure Ge semiconductor detector.

3. Result and Discussion

855y and 137Cs were not observed in the deeper soil layer of the
column at such a low inflow volume, 60cp showed a low concentration
migration profile with a concentration peak in the deeper sﬁil layer.
Fig. 2 shows the results of the desorption migration test on a loamy soil
and a sandy tuff soil. The distribution prefile of the desorbed 60co in
the loamy soil layer showed most of the 60Co was retained within a depth
of several c¢m from the surface, and that its very small portion was
transported to a deeper area to from a small concentration peak of a few
Bq/g. The profile for sandy tuff soil showed 60Co was transported to a
deeper locatlon to from concentration peak of a few Bg/g. A very low
concentration of ®YCo lower than 0.1 Bq/ml began to be detected in the
effluent, accompanied with breakthrough of 3H tracer in the groundwater.
These two forms of migration behavior of 80Co were seemed to be related
to the difference in their chemical forms. Such mechanisms as a strong
ion-exchange reaction for cationic species, and a weak first-order re-
versible reaction for non-cationic species are tentatively attributed.
The behavior of the weak adsorbing species was analyzed by using a migra-
tion model where a limited fraction of noncationic species originally
contained in the contaminated layer is desorbed and transported with the
groundwater flow. The species weakly interacts through adsorption and
desorption reactions with soil since the adsorption capacity of the soil
for the species has a very low upper bound(3:%), The distribution pro-
file in the soil column and the concentration change in the effluent were
predicted consistently for all tests using appropriate parameter values

for this model, as shown in Fig. 2.
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2.1.2 Ground Surface Radionuclide Migration Test

M. Mukai, S. Takebe and T. Komiya

1., Introduction

Radionuclide migration by ground surface water flow is considered to
be one of important path ways in the scenario for environmental migration
of the radicnuclide leaked from LLRW depository. At the site having
shallow groundwater level, surféce water is possibly generated during and
after rainfall. Once the surface water flow has been generated, rédio—
nuclides in the flow are rapidly carried towards downstream and moved
into lakes and/or rivers.

Cround surface radionuclide migration test has been carried out to
evaluate the migration behavior of 60Co, 8531 and 137Cs in the flowing
water on the ground surface. Loamy soil layer as a typical subsurface
soil layer in Japan was investigated for their adsorbing capability
against the radionuclides migration by a ground surface test using soil

samples.

2. Experimental Method

The radionuclide migration test was carried out by using a loamy
soil sample of 240 cm in length to investigate the interaction between
the soil surface and the radionuclides. The loamy soil was taken from
near the final storage site in Aomori prefecture. The apparatus for the
test are consist of an inlet, soil and outlet vessels (Fig. 1).

To minimize radionuclide migration from the solution into the sample
accompanied by infiltratiom, the soillsample was fully saturated before
starting the test. To investigate radionuclide migration at various
hydraulic conditioms, the test was carried out under combined conditions
of the flow rate of 30, 100, 200 ml/min and the duration time of 2.5, 10,
45, 200 hrs.

The radionuclides concentratiom change in the effluent with elapsed
time and their adsorbed concentration distributions on the ground surface

were obtained in the test.
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3, Result and Discussion

Among the 6 conditioms, the radionuclides concentration in the
effluent obtained under the different flow rate is summarized in Fig. Z.
From the Fig. 2, the concentration was nearly constant during each
experimental period, and was reduced with lower flow rate.

The surface distribution of radionuclides concentration at the flow
rate of 100 ml/min is shown in Fig. 3. Among the three radionuclides,
137¢5 was most adsorbed on the soil surface, The surface distribution of
radionuclides concentration showed'two distinctive regions. The one was
near the inlet where it was promptly reduced, and the another was a
region following the former where it was nearly constant.

The following equations are used to evaluate the results of

migration test.

g‘_g - DX-:—}Z(S + Dzi—% - V() (1)
%4"2_2:%%4‘]32:—2% (2)
Vi(2) = 3Vg (1 - (1 - %)2) 3
%% = ky-C (4)

where, Vy represents vertical flow rate distribution simulating laminar
flow and is zero at the bottom of the flow. The equation (4) for the
radionuclides adsorption are obtained from time dependence of concentra-
tion of the sample taken from the mearest position to the inlet vegsel.

Most probable values of the parameters were obtained to simulate the
measured concentration distribution by fitting operation. A part of the
concentration distributions calculated with the obtained values of the
parameters is shown in Fig. 4. The features of measured distribution are
well explaned by the model.

Reduction of effluent concentration with distance was estimated by

the following equatiomn.

b

C(x) = Cg x 1078°% (5)



JAERI—M 94—027

where, parameters a and b are determined by their values to fit to the
effluent concentration calculated by the model. Figure 5 shows estima-
tion of concentration change of 13705 with flowed distance. At the
distance of 100 m, effluent concentration was reduced te 0.3% at the flow
rate of 3.75 cm/min and about 20% at 25 cm/min. These are considered to
be smaller for the condition of natural ground surface because of its

higher roughness of the surface.

4., Conclusion

To evaluate the radionuclide migration from flowing solution on the
ground surface to soil, the ground surface radionuclide migration test
was conducted by using loamy soil sample. Durationm change of radionuclide
concentration in effluent is constant during experimental period and more
reduced with lower flow rate. Distribution of surface radionuclide con-
centration showed promptly reduced and nearly constant regions. These
characteristic features in their surface distribution could be explained
by a two dimensional diffusion model with a first order adsorption re-

action, based on the advection having a vertical flow rate distribution.
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2.1.3 Tnfluence of Humic Acid on Migration of 60co, ®3sr and 137¢g

in Coastal Sandy Soil

T. Tanaka and Shiwedi Ni

1. Introduction

The migration of radionuclide in a shallow land is controlled by
both flow characteristics of interstitial water in soil layer and physico-
chemical states between radionuclide and soil. Since almost of all ionic
radionuclides are interacted with soils, mobility of the radionuclides
in a soil layer is retarded by the interaction. This interaction is
affected by environment surrcunding the radionuclides, such as pH, Eh,
temperature, coexistent ion, oxygen, and humic acid(1-5), As humic acid
has substantial chelation properties for metals, especially tramsition
metals, it considerably affects on the sorption and migration behavior

of the radionuclides in soil layer. From a geochemical point of view, it

s important to know reactivity of humic acid with the radionuclides re-

leased from radicactive-waste repository.

We have studied to obtain more detailed information on the influence
of humic acid complexing on the mobility of 60co, 85Sr and 137¢g in.a
coastal sandy s0il. The present work focuses on a correlation between
molecular-weight of the dissolved humic acid and ability of the complex-

ing with the radionuclides in liquid phase.

2. Experimental

2.1 Materials

Geological sample used in this experiment was a coastal sandy soil
collected at a site of the Tokai Research Establishment, JAERI. It was
air-dried and washed with deionized water, and then sieved into a range
from 250 to 350 um in diameter.

Humic acid was purchased from the Aldrich Chemical Co. and was
purified by the following procedure described by Nash et al.(8),

A radioactive aqueous solution containing 80¢co, 83sr and 137¢cs was
prepared into ca. 3.7x103 or 3.7x10% Bq/ml in concentration of éach

radionuclide.
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2.2 Sorption experiment by batch method

After 2.5 g of the soil sample and 50 ml of the humic acid solution
were transferred into 200 ml glass Erlenmeyer flasks, the radicactive
solution (3.7x10% Bq/ml) mentioned above was added. Tt was kept constant
at 0.01 for ion strength, 7 for pH and 25°C for temperature respectively.
The solutions with the soil were gently agitated on a reciprocal shaker
for 7 d. Supernatant was sampled and the concentration of the humic acid
and the radionuclides was analyzed. Blank tests were also carried out to
examine the concentration of them in the solution before and after the
mixing with the soil.

Molecular-weight of the aquatic humic acid and the radionuclides
species in the solution was classified into 6 ranges by ultrafiltration
technique with Millipore filters of 5,000, 10,000, 30,000, 100,000 and
300,000 in cutoff molecular weight.

Humic acid concentration in solution were measured with spectro-

photometer.

2.3 Migration experiment by column method

A sandy soil layer was prepared by packing the sandy soil into a
column (25¢x5 cm) to make a bed of 5 cm thickness. The radioactive solu-
tion (3.7x102% Bgq/mol) of 500 ml was inflowed into the sandy soil layer
from the bottom, at a flow rate of 1 ml/min. The radiocactive sclutilon
was prepared to 0.0l for ion strength, 7 for pH, and 10 ppm-C for humic
acid concentration. After the inflowing procedure, the sandy soil layer
was cut into sections of 0.5 cm thick. Activity of the radionuclides in

the soil section samples was measured.

3, Results and Discussion

3.1 Sorption behavior of radionuclides

The relation between sorption ratio of the radionuclides and the
concentration of dissolved humic acid is shown in Fig. 1. The sorption
ratio of 60Co decreased with increasing concentration of coexlistent humic
acid. Those of 85Sr and !37Cs were not affected by the coexistence of

humic acid.

Figure 2(a)~(d) show the molecular-weight distribution of dissolved
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humic acid, and of dissolved 6000, 85gr and !37Cs species, before and
after the sorpticn experiments, under the condition with 35.0 ppm-C of
humic acid. According to the blank test of humic acid, the rapid decrease
of the concentration of humic acid was seen in the range of 100,000 ~
30,000 of molecular-weight. This means that the bulk of dissclved humic
acid was present in molecular-weight range from 30,000 to 100,000, as
shown in Fig. 2(a). The concentration of dissolved humic acid in each
fraction and the distribution profile of molecular-weight were not varied
before and after the sorption experiments. This result reveals that all
fractions of humic acid are hardly sorbed by the sandy soil.

Figure 2(b) shows the molecular-weight distribution of 60co species
in the solution before and after mixing with a suspension of the sand.
The 90Co concentration in each fraction decreased after the sorption
experiment, due to the sorption of 60Co onto the sandy soil. Profile of
the molecular-weight distribution of 60co was very similar to that of
humic acid shown in Fig. 2(a). Similar profiles of molecular-weight
distribution of ©9Co and humic acid indicate that the disseolved humic
" acid contributes a forming of humic-complex of 60co and the forming
ability is independent of molecular-weight of humic acid.

The reduction ratio of the ®9Co concentration in the sorption exper-
iment to that in the blank test was nearly constant in each fraction of
molecular-weight, though the concentration of 80Co in each fraction of
molecular—-weight decreased in the sorption experiment compared with that
of %0Co in the blank test. There are humic acid, humic-complex of 80¢o,
and cationic ®%Co and its hydroxides in the solution. Appeared sorption
of 80Co is seemed to be based on a reaction with cationic 60co species,
because humic acid is not sorbed onto the sandy soil as observed in Fig.
2(a). The concentration of 60Co in the all six fractions was constantly
decreased by the sorption experiment, despite only the cationic 80¢co
species existing in <5,000 fraction was removed from the sclution. These
results are explained in the following.

