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INTRODUCTION

The performance assessment of a final repository for spent nu-

clear fuel needs, among other things, solubility data (solubility

constants, solubility limits) associated with the radionuclides

found in the fuel. Such data should be known for all the rele-

vant temperatures to be found in the vicinity of a repository.

The temperature close to the canisters is expected to increase

directly after their deposition, reach a maximum after some

years, and then slowly decrease towards the temperature of the

surrounding bedrock. The temperature will not exceed 100 °C.

The temporal changes of the temperature in various parts of the

repository are shown in Figure 1 from Raiko /1996/.

At temperatures in, for example, the range 80 - 100 °C, the

solubility data used are mostly based on extrapolations of data

obtained at lower temperatures using well-known relationships

like, for example,

ln(K2/Ki) = £2AH7(RT2)dT (1)

where AH° is the enthalpy change of the reaction considered,

Ki and K2 are the reaction constants associated with the abso-

lute temperatures Ti and T2 respectively, P is the pressure, and

R is the molar gas constant. The equation can be used in order

to extrapolate known data obtained at a temperature Ti to an-

other temperature T2. For AH° values which are constant over

the temperature interval considered, integration of eqn. (1)

from Ti to T2 yields

ln(K2 / Ki) = -AH°(1 / T2 - 1 / Ti) / R (2).

Thus, the value of K2 can, in principle, easily be estimated.

Other, and somewhat more sophisticated, functions for estimat-
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Figure 1. The temperature at the interface between canister and bentonite vs.
time in various parts of the final repository for spent nuclear fuel
/Raiko 1996/. Further details are given in /Raiko 1996/.



ing K at elevated temperatures exist but will not be mentioned

here (see e. g. Helgesson /1969/, Wanner /1988/ and Murphy

/1996/). However, extrapolations of data may be associated

with notable uncertainties and therefore, albeit such an ap-

proach is scientifically justified, there may be a need to confirm

extrapolated estimates with experimental data (see e.g. Berner

/1995/).

The objective of this literature study was to find out whether

there are any proper solubility data available for elevated tem-

peratures (80 - 100 °C), expressed either as solubilities of rele-

vant solids or as solubility limits, for a number of radionuclides

that are present in the nuclear fuel. The nuclides of interest

were: 79Se/ *>Zr, *Tc, 107Pd, 12*Sn, 226Ra, ^ h , 230Th/ ^Pa , ^ U ,

2 3 4 ^ 235U, 236U, 2 3 8 ^ 2 3 7 ^ 238pU / 239pU / 240pU / 2 4 i p U / 242pU / 2 4 1 A n i /

243Am, ^Ni, and *>Ni.



SOLUBILITY DATA AT ELEVATED TEMPERATURES

The literature contains a considerable amount of results from

various types of solubility studies. However, most of the ex-

perimentally obtained solubility data emanate from work done

at room temperatures (20 - 25 °C), while the reports on work

performed at higher temperatures, up to 100 °C and higher, are

scarce. The following part of this chapter presents some of the

few published experimental solubility studies which have been

made at the above temperatures and which were found to be

relevant for the question: How does temperature influence the

solubility limits of radionuclides in the vicinity of a repository?

Mostly, the solubility-limiting solids considered in the perfor-

mance assessment, PA, consist of simple compounds containing

the radionuclides in question, see Table 1, and the references

reviewed therefore focus on these types of materials. The rela-

tively limited range of solids used is mainly explained by the

chemical conditions of the groundwater (high pH, low Eh). The

table is for demonstration only and no efforts have been made

to distinguish between, for example, non-saline, brackish and

saline groundwaters. Slight differences are found when compa-

ring different references and their proposed solubility-limiting

solids for various radionuclides in different groundwaters, see

e.g. SKB-91 /1992/, Vuorinen and Leino-Forsman /1992/, Vie-

no et al. /1992/, McKinley and Savage /1994/, Vieno /1994/,

Berner /1995/, and Enresa /1995/. It is, however, beyond the

scope of this report to deal with the reasons for these discre-

pancies. The reader is referred to the works mentioned and re-

ferences therein for further discussions on this matter.



Table 1. A simplified collection of some typically proposed solubility-limiting
solids for radionuclides in repository conditions.

Element

U

Np

Pu

Am

Th

Ni

Ra

Sn

Se

Tc

Pd

Pa

Zr

Reducing

conditions

UQKfuel)

Np(OH)4

Pu(OH)4

AmOHCCV

ThO2

NiO

RaSO4

SnCb

Se

TcO2

Pd(OH)2

Pa2O5

ZrOz

Oxidizing

conditions

UO2(OH)2H2O

Np(OH)4

Pu(OH)4

AmOHCO3*

ThO2

NiO

RaSO4

SnO2

Se

TcO2

Pd(OH)2

Pa2O5

ZrO2

Reference

YJT-92-11

YJT-92-11

YJT-92-11

YJT-92-11

YJT-92-11

YJT-92-11

YJT-92-11

YJT-92-11

YJT-92-11

YJT-92-11

SKB-91

SKB-91

SKB-91

*) Am(OH)3 for the saline ggw. #) Am(OH)3 for the saline and
fresh ggw.