There are two equilibrium processes in the static sorption experi-
ment; one is a sorption process of the cationic 60Co and the other is a
complexation process with humic acid. When the cationic 60Co is removed
from the sclutiom, it will be supplied by reverse reaction of the com-
plexation process, In addition, kinetics of the complexation is attained
more immediately than kinetics of the sorption. It is reported that the

sorption process have been proceeding over 7 d in experimental period(lsq),

i614w
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while the complexation process is completely achieved within 2 wl7),
Equilibrium of the complexation process is completed during the experi-
mental peried, so the proportion of each 80¢co species is to be kept at a
constant in the solution.

Figure 2(c) shows the molecular-weight distribution of 855r species
in the scolution before and after mixing with the sandy soil. The mole-
cular-weight distribution profile before the sorption experiment was
rather similar to that of ®%Co and humic acid. This reveals that 85sr is
also interacted with humic acid. Concentration of 85gr in each fraction
was decreased by the sorption eiperiment, as is seen in the experiments
of ®UCo. The reduction ratic of the 60Co concentration in the sofptidn
experiment to that in the blank test was nearly constant over the entire
molecular-weight range as seen in Fig. 2(b), however, different reduction
ratio of ©9Sr was observed between over and under 30,000 of molecular-
weight in both experiments: blank test and sorption experiment of 85gr,
The reduction ratio of 8°Sr concentration was calculated between over and
under 30,000, The reduction ratio for the range over than 30,000 was 70%
and that for the range under than 30,000 was 40%, respectively. Such
results suggest that the interaction of 85gr with humic acid 1s dependent
on the molecular-weight of dissolved humiec acid.

Molecular-weight distribution of 137¢5 gpecies which remained in the
solution before and after the sorption experiments shows a different pro-
files from those of 60co and 8SSr, as shown in Fig. 2(d). The 137¢s con-
centration in each fraction was significantly decreased by the sorption
experiment. This indicates that the 137¢cs species did not form humic-

complexes and those molecular-weights were under 5,000.

3.2 Migration behavior of radionuclides

Concentration profiles of the three radionuclides In the sandy soil
layer are shown in Fig. 3(a)~(c). The mobility of 60co and ®°Sr under
the condition with coexistence of humic acid was larger than that under
the condition with absence. On the other hand, the 137cs was not af-
fected by the coexistence. Such tendency suggests that the complexed
60Cco and 898r with humic acid move to the deeper and come out through the
column. In the case of the coexistence of humic acid, concentration of
60Cy decreased little with increasing depth of the soil layer but that of

855y decreased rapidly compared with the 60co. Both profiles of 80co and
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855y without humic acid look similar each other. This means that the
coexistence of humic acid affects strongly on the mobility of 80¢o than
that of %3Sr.

Increase of the 90Co mobility under the condition with coexistence
of humic acid agreed with an estimation from the decrease of sorption
ratio with increasing humic acid concentration as seen in Fig. 1 No
change was seen in the mobility of 137¢s between the absence and coexis-—
tence of humic acid. No change was also seen in the sorption ratio of
137¢cs, It was kept constant. However, the mobility of 853r increased
under the condition with coexistenﬁe of humic acid, in spite of the sorp-
tion ratio of 8°Sr was not affected by the coexistence. Such contradic-
tion for 8%Sr might be caused by different kinetics between static state

by batch method and dynamic state by column method.

4, Conclusion

Dissolved humic acid was complexed with 60Cco and ®5Sr., The complexa-
tion ability of 6000 was independent of molecular-weight of humic acid,
while that of %5Sr depended on. The mobility of 60co and ®%Sr increased
in the sandy soil layer under the conditiom with coexistence of humic
acid. The sbrption ability and mobility of 137Cs were not affected by

the coexistence of the humic acid.
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2.1.4 Migration Behavior of Bicarbonate-!"“C in Underground Soil Layer

5. Nagao

1. Introduction

Carbon-14(1%C) occurs in nature, but is also formed at nuclear
reactors. Because of its long half-life (5730 yr)'and biological sig—
nificance of carbon, releases from nuclear facilities could have a
significant radiological impact. .Low level radicactive waste management
strategies for l4c are therefore of current concern. The most likely
mode of release of !“C from a geologic repository is by aqueous leaching.
Study on migration of e in underground layer is important to evaluate
feasibility of underground storage of radicactive wastes.

Column experiment is one of the anmalytical methods to study migra-
tion behavior of radionuclides in soil layer. This method can evaluate
retardation ability of soil layer samples for radionuclides. The soil
column experimental data of 14¢, however, was few reports (Allard et al.,
1980, Igarashi et al., 1992). In many cases involving 14C, considerable
loss of l%C in sample solutions takes place at acidic and neutral pH.
Purpose of this study 1s to establish a simple closed column system'for
14%¢ column ekperiments and applied to soil migration study of bicarbonate-

qu, which its chemical form is major in low level radiocactive waste.

2. Materials and Method

Glass beads with diameter range from 500~590 um were used to check
release from the column system during experiments because of low adsorp-
tion of bicarbonate-!“C (distribution coefficient 0.4 ml/g). A tuffaceous
sandy soil sample was collected at northwest part of Aomori Prefecture,
Japan. Grain size distribution of the soil sample was 2.3% gravel, B81.2%
sand, 11.2% silt, and 5.37% clay fractions.

A simple column system is shown in Fig. 1 Column is 2.5 cm in diam-
eter and 5 cm in height. Gas bag is connected to the reservoir bottle to
prevent release of l4bc from solution to atmosphere. Syringe is fitted
with the reservoir bottle, and used to check variation of pH and radio-

activity of 1% 4in reservoir solution during column experiment.
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Migration experiment was carried out as follows. The L4C radioactive
solution (about 60 Bg/ml) with pBE 8.0 was continucusly introduced to top
of the column by a micrc tube pump at constant flow rate (2 ml/min). The
effluent was automatically collected into glass test tubes for 12.5 min
with a fraction collector. The reservoir solution was collected with the
syringe at regular intervals. The pH and 14¢ radioactivity in effluent
and reservoir solution samples were measured with a glass electrode and
liquid scintillation counter, respectively. Tritiated water was also

introduced into the soil column.

3. Results and Discussion

3.1 Glass beads column experiment

Radicactivity of 140 and pH in reservoir solution are almost constant
with time (Fig. 2}. Radicactivity of 1%c in effluent from the column
agrees with that of reservoir solutions above 23 ml effluent volume. The
result indicates that '“C column experiment can be performed without
release of !%C from radicactive solution by this simple column system.
Tncrease of the effluent pH is considered to be release of alkali elements

from glass beads.

3.2 Soil column experiment

14¢ and pH in the effluent and reservoir solution are shown in Fig.
3. Decrease of radiocactivity of 1% in reservoir solution after the
experiment is only 2.5% of initial value. Variation of pH of the reser-
voir ranges from 8.4 to 8.2. Bicarbonate-!%C in reservoir solution is
not released out to atmeosphere, The radiocactivity of l4¢ in the effluent
increases sharply with increasing outflow volume (until 200 ml), and
gradually increases to 51 Bq/ml. This value is 12% lower than that of
reservoir solutions. The effiuent pE decreases from 7.6 to 7.2, and
then increases to 7.6. Those values are lower than that of reservoir
solutions.

Breakthrough curves of 3H and '%C are shown in Fig. 4. The C/Co
estimate that the effluent concentration (C) is multiplied by average
value (Co) of the reservoir solution. The l%C is delayed to tritiated

water, and exhibits retardation by the soil sample. The curves of 1%¢ by
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the soil column experiments under same experimental condition are similar
to each other (o and [J in Fig. 4). The result indicates good reproduc—
ibility of the experiment at influent pH 8 by this column system. Dif-
ference in 1%C radioactivity between influent and effluent is observed
for tuffaceous sandy soil samples. It is difficult to explain by release
of "C for the experiment because of the result from the column experi-
ment for the glass beads. The distribution coefficient (Kd value) of the
soil sample, obtained by batch experiment, is about 100 ml/g. The lower
l4c value of the effluent, therefore, is considered to be due to adsorp-

tion of 1"%C on the soil sample packed in the column.
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3. Safety Evaluation Study on Geological Disposal
3.1 Chemical Behavior of Radionuclides in Water
3.1.1 Effect of Complexation on Solubility of Pu{IV) in Aqueous

Carbonate System

7. Yamaguchi and Y. Sakamoto

Abstract

Solubility of Pu(IV) was méasured under the total carbonate concen-—
tration range of 107% ~ 1x10-! M, Since carbonate was not detected from
the solid phase, the solubility controlling solid was concluded to be a
hydroxide, Pu(OH)q(am). The equilibrium constant of the exchange reaction
between Pu(OH)y4(am) and another possible solid phase, Pu(OH) ,C03(ay) was
estimated as:

PU(OH) y(am) + CO327= Pu(OH),CO5(ay) + 20H™ K < 1077+8
The solubility was proportional to the square of the bicarbonate concen-
tration at pHs 9.4, 9.7 and 10.1. This result was interpreted by either
Pu(OH) , (HCO3) 52~ K=10"2.7%0.6

Pu(OH) 4 (ap) + 2HCO3”
or
Pu(OH) »(C03) 2 + 2H,0  K=1072.7%0.6,

Pu(OH) 4 (ap) + 2HCO3~
At pHs 12 and 13 where carbonate lon is dominant,
 Pu(OH) 4 (ay) + 2€03%7 = Pu(OH) 4, (CO3) %~ K=10-5.01£0.32

is the predominant reaction.

1. Introduction

The solubility of radionuclides is one of the important parameters
controlling their release from deep underground radicactive waste reposi-
tory. Prediction of the solubility requires the knowledge of all relevant
species present in solution. Complexation of metal ions with ligands

often stabilizes some of them in natural water, and thus complexation

This article was presented at Fourth International Conference on the
Chemistry and Migration Behavior of Actinides and Fission Products in the
Geosphere (MIGRATION '93) at Charlestom, SC, USA December 12-17, 1993,
and will be published in Radiochim. Acta.
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could largely control the speciation and solubility of radionuclides of
interest. Because of the strong tendency of complexation, carbonate or
bicarbonate ions appear the most significant ligand to be considered for
complexation(l’z). Clearer understanding of the effect of carbonate
complexation on solubility is needed. ‘

The complexation of Pu(IV) by carbonate has been discussed in a few
papers(3’4’5). Moskvin and Gel'man(?) have shown that the carbonate
complex species, Pu(C03)2+, was present in 0.36 ~ 3.6 M KpCO3 solutions.
Their work, however, has been reviewed critically(5’6), and some mis-
understandings have been pointed but. Kim et al. (%) suggested that
Pu(C03),*"?% (x = 1 ~ 5) are the dominant aqueous species with the solu-
bility-controlling solid of Pu(OH);CO3(g) inm NaClOy / NaHCO3 / Na,CO3
solution at pH > 8 and I = 1.0. Recently, Pratopo et al.(7) studied the
carbonate complexation of Np(IV) by a solubility method and suggested the
sresence of Np(OH);(C03),2™ (or Np(OH),(HCO3);27) and Np(OH);(CO3)2* .
They also analyzed the concentration of U(IV) in Swedish ground-water by
taking into account of the presence of U(OH)2(003)22'.

Despite that the chemical properties of tetravalent actinides are
expected to be similar, there are certain discrepancies among the data on
their complexation. Considering the critical role of the complex species
in safety assessment of radioactive waste disposal, much more reliable
information is necessary. In the present study, the Pu(IV) sclid phase
was characterized and the carbonate-bicarbonate concentration dependence

of Pu(IV) solubility was studied at the pH range of 9.4 ~ 13,

2. Experimental

2.1 Preparations

Sample solutions were prépared from reagent grade chemicals (Wako
Pure Chemical Ind., Ltd., Tokyo) and deionized water (Milli-Q System,
Millipore). The isotopic composition of used plutonium was 0.0031% 238y,
97.41% 239y, 2.56% 240py and 0.026% 2%1Pu. Plutonium was chemically
purified by anion exchange. The eluted Pu in hydrochloric acid was con-

verted to mitrate. The Pu concentration in 10 M HNOj3 stock solution was

1.8x10~% M.
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2.2 Procedures

An aliquot of Pu(IV) stock solution was spiked into a 20 ml KC1 /
K,CO3 / KOH solution in a polypropylene tube. The initial concentration
of Pu(lV), Kt and total carbonate (C¢) in the sample solution were 1.3x
10-%, 0.1 and 10~% ~ 2x10~2 M, respectively. A small amount of 0.1 M
NaN0O, was added to control the redox condition. The pH was adjusted
between 9.4 and 13.0 by a dilute KOH sclution. The samples were sealed
and stored for 2 weeks in the aerated atmosphere.

After two-week storage, the pH and Eh of the sample solutions were
measured with AgCl electrodes. ‘An aliquot (2 ml) of the sample solution
was pipetted to measure the total carbonate concentration with CO; elec—
trode (TOA Electronics Ltd. Japan, type CE-235, detection limit: 4,0x10~°
M). A 0.5 ml aliquot of the sample solution was filtered to separate the
aqueous solution from any solid phase. Filters of two different pore.
sizesg, 0.45 um and 10,000 NMWL (nominal molecular weight limit), were
used. The average pore size was estimated to be about 450mm and 3nm,
respectively. The concentration of Pu was measured with o spectroscopy
after evaporating 50 ul of final filtrate on a stainless steel planchet.
Oxidation state of Pu was determined by applying TTA extraction tech-
nique{7=?) to a 100 ul aliquot of the final filtrate.

Plutonium solid formed in a few samples were provided for character-
ization. The initial concentration of Pu(IV), pH and Ce¢ in these samples
were 1.0x10~% M, 9.65 ~ 9.85, and 0.0l ~ 0.1 M, respectively. The sclid
phase was trapped on the 0.45 um filter and rinsed 3:times.with 1l ml of
deionized water. The solid phase was then dissolved in 2 ml of 1 M H;S504.
The concentration of carbonate and plutonium dissolved from the solid was
measured with the CO, electrode and o spectrometer, respectively. To
prevent the disturbance on the carbonate measurement by acidic gas, fixed
acid (H,S80,) was used to dissolve the solid. In the case that 1M Hp30,
was used for acidification, the detection limit was 6x10~° M.

To justify this method, a preliminary test was carried out using
cobalt (Co2t) in place of plutonium. Cobalt was chosen because both
hydroxide and carbonate precipitates can be easily prepared. A cobalt
precipitate was prepared from CoCl, solution with an addition of NaHCOj4
at pH = 8.0 and C¢ = 0.1 M, The amount of cobalt was varied from 24 to
120 ug. Precipitates were also prepared in 0.1 M Na,CO3 at pH = 11.0 and
0.1 M NaCl0, at pH = 11.0:for comparison.
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3. Results and Discussion

3.1 Cobalt test

Cobalt forms Co(OH)Z(S) (logKSP = —15.2(10)) in alkaline solutions
and CoCO3(g) (longp = -9.98(11)) in carbonate solutions. A purple pre-
cipitate was formed in NaHCO3 solution (pH = 8.0). Cobalt carbonate may

be formed by the following reaction
Co?* + HCO3™ = CoCOa(g) + Tt (1)

A blue—gréen colored precipitate was formed in Na,CO3 solutions (pH =
11.0) and 0.1 M NaClO, solution (pH = 11.0). Cobalt hydroxide may be

formed by the follewing reactiom
Co?* + 20H™ = Co(O0H)p(g) (2)

- The result of carbonate confent measurements for the cobalt precipitates
is shown in Table 1. The measured carbonate morality at pH = 8 is almost
equal to that of cobalt. At pH = 11, on the other hand, the measured
carbonate morality is much less than that of cobalt. This result indi-
cates that carbonate in precipitates can be successfully determined;
whether the plutonium precipitate is carbonate or not can be determined
in this method. About 10% error in measurements is accompanied, which
possibly results from incomplete separation and rinse of the seolid.

Detection limit of this determination is considered to be 0.1 mM.

3,2 Characterization of plutonium solid phase

In carbonate solutions, the formation of Pu(OH)2C03(am) as well as
Pu(OH)q(am) is inferred. Table 2?2 shows the results of carbonate content
measurements of Pu(IV) solid phase. Even in the 0.1 M KHCO3 solution,
the carbonate content was under the detection limit (0.1 mM). The domi-
nant solid phase was not hydroxycarbonate. The formation of hydroxide
precipitation is most probable.

Our results do not agree with the previous predictions(”’S) in which
the formation of solid phase of Pu(OH)2C03(am) in place of Pu(OH)q(am)

was suggested in a sclution of > 10~% M carbonate:
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Pu(OH) iy (am) + €032~ = Pu(OH)C03(an) + 20H™. (3)

In the present study, the mole fraction of Pu(OH)4<am) and Pu(OH)2C03(am)
were > 0.9 and < 0.1, respectively. The equilibrium constant of eq. (3)
was estimated to be K < 10=7+% by using the ratio of the mole fraction
between the solid phases in place of their activity ratio. With the
reported solubility product of Pu(OH)}y(sm)s logKSp = -56,85(12), Ksp of

Pu(OH) ,CO3(ay) can be estimated to be > 10~4%9.2,

3.3 Stability constant of Pu(IV) hydroxycarbonate complexes

Carbonate concentrations in the range of 107% ~ 0.5 M were kept
approximately constant for about 100 days under the employed experimental
condition as seen in Fig. 1. A sample of the concentration as low as
10-5 M was affected by the atmospheric CO5.

Figure 2 shows the redox potential of the sample solutions for the
different pHs. The following reaction is likely to control the redox

condition of the sample seclutions.
1/2NC,~ + 1/2H,0 = 1/2N03~ + HY + e K = 1071519 (4)

Under the condition, it was confirmed by TTA extraction that plutonium
was mainly in the tetravalent state. Because Pu fraction remained on a
filter was less by ome order than that in the final filtrate, colloidal
plutonium was less significant.

A series of solubility measurements was carried out at pHs 9.4,
10.1, 13 from oversaturation direction to determine the time required for
equilibrium. As shown in Fig. 3, the Pu concentrations reach equilibrium
within the first 14 days through oversaturation direction. Total carbon-
ate concentration of a sample of pH 10.1 was increased at the l4th day
with additions of KHCO3 and K,CO3. The solid phase began dissolving and
it took 100 days to reach a different equilibrium concentratiom. This
result implies that longer equilibration time is necessary through under-
saturation direction than through oversaturation direction. An equili-
bration period of 14 days and the oversaturation direction were chosen
for the present study. Considering that the solid phase will proceed to
crystallize, the equilibrium state discussed here may be a pseudo

equilibrium state,
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The measured solubility of Pu(IV) is shown in Fig. 4. In low car-
bonate solutions, am aqueous neutral species of Pu(OH)40 is dominant,
whose solubility was reported by Ewart et al.{13) . The solubility
measured at Cy > 10~% M is far higher than that of Pu(OH)uo, which is due
to complexation. Although chloride anion is the main anionic species in
sample solutioms, the complex formation of Pu(IV) by Cl™ is mnegligible
according to the predicted formation constant(l%), Carbonate and bi-
carbonate concentrations were calculated from Cy and the dissociation

constants reported as follows:

10-6.33(15) ‘ (5)

HyCO3(aq) = HY + HCO3~ K

= 10-10,20(15) (6)

=
|

HCO4~ = HY + €032

Because bicarbonate ion is dominant in our pH range of 9.4 ~ 10.1, the
measured Pu concentrations are plotted versus [HCO3~]. The Pu solubility
depends on bicarbonate concentration in this pH range; log[Pu(IV)] is
~ proportional to logl[HCO3~] with the slope of 2. Hence we considered that

either of the reaction (7) or (8).

Pu(OH)H(Hc03)22— K=10-2.7%0.6 (7}

PU(OH)L',(am) + ZHCOS-

Pu(OH) 5(C0O3) 2~ + 2H,0 K=10-2.7%C.6 (8)

Pu(OH) 4 (apm) + 2HCO3™

Carbonate ion dominates in the higher pH range, in place of bicarbonate.
At pH = 12 and 13, the solubility is proportional to the square of the

carbonate concentrations and interpreted by reaction (9).
Pu(OH) 4 (ap) + 2C03%27 = Pu(0H) 4 (CO3) % K=10-5.01£0.32  (g)

Since the data at pH 12 are almost the same as those at pH 13, the follow-

ing reaction that depends on pH can be ruled out.

Pu(OH) i (ap) + 2€03%7 = Pu(OH) 3(C03) 3~ + OH™ (10)
Together with the solubility products of Rai et al.{12) | the stability
constants of Pu(OH)z(C03)22' and Pu(OH)q(C03)2“_ are calculated to be

1046.4%50.7 and 1051.8510.4%8 ° rogpectively. The stability comstants of
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hydroxycarbonate complex species are tabulated in Table 3.

It is noticeable that the present interpretation for Pu(IV) carbon-
nates is similar to that for Np{(IV) carbonates(7). The formation of
Pu{CO3)*"2¥ (x = 1 ~ 5) and Pu(OH)C03(g), both of which have been
predicted by Kim et al.(®) and Lierse(5), were not consistent with impli-
cations from our experimental results. The previous solubility data(%s3)
can be interpreted by reactioms (7), (8) and (9). The Eh-pH diagram
calculated by using the present data and data compiled in a reference(17)
is shown in Fig. 5. The diagram is different from the previous ones(le’lg),
in which the formation of hydrogycarbonate species have not been taken

into account.