The following discusses solubility experiments and modelling

studies dealing with the radionuclide solubilities at elevated

temperatures. The choice of references is somewhat subjective

and in some cases, due to the general lack of experimental data,

references are cited although the experimental conditions are

somewhat outside the conditions expected in the vicinity of a

repository.



2.1 Experimental solubility studies

Uranium

Experimental solubility data on uranium are mostly related to

UO2 solubilities in aqueous solutions simulating various

groundwater conditions. Such studies are mostly performed at

room temperatures and will not be discussed here. A compre-

hensive study on the chemical thermodynamics of uranium

was recently published /Wanner and Forest 1992/'. The work

contains tabulated standard values for Gibbs energy, enthalpy,

etc. for a great number of uranium compounds, and also dis-

cusses, among other things, the solubility of various uranium

compounds. However, the predominance and solubility dia-

grams presented, as well as the solubility studies dealt with,

only refer to 25 °C (which is the reference temperature recom-

mended by IUPAC /Lafitte 1982/), and the solubilities of ura-

nium compounds, e.g. UO2, at elevated temperatures are not

dealt with explicitly.

The solubility of UO2 was studied from 25 - 300 °C in alkaline

solutions under reducing conditions by Tremaine et al. /1981/.

In short, the work was carried out using a flow solubility appa-

ratus in which oxygen-free, hydrogen-saturated standard LiOH

solutions were pumped through a UO2 bed and a subsequent

system containing an ion exchanger and a condenser. The ura-

nium exchanged on the resin or precipitated in the condenser

was then eluted with 200 mL of 2 M HC1 for analysis.

Major experimental details: Method: Flow solubility experi-
ment Solid material: Sintered, crystalline spheres of natural
UO2, ~ diameter 250 urn, density 10.3 g/cm3 from the Commer-
cial Directorate of the United Kingdom Atomic Energy
Authority. The major impurity was 450 (ig/g Al. All other ele-



mental impurities were less than 50 ng/g. The UO2 material
was left overnight in a hydrogen atmosphere at 900 °C to re-
move higher surface oxides before being quickly transferred to
the experimental apparatus. The amount of UO2 bed in the ex-
periments was approximately 180 g UO2, corresponding to
about 0.4 m2 geometric surface area. Solution: Oxygen-free, hy-
drogen-saturated standard LiOH solutions prepared by weight,
using Fischer reagent grade LiOH-rfcO from freshly opened
bottles. pH = 12.5. Pumping rate: 2 cm3/min o r j e s s < Redox
conditions: Reducing. Temperature: 25 - 300 °C. Time for the
experiments: 3 - 6 weeks. Experimental equilibrium: Due to
analytical difficulties it was not possible to prohibit meaningful
flow rate studies in order to determine whether equilibrium
had been attained. However, the authors claim that earlier
studies on transition metal oxide solutions do have time to
reach saturation in the system and the conditions referred to in
the study.

The results seem to indicate that the UO2 solubility is almost

independent of the temperature under the experimental condi-

tions and equal to about 1 • 10~7 M, see Figure 2. The authors

point out that the uranium molalities above 150 °C represent

the solubility of UO2, while at lower temperatures represent the

solubility of either UO2, or a higher oxide. A few static dissolu-

tion experiments were made at 25 °C in sealed glass cells,

purged with presaturated, deoxygenated hydrogen and con-

taining 1.4 g UO2 (31 cm2 surface area). After one month the

uranium molality reached a constant value of 1 • 10"6 M, a factor

of 10 higher than the results from the flow system. The higher

values found in the static tests were assumed to be caused by

the formation of U(VI) complexes, UO2CO30, UO2(CO3)2
2-

UCtyCOa^4", and (UO^OH)/ , which can form if oxygen and

carbonate are present The results can be compared with recent

studies on the solubility of UO2 fuel in various aqueous solu-

tions at 25 °C /Ollila 1995/. The UO2 fuel consisted of sintered
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Figure 2. The solubility of UO2 at pH 125 as a function of temperature at re-
ducing conditions/Tremaine et al. 1981/.

unirradiated polycrystalline UO2 fuel in pellet form. The UO2

dissolution tests consisted of various types of batch experi-

ments made under anoxic conditions, obtained using high-

purity nitrogen gas, in both NaHCO3 solutions (pH = 9.1) and

deionized water (pH = 7). The dissolution experiments lasted

300 - 500 days and steady state was achieved after about 100

days. The uranium steady state concentrations were found to

be about 1 • 1CH M and 2 - 4 • 10"8 M, for deionized water and

the NaHCC>3 solution, respectively, which is in fair agreement

with the results obtained by Tremaine et al. /1981/.