4., Conclusion

The Pu solid phase formed in the present solubility experiments is
likely to be Pu(OH)q(am). Carbonate and bicarbonate have significant
effect on the solubility of Pu{IV). Species of Pu(OH)Z(C03)22_ or
Pu(OH)u(HCO3)22' is predominant in bicarbonate solutions, while species
of Pu(OH)u(C03)2“' is responsible for the solubility in carbonate

solutions.
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Table 1 Carbonate content analysis for cobalt precipitates

Co condition of solid [Co] ¢? = [C0.] ™
ug precipitation mM nM
24 0.1M NaHCOs (pH=8) CoC03s 0.2 0.23
48 0.1M NaHCOs; (pH=8) CoCOs 0.4 0. 40
72 0.1M NaHCOs; (pH=8) CoC0, 0.6 0. 66
96 0.1M NaHCOs; (pH=8) CoC05 0.8 0. 84
120 0.1M NaHCO, (pH=8) CoCO4 1.0 0.98
120 0.1M Na.C0» (pH=11) Co(OH): 1.0 0.09
120 0.1M Na:C0s (pH=11) Co(OH). 1.0 0.11
120 0.1M Na:C0s (pH=11) Co(CH): 1.0 0.11
120 0. 1M NaCi0« (pH=11) Co(OH): 1.0 < 0.06
120 0.IM NaCl0s (pH=11) Co(0H): 1.0 < 0.06
120 0.1M NaCl04 (pH=11) Co(OH): 1.0 < (.06

(a) assuming that all the cobalt was dissolved in 1 M H2504
(b) carbonate concentration measured in 1 M H2S0.

Table 2 Carbonate content in Pu solid phase

Pu condition of precipitation [Pu] > [€02]
HE : nM nM

500 0.014 KHCOs  (pH=9.65)
500 0.03M KHCOs  {(pH=9.82)
500 0.1M KHCOs  (pH=9.85)

ettt
oo o
Fa SN aN
sl
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Table 3 Equilibrium constant of An(IV) hydrolysis
and carbonate species

reaction log K log stability constant
of product‘®’

Pu{OH) 4 camy + 2HCOs™ = Pu{OH)2(COs) 2% + 2H.0 -2.7 £0.6 46.4 +0.7
Pu(OH) 4 cam» + 2HCOs™ = Pu{OH) < (HCO3) 2%~ -2.7 +0.6 53.43£0.7
Pu(OH) « cams + 2C032" = Pu{OH) 4 (COs) 2*~ -5.01+0.32 51.84+0.48-

<

Pu(OH) ¢ camy = Pu(OH) 4 -10.14+0.28 [13} 46.71+0. 46

Pu** + 400" = Pu(OH) 4 cam 56.85+0.36 [12] -

Pu'* + 20H" + C022" = Pu(OH) 2(CO3) cam <49, 2 -
Np{OH) 4 camy + 2HCO3™ = Np(OH) 2 (COs) 2%~ + 2H.0  -0.35:0.33 (7] 45.69+0.44 [7]
Np (OK) 4 cam> + 2HCO3™ = Np{(OH) 4 (HCO5) 2%~ ~0.35%0.33 [7] 54.14:t0.44 [7]
Np(OH) 4 camy + 2C022~ = Np{OH) « (C0a) 2*" -1.43+0.33 [7] 53.07+0.44 {1]
Np (OH) 4 cam> = Np{OH).° -8.5 +£0.1 [16] 46.0 0.3
Np** + 40H™ = Np(OH) 4 cam) 54.5 +0.3 [12] -
UCOH) 4 camy + 2HCOs™ = U(OH) 2(C03) 2% + 2H:0  >-2.44 (7] >41.7 [T]

{(a) Solubility products of [An**J[0H-]* taken from ref. [12] were used for calculation.
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Fig. 2 Measured redox potential versus pH values for
the Pu(IV) carbonate-bicarbonate solutions with
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The line corresponds to eq. (4).
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3.2 Nuclide Migration and Retardation
3.2.1 Redistribution of Neptunium(V) during the Crystallization of

Amorphcous Ferrihydrite

Y. Sakamoto

Intreoducticn

In an engineered barrier for high level radicactive waste, a large
amount of iron corrosion producté will be produced by a canister and
overpack after long term emplacement of the waste glass. Radionuclides
released from waste glass will be sorbed on amorphous or crystalline iron
compounds in the engineered barrier. If amorphous iron compounds are
transferred into crystalline one after radionuclides are sorbed on them,
the radicnuclides will be redistributed on the crystalline one. Conse-
quently, it is important to study the redistribution behavior of radio-
nuclides during the alteration of iron compounds.

The neptunium(V) sorption experiment was conducted under the crystal-
lization from amorphous iron ferrihydrite to a mixture of crystalline
goethite and hematite. After sorption experiment, a sequential extraction
was applied to study a degree of aésociation between neptunium and iron

compounds.,

Experimental

Solution of iron(III) nitrate with the concentration of 0.2 M was
prepared in a beaker. The solution pH was adjusted to 7.7 with 5 M and
1 M sodium hydroxide solutions to make the amorphous iron(III) hydroxide
precipitates. Each 10 ml of the suspensions was transferred to poly-
ethylene centrifugation tubes, The iron(lI1) precipitates were centri-
fuge-washed three times with deionized water.

2378p sorption experiment was conducted under the coexistence of the
crystallization of amorphous ferrihydrite(dynamic condition). Neptunium
nitrate solution with 5x10~® mol/L was made in 0.03 M sodium perchlorate
solution. The solution pH was adjusted to 7.7 as same condition of the
above iron(TI1) precipitation. The neptunium(V) soluticns of 10 ml were

subdivided into each above centrifugation tubes including the amorphous
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precipitates. They were kept at 90°C in a thermostatic oven for pre-
scribed time. After the aging them, the supernatant was filtrated with
0.45 pm Millipore Millex filter. The 237Np radiocactivity concentration
in the solution was measured with a liquid scintillation counter. A
percentage sorption fraction of neptunium(V) onto iron precipitates was
calculated from a difference in the concentrations before and after
sorption experiment.
The 237Np sorbed on the iron precipitates was sequentially extracted
with following four steps;
(1) MgCl fraction _
The precipitate was extracted at room temperature for.l hour with 10
ml of magnesium chloride solution (IM MgCly, pH 7).
(2) NH20H fraction
The precipitate from fraction (1) was extracted with 10 ml of 0.04 M
NHZ20H+HC1 in 25% acetic acid solution at 90°C for 5 hours.
{(3) 1N HC1 fractiom
The precipitate from fraction (2) was extracted with 10 ml of 1IN HCL1
solution for 24 hours.
(4) 6N HC1l fraction
The residue from fractionm (3) was digested with 10 ml of 6N HC1

solution.

To determine a crystallinity of the iron(II1l) precipitate, a "cold"
experiment without neptunium(V) was carried out in parallel with above
"hot" sorption experiment. The iron(III) precipitates aged for the pre-
scribed time were washed with deionized water and dried with a freeze
dryer. The dried solid products were crashed with an agate mortar. The
content of crystalline hematite/goethite in the precipitate was measured
by an X-ray analysis. A crystallinity in percentage for each precipitate
was determined from relative value for saturated peak height that was
defined as 1007 crystallinity.

The static sorption experiment(static condition) without coexistence
of the crystallization was also performed with the iron(III) precipitates
of the 0 and 100% crystallinity, to compare the sorption behavior of

neptunium(V) with one of the dynamic condition.
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Results and Discusson

Time dependence of the crystallization of the amorphous ferrihydrite
to the crystalline hematite/goethite was shown in Fig. 1(a). The crystal-
linity was achieved 100% for about 50 hours. The solution pH during the
sorption experiment is also illustrated in Fig. 1(b). The pH was con-—
stant as 7.7 during the experiment. The neptunium(V) sorption behavior
is closely related to the sclution pH because a chemical form of neptu-
nium(V) and a surface charge oﬁ solid are obeyed by the solution pH. At
pH 7.7, a chemical form of neptunium(V) is estimated as Np0," under this
condition{pH 7.7 at 90°c) (1), Then, the apparent sorption fraction
during the crystallization changes with a difference in the sorption
fraction of neptunium(V) on amorphous ferrihydrite and hematite/goethite.
Under the statiec condition, the sorption fraction of neptunium(V) en the
iron(III) precipitates with 0 and 100% crystallinity was about 100Z.

From this result, it is expected that the sorption fractien of
neptunium(V) is constant during the crystallization. The sorption
fraction under the dynamic condition is illustrated in Fig. 1(a). It was
apparently constant during the sorption experiment as expected from the
result under the static condition.

Figure 2 shows also the time dependence of a relative distribution
for neptunium(V) in the sequential extraction. Under the dynamic condi-
tion, the MgCl fraction decreased with the crystallization, on the
contrary, the 6N HC1l fraction increased. Figure 3 shows the relative
distributions for the sample with the 100% crystallinity under the static
and dynamic condition. In the static condition, most of the fraction was
iIN HC1 and NH20H fraction. A treatment in the 1N HCl and HN20H fraction
dissolves the amorphous ferrihydrite and extracts the sorbed, complexed
elements on the iron compounds(z). Then, it is likely that neptunium(V)
sorption is controlled by relatively strong force like specific adsorp-
tion under the static condition. On the other hand, main fraction under
the dynamic condition is the one of 6N HCl and it increased with the
crystallization. Then, from the results in Fig. 2 and 3, the crystal-
lization of the amorphous ferrihydrite yielded the 6N HCI fractionm in the
distribution of meptunium(V). Because the sorbed and complexed neptunium
(V) on the surface of the hematite/goethite had been eliminated in the
NH20H and 1N HC1 fraction, it is supposed that neptunium(V) in the 6N HCl

fraction was produced by arn incorporation of neptunium(V} once sorbed on
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the amorphous ferrihydrite into the crystalline hematite/goethite during

the crystallization.

Conclusion

Under the dynamic condition with coexistence of the crystallization,
the apparent sorption fraction was constant during the crystallization,
but the sorption form of neptunium(V) was transferred into the incorpo-

rated one into the crystalline iron(III) compounds.
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3.3 Long-term Radionuclide Fixation Mechanisms
3.3.1 The Use of Color to Quantify Effects of pH and Temperature on
the Crystallization Kinetics of Goethite under Highly Alkaline

Conditions1

Tetsushi Naganoz, Satoru NakashimaB, Shinichi Nakayama2 and Muneaki Senoo2

Abstract

The crystallization kinetics of géethite were studied colorimetrically
under highly alkaline conditions (pH10.1-12.2) at temperature regions
from 40 to 85°C. Color changes during crystallization from fresh precip-
itates, plotted on a*-b* colorimetric diagrams, were used to discriminate
between pure goethite'and mixtures of goethite and hematite. Only the b¥
value increased as goethite crystallization proceeded, and even a minor
increase in the a* value revealed the existence of hematite. The rate of
goethite crystallization, estimated from the b* value, could be modeled

' by a pseudo-first-order rate law. This rate depended both on pH and on
temperature. Apparent activation energies for the reactions of 56.1
kJ/mol at pHL1.7 and 48.2 kJ/mol at pHI2.2 were estimated from Arrhenius

plots.

Keywords: Crystallizétion, Goethite, Kinetiecs, Colorimetry, Color,

L*a*b* Color Space, Hematite

Introduction

Poorly ordered iron hydroxides (e.g. ferrihydrite) are known to
transform into crystalline phases such as goethite, akaganeite and
hematite depending on different synthetic and natural conditions. In
nature, most ferrihydrite transforms to goethite {Lewis and Schwertmann,

1980: Cornell and Giovanoli, 1985), to hematite {Johmnston and Lewis,

This article has been submitted to Clays & Clay Minerals.
2 Japan Atomic Energy Research Institute, Tokai, Naka, Ibaraki 319-11,
Japan

3 The University of Tokyo, Hongo, Tokyo 113, Japan
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1983: Combes et al., 1990), or to mixtures of the two phases (Schwertmann
and Murad, 1983). The most likely reaction pathway of the transformation
to goethite is thought to be dissclution of ferrihydrite and subsequent
reprecipitation as goethite. Hematite is thought to form through inter-
nal rearrangement (i.e. direct dehydration) (Feitknecht and Michaelis,
1962;: Schwertmann and Fischer, 1966). Although kinetic studies are one
of useful methods to clarify the mechanisms of these transformations,
which are influenced by temperature and pH as well as pressure, ionic
strength and impurities, few of these studies have been reported in the
literature (Cornell et al., 1985).

Color is one of the most distinguishing features of the oxidized
iron compounds, which are largely responsible for the vivid colors of
soils and rocks {(Schwertmann and Cornell, 1991). Ferrihydrite typically
is dark-brown, goethite is yellow, and hematite is red. Since crystal-
lization of the iron compounds is accompanied by color changes, the color
is considered to be a useful indicator for following the transformatioms.
However, the use of color to quantify the iron compounds have been scarce
(Barron and Torrent, 1984: Kosmas et al., 1986). Recently rapid and
quantitative color measurements using a colorimeter have been guccessful-
ly applied to rocks (Nagano and Nakashima, 198%9; Nakashima et al., 1992)
and marine sediments (Nagao and Nakashima, 1991). We showed that the
color, described using the second CIE (Commission Internationale
d'Eclairage) 1976 color space {generally referred to as L*a*b* color
space), was a simple and quantitative parameter for the crystallization
progress of goethite (Nagano et al., 1992). In the present study, we
examined colorimetrically the kinetics of goethite crystallization under
highly alkaline conditions, and the color changes occurring during
hematite crystallization were quantified. In the kinetic study, we
focussed on the effects of the aging temperature (40 to 85°C) and the

initial pH of the solutions (pH10.1-12.2) on the crystallization rates.

Experimental

Synthesis

Poorly ordered iron hydroxides were precipitated from 0.IM ferric

nitrate solutions by adding 2M NaOH until an initial pHIO.1l, 11.2, 11.7
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and 12.2 had been reached. During the pH adjustment the solutions were
stirred at least for fifteen minutes until the pH became stable. The
solution temperature was 19.5 * 0.5°C. Portions of the fresh precipi-
tates were centrifuge-washed twice with deionized water, freeze-dried,
and slightly crushed with an agate mortar. The dried precipitates were
identified as two~line ferrihydrite by X-ray diffractometry (XRD).
Residual ferric precipitates were transferred into l12Z-mlL transparent
bottles and were kept at 40,.55, 70 and 85 * 1.0°C in an electric oven.
The bottles were mnot agitated du;ing the aging because the agitation
causes a change in the transformation rate. Colors of the_precipitates
were measured on the colorimeter at selected intervals. The color
measurements can be made directly by reflecting light at the bottom cf
the samples through transparent glass.

Hematite was synthesized from a mixture of 0.1M ferric nitrate
solution and 0.002M oxalic acid solution. The pH of the mixture was
raised to pH 6.5 by adding 2M NaOH. The incubation temperature was 95°¢C
(Schwertmann and Cornell, 1991). The initial precipitates at the start
of the incubation period were also identified as two-line ferrihydrite.
The color measurements were conducted in a manner similar to that de-
scribed as above. The samples were then washed In dialysis tubes In 1 L

deionized water at 10°C for two days and freeze dried.

Apparatus

Color measurements were conducted using a colorimeter (Minolta
Chroma Meter, CR-200). The colorimeter is equipped with a pulsed light-
ing system for stable and uniform illumination of the specimen, photo-
cells with filters to match the CIE standard observer spectral response,
and electronic circuitry to determine accurate tri-stimulus values
(Sugiyama, 1986). The colorimeter allows rapid, quantitative description
of colors in terms of the values of standard color system (Munsell, YXy,
XYZ, L*C*H* and L¥*a*b* color space).

The Munsell nctation, which consists of three dimensions of hue,
value and chroma, has been the conventional method to describe the colors
of soils or iron oxides. However, in this study we follow the recommern-—
dations of the CIE and use the L¥a*b* color space to describe the colors
of the precipitates. This system is considered to be more uniform, in

which the ccordinate scales are chosen with the intention of making equal
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intervals represent as nearly as possible equal steps of discrimination
for colors of the same luminance at all parts of the diagram. (Hunt,
1980). The L* axis represents psychometric lightness; L*=0 and L*=100
correspond to black and white, respectively. The a* and b* axes repre-
sent psychometric chromaticness (+a*=red, -a*=green; +b*=yellow, -b*=blue)
(Hunt, 1980). A white plate (Minolta) was measured as a reference.
Before every color measurement, the bottle was shaken to attain a
homogeneous color of the precipitate and was centrifuged (1000 rpm, 1
minute) for rapid sedimentation. The precision of this measurement
method was *0.7% for L*-value, %1.5% for a*, and *1.0% for b*, including
the deviations arising from differences in the incubation bottles.
érystalline phases of the resulting freeze-dried precipitates were
characterized by X-ray diffractometry using a Rigaku powder diffracto-
meter (CuKe radiation, 50kV, 35mA) equipped with the SUN data processing
system. Infrared spectra of the samples were measured by diffuse reflec-

tance spectroscopy using JEOL 3505 FT-IR spectrometer.

Results and Discussion

Color changes of goethite and hematite

Figure 1 shows color variations over time that are assocclated with
the formation of goethite and hematite. The initial precipitate, iden-
tified as two-line ferrihydrite by XRD, exhibited a dark-brownish color
(5YR 2/4 by Munsell chips) (Munsell Book of Color, 1976). On the other
hand, the end product was brownish-yellow (10YR 5/8) for goethite and
dark red (10R 3/8) for hematite. Color changes occurred continuously
during the incubation from the initial precipitates to the end products.
The XRD analyses showed that the end products of both the goethite and
hematite crystallization reactions did not contain any other crystalline
phases. Infrared spectroscopy analyses revealed that hematite contained
a small amount of goethite (790 and 890 em~ 1), as well as water incorpo-
rated into the structure (3400 c¢m™!), so that this phase is generally
called hydrohematite (Wolska, 1981).

The crystallization of goethite seems to proceed colorimetrically
parallel to the +b* axis, whereas that for hematite shows increases in

both a* and b* values. This difference corresponds to the yellow appear-—
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ance of goethite and the red appearance of hematite to the naked eye.
Figure 1 demonstrates that the b* value can be used to measure the prog-
ress of goethite crystallization and that production of hematite can be
detected by the increase in the a* value.

In the incubation experiments in which hematite was synthesized,
there was a positive correlation between color changes and X-ray diffrac-
tion patterns (Fig. 2) over time. These changes corresponded to nuclea-
tion and growth of hematite crystals. A peak height of the XRD 104 line
of hematite (2.70%) was determined after smoothing the diffraction
patterns and removing the backgrounds. During the first two hours, an
induction period in which nuclei of hematite are thought té be forming
(Cornell et al., 1989), the peak heights were equal to zero. From 2
until 8 hours, the intensity of the XRD peaks rapidly increased. Peak
intensity was almost constant after 8 hours.

Equivalent changes were observed colorimetrically during the experi-
ment. In the first two hours, there was virtually no change in color of
the precipitates, followed by a pronounced change in color from 2 until
" 8 hours during which both a* and b* values increased accordingly. After
8 hours, little color change was observed.

The distinct colorimetric paths of crystallization for goethite and
hematite that are shown on Fig. 1 suggest that a mixture of the two
phases would be indicated by a value in the region between the lines
defined by the single phases. As presented in the next section, we can
use this method to describe the formation of pure goethite, pure hema-

tite, or mixtures of the two phases on the a*-b* diagram.

Effects of temperature and pH

The effect of teﬁperature between 40 and 85°C on the crystallization
paths of ferrihydrite to the iron compounds is shown in Figs. 3a to 3d
for four separate solutionms with a pH10.1, 11.2, 11.7 and 12.2, respec-
tively. In the solution at pHl2.2 (Fig. 3d), temperature did not in-
fluence the direction of color change with the incubation time, which
indicates formation of the single phase goethite. Goethite formation
also appears to predominate at pH1l.7 between 40 and 70°C (Fig. 3c). At
pH10.1 and pH1l1l.2, higher temperatures result in larger a¥* values, sug-
gesting the formation of an appreciable amount of hematite in the mixture,

All the curves im Fig. 3 can be plotted between those of goethite and
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hematite shown in Fig. 1.

Data shown in Fig. 3 are replotted in Fig. 4 to show the effect of
initial pH levels between 10.l and 12.2 on the crystallization path at
temperatures of 40, 55, 70, and 85°C. The pH effect on the direction of
color change was not recognized in any of the solutiomns at 40°C except at
pH10.1, nor was it noted at 55 and 70°C for the solutions above pHIl.Z2.
Development of hematite was noted in all solutioms at 85°C. A dependence
of the color change on pH, in which lower pH leads to larger a* values,
corresponds to the formation of hematite, which is favored at lower pH.

The direction of crystallization paths tends to shift toward the
hematite line at higher temperatures and lower pHs. To determine the
relative contents of goethite and hematite in the end products an XRD
analysis was made (increment: 0.02°28, counting time: 10 sec./increment)
for 20 to 25°28, which includes the strongest reflection of goethite at
21.2°25(110), and of hematite at 24.2°26(012) among.non—overlapping peaks
with goethite. Table 1 shows the integrated intensity (peak height times
width at half height) of the 110 line of goethite and the integrated
intensity of the 012 line of hematite. The greatest intensity was given
by the sample at pH1L1.2 and 55°C for goethite and at pH6.5 and 95°C for
hematite, and sc the relative goethite or hematite content in these sam-
ples was set equal to 100. Based on hematite/goethite ratios (Hm/Gt)
calculated from the relative contents (Table 1), a diagram of the fields
of formation of goethite and mixtures of goethite and hematite was con-
structed as a function of the incubation temperature and the initial pH
(Fig. 5). Higher temperatures and lower pHs in this study are obviously
favorable for the formation of hematite. This tendency is alsoc recog-
nized by the color change. The sequence of the Hm/Gt ratios corresponds
to that of directions of color changes represented by final a* and b¥*
(Table 1). Although the color change direction for pH 11.2 and 55°C 1is
clearly different from goethite line, the relative content of hematite is
0. As is shown in Table 1, pure goethites show similar widths of the 110
line (0.62-0.66) except at pHL1.2 and 55°C (0.40). A thinner width of
the 110 line indicates the formation of different types of goethite,
e.g., acicular crystals cf smaller width (Schwertmann and Murad, 1983),
which may lead to the shift from the goethite line of coler change at
pH11.2 and 55°C. Since mixtures of goethite and hematite show the widths
of the 110 line between 0.50 and 0.58 (Table 1), the directions of color

change of the mixtures are considered to be controlled by the formation
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of hematite rather than that of goethite with different morphology.

Kinetics of goethite crystallization

In our previous study on the color variatioms associated with goe-
thite crystallization, the b* values were related to the goethite pro-
portion determined both by an XRD peak intensity of the 110 line and by
an infrared peak area at 890 cm~! (Nagano et al., 1992). Figure 6 shows
goethite crystallization curves constructed based on the variations of
b* value. The b* value increases with the incubation time, and remains
constant. The crystallization of ferrihydrite to goethite was shown by
Schwertmann and Murad (1983) to follow a pseudo-first-order reaction rate
law; the rate of crystallization at any time is proportional to the
amount of residual ferrihydrite in the precipitates. The positive rela-
tionship between goethite crystallinity and the b* value also indicates
an exponential increase in the b* values. The crystallization curves
shown in Fig. 6 follow the following type of equation.

b* = Cl—Cz-exp(—k-f) (1)
where t is the incubation time (h), and Cy, Cs; and k are constants. We
fit the colorimetric data to equation (1) by a least-squares fitting
method to estimate k, the rate constant of the overall reaction. The
results are summarized in Table 2 for the samples with the color change
directions corresponding to goethite.

Temperature effects on the crystallization kinetics of goethite are
expressed in the form of the Arrhenius plots (Fig. 7). The positive
temperature effect on the crystallization kinetics is obvious. Effects
of pH on the goethite crystallization kinetics are shown in Fig. 8.
Higher pH conditions apparently result in higher rate constants, and a
positive effect of pH on the kinetics is also obvious.

Rates of goethite crystallization are significantly influenced by
aging temperature and by the initial pH of soiutions. with respect to
the goethite crystallization mechanism, Misawa et al.(1974) stresses a
solid state transformation on the basis that both ferrihydrite and
goethite consist of hexagonal close-packed oxygen framework. However,
the generally accepted model for the goethite crystallization consists of
two steps: dissolution of ferrihydrite and reprecipitation of the Fe as
goethite (Feitknecht and Michaelis, 1962: Schwertmann and Fischer, 1966).

In the present study, we follow the two-step crystallization model to
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explain both the pH- and the temperature-dependence of the rate as below.

According to a more refined model of the two-step model,. goethite is
strongly favored where the concentration of monovalent Fe(III) ions such
as Fe(OH)2+ or Fe(OH)},™ is at a maximum (Schwertmann and Murad, 1983).
Fe(OH),~ is the dominant dissolved species in highly alkaline aqueous
solutions (Stumm and Morgan, 1981), and therefore could be the species
controlling goethite precipitation. In considering the pH-dependence of
the rate (Fig. 8), we can consider the dissolution of ferrihydrite for
the present conditicn to be the.OH" promoted reaction as,

Fe(OH)3 + OH™ » Fe(OH),~. (2)

The apparent activation energies of the overall reaction were calcu-
lated from the slope of the Arrhenius plots to be 56.1 % 0.6 kJ/mol for
pH11.7 and 48.2 % 4.1 kJ/mol for pH12.2. These values are within the
range of mineral-solution alteration processes such as dissolution of

some silicates (Lasaga, 1981: Schott and Petit, 1987).

Conclusion

The crystallization progress of goethite, hematite and mixtures of
the two phases was investigated in alkaline aqueous solutions by mea-
suring their colors. The direction of color changes on a*-b* diagrams
allows us to discriminate between goethite and a goethite-hematite
mixture. Goethite was indicated by parallel colorimetric changes to the:
b*-axis, and hematite was indicated by increasés in both the a* and b*
values. Mixtures of the twe phases had colorimetric values that plotted
between the lines defined by goethite and by hematite alone. Crystal-
lization curves for goethite based on the b* values indicated exponential
time evolution. Pseudo-first order rate constants were obtained from the
curves. Arrhenius plots showed the apparent activation energies to be
about 56.1 kJ/mol at pHI1.7 and 48.2 kJ/mol at pHlI2.2. The temperature
and pH dependence of the goethite crystallization rate supported the
published two-step model conmsisting of dissolution of ferrihydrite and

subsequent precipitation of goethite.
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Table 1 Nature of crystalline products after aging at variocus pH
and temperature conditioms.
Condition Goethite Hematite Final
pH, TCC)  WHH110 Intensity(%) WHHoi2 Intensity(%) Hm/Gt a b
122 40 0.62 86 — — — 9 38
55 0.64 85 — — — 8 39
70 0.66 74 — —_ — g 38
85 0.64 71 — — —_ 9 37
11.7 40 0.64 80 —_ - — 8 37
55 0.64 79 — —_ — 8 37
70 0.66 75 — o g 38
85 0.58 83 0.44 2 0.02 13 42
11.2 40 0.66 79 —_ — 9 36
55 0.40 100 — — — g9 45
70 0.50 a2 0.36 2 0.02 13 44
85 056 a9 0.54 9 0.09 18 40
10.1 40 0.56 66 0.52 3 0.05 16 45
55 0.58 a1 0.48 15 0.19 23 40
70 0.56 68 0.52 43 0.63 27 33
85 0.58 41 0.54 70 1.71 27 30
6.5 95 — — 0.52 100 oo 25 23

Table 2 Pseudo-first order rate constants
for goethite crystallizatiomn.

pH, Temperature ("C) k (h-1)
122, 85 1.46 +£0.104
12.2, 70 0.72+0.057
12.2, 55 0.40+0.024
12.2, 40 0.13+£0.006
11.7, 70 0.45+0.073
11.7, 55 0.18%0.018
11.7, 40 0.07+£0.003
11.2, 40 0.03+0.005

— 101 —
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Fig. 1 Color variations on an a*-b* diagram associated with
crystallization of ferrihydrite to goethite at pHlZ.2Z and
40°C and to hematite at pH6.5 and 95°C. The crystallization
of goethite seems to proceed almost parallel to b* axis,
whereas that for hematite shows increases in both a* and b*
values. Arrows indicate increases in incubation time.
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Fig. 2 X-ray diffraction patterns of the iron hydroxide
crystallized to hematite with an aging time of
0, 3, 4, 5, and 44 hours.
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Fig. 5 TFields of formation of goethite and mixtures of goethite
and hematite as a function of the initial pH and the aging
temperature. An r represents the Hm/Gt ratic in Table 1.
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Fig. 6 Crystallization curves of goethite based on the b* values.
These curves appear to follow a pseudo-first order rate law.
O pH12.2, 85°C, [JpHl2.2, 55°C, {>pHiZ.2, 40°C, ApHLL.7,
40°C, xpHLL.Z, 40°C.
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Fig. 7 Arrhenius plots for the samples at pHIl.7 (40-70°C)
and pHI2.2 (40-85°C), where only goethite formed.
Apparent activation energies of overall reactions
were calculated to be 56.1 KJ/mol for pHI1.7 and
48,2 KJ/mel for pH1Z.2.
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-5 L !
10 11 12 13
pH

Fig. 8 Effects of pH on the crystallization rates of
goethite at 40°C and pHI1.2-12,2. Positive
effects of [OH™] shown in this figure indicate
that goethite crystallizatiom is the OH™
promoted reaction.

— 105 —



JAERT—M 94--027

4, Natural Analogue Study
4.1 Groundwater Geochemistry and Distribution of U-series Radionuclides

in the Koongarra Uranium Ore Deposit, Australia

N. Yanase, T.E. Payne and K. Sekine

Introdution

A detailed understanding of the migration behavior of actinides in
the geosphere is now urgently néeded to assist in the safety assessment
of high level radioactive waste disposal. Geochemical studies of‘uraniuﬁ
orebodies enable the migration of uranium and other radionuclides over
long geologic timescales to be investigated. Information from these
'natural analogues' will be used to predict the behavier of repository
systems over long timescales. Therefore, natural analogue studies have
been carried out at several sites throughout the world (Airey, 1986;
Cramer, 1989; Petit, 1990; Suutarinen et al., 1991; Menager et al., 1992;
Menet et al., 1992; Nohara et al., 1992).

The Alligator Rivers Analogue Project (ARAP) was one of these natu-
ral analogue studies, and was aimed at understanding the mobility and
retardation of uranium at the Koongarra uranium ore deposit over long
timescales (Duerden et al., 1987)., 1In this.study the chemical charac-
teristics of, and uranium distribution in, Koongarra groundwaters were
investigated to provide a geochemical framework of the Koongarra system.

The decay series of uranium-238 contains a variety of elements, many
of which have applications as tracers in the enviromment. The isotopes
in this decay series have a wide range of half-lives, which makes them
particularly useful in estimating the timescales of environmental phe-
nomena. As well as 2380 (T1/2 = 4,5 x 10° years), this decay series
includes 234U (Ty/, = 2.4 x 10% y), 230Th (7.5 x 10% y), ??%Ra (1600 ¥),
222pp (3.8 days) and 210ph (22 y), together with some shorter lived
isotopes. The activity of each radionuclide in groundwaters varies over
a wide range, depending on the level of 238y 1in the solid phase which is
the source of these radionuclides in the groundwater.

In many geochemical applications, it is not the absolute activity of
each isotope which is of primary interest, but the relative activity of
the isotopes to one another or to 238y, This is not a function of the

radioactivity of the solid phase, but is dependent on the groundwater
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geochemistry. Therefore, activity ratios provide a useful tool in inves-

tigating the geochemical phenomena influencing radionuclide migration.

The Study S5Site

The Koongarra uranium deposit is situated 225 km east of Darwin in
the Northern Territory of Australia. The details of the most recent
studies of the geology, geochemistry and hydrology of the site were
reported in the final reports of the ARAP studies (Snelling, 1993; Davis
et al., 1994; Payne et al., 1994). The zone of primary uranium mineral-
ization has been intersected by weathering conditions, and this has
resulted in the formation of a secondary ore zone and a dispersion fan in
the weathered zone. The dispersion fan is a uranium-rich zone which
extends away from the primary ore-zome in the direction of groundwater
movement. The primary orébody extend to depths exceeding 100 m, and the
weathered zone is about 30 m thick. The host rock of the Koongarra ore
deposit is quartz chlorite shist. Secondary uranium minerals and weather—
ing products such as clay and iron minerals are present in the weathered
zone. The groundwater flow direction is generally from northwest to

southeast, moving away from the Koongarra fault.

Experimental

I. Sampling and field measurement

Numerous boreholes exist at Koongarra and may be used for ground-
water sampling (Fig. l). These boreholes fall into the following
categories:

a) PH, KD, C and M holes. These borehcles have a metal casing
through the weathered zone to prevent them from collépsing. Therefore,
groundwaters are sampled from depths greater than about 20 m using these
boreholes. Groundwater from these borehcles was usually obtained using
a submersible pump suspended between inflatable packers (Fig. 2A).

¢) W holes. The W boreholes were constructed to obtain groundwaters
from within the weathered zone. They were cased with two PVC (polyvinyl-

chloride) pipes, open at two separate intervals (Fig. 2B). These were at
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depths 13-15 m (referred to as Wla, W2a, ete.), and 23-25 m {(Wlb, W2b,
etc.).

Seven field samplings after and before the annual wet season were
carried out in May and November 1988, May and October 1989, May and
November 1990, and April 1991 for 48 boreholes to collect groundwater
samples. The usual sampling procedure was to pump the borehole using a
submersible electric or diaphragm pump whilst monitoring the pH and
conductivity. When these parameters became stable it was considered that
the standing water had been el?minated and aquifer water was being sam-—
pled. The bicarbonate concentration was determined by titration with
standard (0.010 M) HC1 solution (Barmes, 1964), and other field parameters
including pH, Eh, conductivity and dissolved oxyvgen (DO), were measured.
For most chemical analyses, samples were taken after filtration through a

0.45 um membrane filter.

2. {Chemical analysis

At the laboratory, -elemental analyses were carried out using a
number of techniques including ICPMS, ICPAES, AAS, anion exchange chro-
matography, and spectrophotometry. The procedures used were genarally
standard techniques and reported pfeviously (Payne et al., 1994). Phos-
phate was determined using a standard molybdenum blue spectrophotometric
methed (APHA, 1985). Uranium was measured using alpha and gamma spectro-
metry, quantitative ICPMS and the Kinetic Phosphorescence Analyzer (KPA).
The technique of alpha spectrometry has been documented in detail else-
where (Ivanovich and Harmon, 1982). The gamma spectrometry is described
in the next section. The KPA has been mere recently developed, and en-
ables rapid determination of uranium concentrationms to be made in aqueous
samples, with good sensitivity and accuracy provided that interferences

are not present (Payne et al., 1994).

3. Measurement of uranium-series isotopes by gamma spectrometry

Radon-222 and 22°Ra in the groundwater were measured directly by
gamma spectrometry (hereafter referred to as the "direct method"), and
the other isotopes were measured by gamma spectrometry after evaporation
of the groundwater to dryness (hereafter referred to as the "evaporation
method"). The concentrations of 238U and 23%U/238U activity ratios in

the residue of groundwater were also determined by alpha spectrometry.
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3.1 Direct method

For the determination of 222Rn and 226Ra, about 250-500 ml of ground-
water was collected in a polyethylene or polycarbonate bottle. At the
time of analysis, the exact amount of the sample solutions was determined
by weighing, and the amount of added HNO3 was allowed for in subsequent
calculations. Samples were measured using an ORTEC Ge detector (closed
end coaxial type, N type crystal) for 5,000-50,000 seconds, with the
count-time depending on the activity of the sample. The combined 222pn+
226Ra concentration was determined from the 352 keV peak of 21L+Pb, or
the 609 keV peak of 21%Bi. These are both daughter nuclides of 222gn.
Figure 3 shows a spectrum of groundwater collected at Wib.

In order to check the tightness of sample bottles for 222gp gas
leakage, some samples with high 222Rn activities were measured repeatedly.
For these samples, the 222Rn activity decreased in accordance with the
half~life of 222Rn (3.8 days), from which it was concluded that leakage
of 222Rn from the sample bottles was negligible.

After two months, all the samples were measured again (for 30,000-
300,000 seconds), to determine the 22%Ra concentration. By this time,
about 16 times of 222Rn half-life had elapsed, so¢ the contribution from
"ynsupported" 222Rn (present at the time of sampling) was insignificant.
The original 227Rn concentration was calculated by subtraction of tEe
226Ra activity from the original 222pn+220Ra concentration. Appropriate
corrections for radicactive decay from the time of sampling to the
commencement of the measurements, and during the measurements, were
included in all calculations. The detector was calibrated by the mea-
surement of a 22%Ra standard solution obtained from Amersham, UK, with
the same conditions as for the sample measurement. The same samples were

then analyzed by the evaporation method described in the next section.

3.2 Evaporation method

The groundwater samples (500-2000 wl) for the determination of 238y,
226Ra and 2'Pb, were weighed, then evaporated to about 100 mL in a glass
beaker. They were then transferred to a plastic vessel (inner diameter
32 mm or 24 mm), and the evaporation was continued to near dryness using
an infra-red lamp. The dried residue was sealed and stored for more than
5 months to equilibrate the 2341y (Tl/z = 24 days) activity with 238y
activity. Tt was then measured by gamma spectrometry using an ORTEC LO-

AX detector (51 mm and 19 mm in diameter and thickness, respectively).
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Uranium-238, 22%Ra and 21UPb were determined from the gamma-ray peaks at
63 keV (of 234Th), 186 keV and 46.5 keV respectively. For the determina-
tion of 220Ra in the residual sample, the contribution to the 186 keV
peak from 235y was subtracted. This was done using the counts in the 63
keV peak, using a constant activity ratio (235U/238U = (0,046), which was
calculated from the natural abundance of 235y (0.720 atomZ) and 238y
(99.275 atom%Z). The 352 keV or 609 keV peaks (used for determinations in
the direct method) were not used in this casge, as a leakage of 222pn from
the measurement vessel may have introduced a source of error.

The detector was calibratea by the measurement of 238y and 22%Ra
powder rock standards obtained from NBL {New Brunswick Laboratory), USA,
with the same conditions as for the sample measurement. Figure 4 shows a
spectrum of the residue of groundwater collected at Wib.

For the subsequent analysis of 238y angd 23%y, 232p yield tracer and
6 M HCl were then added to the residue used in the previous determinatiom.
After more than 2 weeks, the liquid phase wasg filtered through a 0.45 pm
membrane filter. The uranium leached from the residue was purified by

chemical separation and measured by alpha spectrometry.

Results and Discussion

1, Main characteristics of groundwaters

Selected parameters for a groundwater sample from near the center of
the orebody (borehole W4) are shown in Fig., 5. The region close to this
borehole can be considered to be a starting point of uranium migration.
The main characteristics of the W4 samples are:

a) the pH is close to neutral,

b) the conductivity is low, indicating a dilute groundwater with low
levels of dissclved constituents, |

¢) magnesium is the dominant cation, and is important at Koongarra
because it is released by weathering of the chloritized schists
of the host rocks by groundwaters (Murakami et al., 1990: Herczeg
and Payne, 1992),

d} the major anion is bicarbonate,

e) the groundwater contains elevated concentration of uraium,

f) the groundwater is slightly oxidizing with respect to utt/utt, and
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g) levels of silicon are high relative to many of the cations present.

2. Seasonal effects

The annual fluctuation of standing water levels at Koongarra raises
the possibility that the chemical conditions and movement of uranium in
groundwater could be strongly dependent on the season. For the key para-
meters, magnesium and bicarbonate concentrations, only slight differences
were detected between samples from different field trips (Fig. 6}.

The relatively conmstant major iom concentrations of these ground-
waters imply that seasonal change in groundwater geochemistry is a
relatively minor consideration in ufanium migration in the permanently
saturated zone. The spatial variation is of far greater significance.
The pH and the concentrations of phosphate together with the magnesium
and bicarbonate were also reproducible, which implies that the speciation
of uranium is likely to be similar throughout the year at the depths of

both the 13-15 m and 23-25 m sampling points.

3. Change of chemical characteristics with depth

As discussed above, the seasonal change of groundwater character—
istics was small, however, the characteristics were highly &ependent on
the sampling depth. The pH of samples from the depth greater than 13 m
in the Cahill formation is fairly uniform, usually between 6.5 and 7.7
(Fig. 7). Rainwater, sampled at Koongarra on a field trip in April 1991,
had a pH of 5.2, significantly below neutral, and contained very dilute
levels of total dissolved constituents, as indicated by its low conduc-
tivity of 17 uS/cm. A small creek at Koongarra was also sampled in April
1991, At this time of year, it would be expected that this water would
be similar to rainwater and this was shown by its composition. The pH
was 4.6 and conductivity was 18 uS/cm. The pH/Eh conditions of ground-
water samples are plotted on Fig. 7 for the samples ccllected in April
1991. The groundwaters form depths greather than 13 m plot in a field of
relatively higher pH and lower redox potential. The pH/Eh of the shal-
lower samples (<12 m) trends towards those of creek and rain waters.

This diagram suggests a gradation in groundwater pH/Eh conditions as a
function of depth.

Figure 8 shows the correlation between Mg and HCO3 concentratioms,

which are the major cation and anion, in the three depth regions for all
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the groundwater samples. It was apparent that both concentrations were
lower in the shallow region (<12 m) than in the deeper region. However,
there is no distinct difference in these concentrations for the deeper
depth (>13 m). The characteristics of the Koongarra groundwaters are

summarized in Table 1.

4. Chemical form of uranium

The pH and redox potential are indicators of the acidity and likely
oxidation states of key species. such as Fe and U. As shown in Fig. 7,
pH/Eh conditions tended to be in the regime of significant uranium solu-
bility (uranium present in its oxidized (U(VI) state) (Brookins, 1988).
Therefore, Koongarra groundwaters would generally be expected to dissolve
the rather insoluble mineral uraninite (U0;) which is present in the
primary ore zone. Similar conclusions have been reached after detailed
geochemical modelling of the Koongarra groundwater data (Sverjensky,
1994). The chemical speciation of uranium (which influences its adsorp-
tion behavior) is a function of the concentrations of complexing ligands.
Koongarra groundwaters are quite low in total organic carbon (generally
below 2 mg/L), therefore inorganic species, such as carbonate and phos-
phate are likely to be the main urényl complexants. If phosphate does
not play a significant role, the speciation of uranium at Koongarra would
be expected to be dominated by uranyl carbonate species. In fact,
Sandino and Brunec (1992) suggested that carbonate species were dominant
when the carbonate concentration was more than one order of magnitude
greater than the phosphate concentration. At Koongarra, the bicarbonate
concentration was three orders of magnitude higher than the phosphate
concentration (Fig. 5). Furthermore, positive correlaticn between the
concentrations of uranium and bicarbonate in groundwater was observed

(Fig. 9}, but there was no correlation between uranium and phosphate.

5. Radicactivity of uranium series nuclides

5.1 Horizontal distributions of 238U and 210Pb

The 2387 concentration was highest in the center of the crebody,
being 6.3 Bq/L in a sample obtained from borehele Wia. The plan-view of
238y activity (Fig. 10) showed that the extent of 238y dispersion to the
south (towards borehole Cl1) was greater than the dispersion towards the

south—east, in the direction of PH94. Groundwater from PH80, which is
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gome 100 m from the recognized limits of the No.l orebody, has 2387 con-
centrations of 0.056-0.18 Bg/L, which was significantly above the levels
found at PH94 of 0.0026-0.0073 Bq/L, which are similar to the background
levels for the Koongarra area.

The contours of 210Pb activities suggested an elongation of the
radiochemical halo from the orebody in the direction of PH80, where the
concentration of 2!0Ph was significantly elevated (Fig. l1). The PH88
(38-40 m) sample was noted as showing an unusually high 210ph activity.
This sample, and the sample from PH80, had the highest 210pp content
obtained outside the zones of primary and secondary uranium mineraliza-
tion. Indeed, the 2'0Pb activities at PH80 were higher than groundwaters
from PH55, which intersects the dispersion fan, These data are a further
indication of the possibility of groundwater flow towards Cl rather than

towards PH94,

5.2 Activity ratios of uranium series nuclides
5.2.1 U-234/U-238 activity ratios

The measured 23%U/2380 activity ratios in groundwater are generally
greater than unity. However, for many Koongarra groundwater samples, the
23477/238y ratio is below unity (Fig. 12). In the weathered and transi-
tion zones, the 23477238y ratio ranges from 0.65 at W2 (13-15 m) to.l.25
at PH94 (26;28 m). In the unweathered zome, the highest value of this
ratio is 1.41 at PH58'(38-40 m) and the lowest value is 0.76 at PH8S
(38-40 m). Figure 13 shows a plan view of 2343/238y activity ratio at
the depth of 20-30 m. There was an elongation of the low 234y/238y ratio
around W2 borehole towards PH88 and PH80 boreholes.

A process contributing to the relative immobility of 234y (compared
to 2380) has been proposed by Nightingale (1988), who observed that the
process of alpha-recoil, as well as injecting 234Th inte solution, also
immobilized some 23%Th by recoiling it into resistant mineral phases
where the daughter 23%U was invulnerable to leaching, that is, "alpha-
recoil emplacement”. Another possible explanation of low 234238y
activity ratio is that 234%Tn (24 days), dauther of 238y, is adsorbed on
to clay and iron minerals produced by weathering of host rock, and 234Th
and its daughter nuclide, 23‘*U, are subsequently fixed in the minerals

(Ohnuki et al., 1990). This results a depletion of 2347 4n groundwater.
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5.2.2 Ra-226/U-238

In the weathered zone, the highest value of the 226Ra /2387 activity
ratio was 34 at PH14 (20-26 m) and the lowest was 0.02 at W2 (23-25 m),
where the lowest 23%#77/238y ratio was observed (Fig. 13). In the un-
weathered zone, the 226R5/2?38y ratio ranges from 0.85 at PH4Y9 (44-46 m)
to 85 at PH94 (40-42 m). Previously reported values of measured
?26Ra/2387y ratios range from 0.026 to 5300 (Cline et al., 1983; Kanal,
1988; Gascoyne, 1989). In the weathered zone, 226Ra is enriched around
PH94 hole (southwest direction from ore zone), and depleted around W2
hole (edge of secondary dispersion fan and south direction from the
center of ore zone). Uranium mobility is redox sensitive because the 
dominant oxidation state of uranium under reducing conditions is U(IV) "
which is relatively insoluble and immobile, whereas under oxidizing
conditions mobile U(VI) species are present. Radium generally has an
intermediate mobility between U(IV) and U(VI), but, in contrast to
uranium, is less mobile in oxidizing conditions because it is strongly
adsorbed by clay and iron minerals which are often present in oxidizing
conditions and arise from weathering of the host rock. Therefore, the
226R4/238Y activity ratio in groundwater is expected to be lower in
oxidized conditions (weathered zone) than in reduced conditions (un-
weathered zone), The lowest value {at W2) may be attributed to 226Rga

adsorption by graphite, which is present near this borehole.

5.2.3 Rn-222/Ra-226

Rn-222 is present at levels greatly in excess of those of 2387 in
Koongarra groundwaters, as is generally observed in groundwater, The
activity ratio of ?22Rn/225Ra shows the highest value of 2.0x10° at W2
{23-25 m) and lowest value of 8.0x102 at C6 (23-24 m) in the weathered
zone., The reported range of 222Rpn/226Ry activity ratios in groundwaters
is from 102 to 10% (Lee, 1979; Stenstrand, 1979; Strain, 1979; Asikainen
and Kahlos, 1980; Hussain and Krishnaswami, 1980; Asikainen, 1981; King,
1982), The ratios obtained for Koongarra groundwaters are shifted
towards higher values. The 222Rp /2288y activity ratios of the ground-
waters in shallower weathered zone would be expected to be higher than
those in deeper unweathered zone, due to the mechanisms (noted above) of
Ra adsorption on clay minerals, and the co-precipitation of Ra with Mn

and Fe.

Radon gas is a useful tracer to investigate groundwater flow because
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a mobility of radon in groundwater 1s fairly high (Hines et al., 1982).
However, 222Rn (with a half-life of 3.8 days) cannot migrate long dis-
tance at Koongarra because the veloclity of groundwater flow is very slow
{about 1 m/yr). Therefore, the distribution of 222Rn ghould be similar
to that of 226Ra, precursor of 222Rn, which would suggest a comstant
222Rn/220Ra activity ratio at different sampling points. However, the
results varied widely. This may be due to fast migration of 222gp
through fractures sufficient to create disequilibria even in the short

half-life of 222Rn.

5.2.4 Lead-210/Rn-222

Lead-210 is produced, via a number of short-lived intermediates,
from the decay of 2%?Rn. High concentrations of 210ph were measured in
groundwater samples from a number of Koongarra boreholes, particularly
from the center of the orebody (Fig. 11). While the measured activities
of 210pp varied over several orders of magnitude, from <0.028 Bq/L to 100
Bq/L, the measured 2'YPb/222Rn activity ratios only ranged from 1.4x10""
to 1.6x10~3, This shows that a major factor determining the activity of
210ph in these groundwaters is the level of its precursor 222pn, which is
reasonable considering the short half-lives of the intermediate radio-
nuclides in the decay chain.

Assuming a simple box model, a scavenging residence time (t) for
210pp of 1 day was calculated from the 219Pb/222Rn activity ratio (R)
for groundwater at Gujarat, India (Hussain and Krishnaswami, 1980), using
the equation:

t = 11061 (R/(1-R))
(11061 days is the mean lifetime of 210pb).

At Koongarra, 210ph residence time of about 6 days can be calculated from
the mean 219Pb/222Rn activity ratio (5.1x10"%). The longer residence
time, and the higher relative levels, of 2i0ph guggest a slow adsorption
reaction of 210Pb to the solid phase, and the possible presence of a

semi~stable form of 219Pb in Koongarra groundwater.

6. Heorizontal trends and flow patterns

A number of different approaches have been used in studies of geo-
chemical trends in Koongarra groundwaters. Giblin and Snelling (1983}

concluded that chemical characteristics of groundwater towards PH80 and
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PHB8 (directicn towards 1) was similar to the orebody. In a study of
groundwater helium values (Gole et al., 1986), the elevated levels of
helium had a similar distribution to that obtained with the chemical
characteristics of groundwater, again showing & slight elongation towards
PH80. The plan-view of the 238U (Fig. 10) derived in the present study
indicates groundwater movement towards the scuth (towards Cl).

Thus, the different investigations of groundwater components have
reached essentially similar conclusions, that present groundwater flow
paths may well include a component towards the south, which is at an
angle to the flow inferred from the extent of the secondary uranium
mineralization which extends more perpendicularly away from the fault
{towards the south-east). However, it should be emphasized that ground-
water geochemistry reflects flow patterns and chemical interactions which

have occurred over recent geological times.

7. Migration distance of uranium

The transport of uranium towardé Cl (which may be a geologically
recent phenomencn) has been discussed above. Figure 14 shows the 238y
concentrations along a transect through the orebody. (The transect
extends approximately from borehole KDl across the ore-zone towards
borehole PH96 and PH94. 1In Fig. 14, there is a sharp increase in 238y
concentrations, up to as much as three orders of magnitude above back-
ground levels, when moving groundwaters intersect the orebody. The
variation in U is by about three orders of magnitude, much greater than
the range of other ions. Uranium concentrations of groundwaters return
te background levels about 200 m down-gradient of the orebody, and this
result is consistent with the uraium distributicn of solid phase (Edis et
al., 1994), This can be attributed te the localized U distribution and
to the reduction ¢f U ccncentrations by adsorption. Therefore the front
of elevated U concentrations has migrated by about 200 m since weathering
of the primary orebody commenced, although most of the uranium remains
very near or within the primary ore body. Furthermore, more recent
migration of uranium towards Cl may have occurred. However, the limit of
tranium migration towards Cl is unknown due to the lack of data in the
region beyond Cl1 boreheole.

A diversity of modeling approaches have been used to estimate the

age of the dispersion fan (Golian et al., 1994). The age estimates lie
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in the range 0.5 to 3 million years, with a median in the range 1 to 1.5
million years. 1In the present geochemical conditions have been main-
tained during the formation of the secondary mineralized zone and the
dispersion fan, the migration of uranium over distances up to about 200 m
is therefore estimated to have occurred over timescales of 1-1.5 million

years.
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Table 1 Geochemical characteristics of the Koongarra groundwaters.

Depth pH Eh Conductivity lon concentration Seasonal variation
{mV) (nSfem) (mg/L}
<12m Slightly acidic Oxidized Low Low Large
(6.27) (300) (76) HCO3(40)
Mg(4.4)
13-30m Neutral Slightly oxidized High Medium Smail
{6.82) (168) (170 HCO3(101)
Mg(15)
>31m Neutral Slightly oxidized High High Small
(7.04) (120) (202) HCO3(153)
- Mg(22)
Rain water ~ Acidic Oxidized ~  Low Vary low
(5.2 (555) (17) {ND)
Creek water Acidic Oxidized Low Low
{4.6) (485) (18) (0.14)
The figures in parentheses denote mean value.
ND:no data
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