Under oxic groundwater conditions the solubility-limiting

phase for U may be schoepite, UO2(OH)2H2O, as indicated by

recent UO2 dissolution experiments /Cachoir et al. 1996/. An

apparent equilibrium state was reached in a five-month test

with a solid-to-volume ratio of 0.003 cm1. The result indicated

a U concentration of 2.77 • lfr4 M at 96 °C.



Major experimental details: Method: Static leaching tests. Solid
material: Sintered UO2, pellets supplied by CEA Grenoble. The
samples consisted of isotopically depleted nuclear fuel (0.3 at %
235U) with a density of about 10.42 and an O/U ratio around
2.1. The samples were cut in water into 3 mm thick disks
(diameter = 8 mm) with a diamond saw, cleaned in an ultra-
sonic bath, dried and stored in an anoxic atmosphere. Solution:
Geothermal water named "Exalada" that is in equilibrium with
surrounding granitic medium at 96 °C Composition: Cl =
5.73 • 10-3 M, SO42- - 2.86 • 1(H M, Na+ = 6.18 • 10-3 M, K+ =
1.03 • 11H M, Mg2+ = 1.19 • 10-* M, Ca2+ = 3.84 • 1(H M, SiO2 =
9.94 • 10^ M, Al3* = 2.59 • 105 M. pH = 8.1 Carbonate concen-
tration was fixed by the partial pressure of CO2 using commer-
cial N2/CO2 mixtures. Redox conditions: Oxic. Temperature: 96
°C. Time for the experiments: 2 - 5 months. Experimental equi-
librium: An apparent equilibrium state occurred when the
solubility limit of UO2 (under the experimental conditions) was
reached.

The U solubilities - 2.77 • 10"4 M - obtained by Cachoir et al.

/1996/at 96 °C and pH = 8.1 are about 1 - 2 orders of magni-

tude higher than those obtained by Ollila /1995/ under oxi-

dizing conditions at 25 °C in synthetic bentonite water (pH =

8.20) and synthetic granitic groundwater, "Allard water" (pH =

8.42). The compositions of the two waters are given in Appen-

dix 2. In batch dissolution experiments lasting over 2 000 days,

it was found mat the uranium steady state concentrations in the

bentonite water and Allard water were 1 • 10"6 M and 1 -

2 • 10"5 M, respectively. However, the observed difference be-

tween the uranium solubilities found for the two granitic

groundwaters "Exalada" and "Allard" (about one order of

magnitude) should not be explained as a cause of the tem-

perature difference alone, since the results by Ollila and

Cachoir et al. /1996/ were obtained under different chemical

and experimental conditions.
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Parks and Pohl /1988/ studied the hydrothermal solubility of

uraninite, UO2, at temperatures from 100 °C to 300 °C under re-

ducing conditions (50 MPa H2) in water solutions of HC1,

NaOH, or LiOH at calculated pH values from 1 to 10. The re-

sults indicated very little temperature dependence and no pH

dependence at pH above 4, suggesting predominance of the

single species U(OH)4(aq), which agrees with studies by Ollila

/1992a/. The suggested dissolution reaction was UO2 + 2H2O =

U(OH)4(aq) for which, at all temperatures from 100 °C to 300 °C

log K =-9.47 ±0.3.

Neptunium

Nitsche et al. /1991, 1993/ have made measurements on the

solubility of neptunium, plutonium, and americium in Well J-

13 water from the Yucca Mountain region. This water repre-

sents natural water with the highest concentrations of dissolved

species expected in the vicinity of Yucca Mountain. The two

latter elements are discussed later in this report The tests were

performed in oxic conditions at three different temperatures

and three pH values using modified J-13 groundwater (the

composition is given in Appendix 1) to which Np, added as
237NpO2+

/ was initially added from oversaturation.

Major experimental details: Method: Solubility studies from
oversaturation at constant pH. Solid material: The precipitates
formed in the experiments were separated from the solution
phase by using a high-speed centrifuge with Centricon-30 cen-
trifugal filters (pore size 4.1 run). Subsequent X-ray analysis in-
dicated that the precipitate formed during the experiment was
Na0.6Np02(C03)o.8H20/ Na0.6Np02(C03)o.8-2.5H20, Np2O5/ or,
Na2-xNpO2(CO3)x-nH2O/ see Figure 3. Solution: The solution
consisted of 80 mL filtered groundwater to which 0.5 - 1 ml of
actinide stock solution was initially added. The water's
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total dissolved carbonate was preserved at each individual pH
and temperature by equilibrating with mixtures of CO2 in ar-
gon. pH: 5.9, 7.0, and 8.5. The concentrations of ̂ TNp, 241Am,
and 243Am in the centrifuged solutions were analyzed using
germanium low-energy counting for suitable y-ray lines. The
^ P u concentrations were determined utilizing the U L X-rays
coming from the a-decay of the plutonium. Redox conditions:
Oxidizing, see Table 2. Temperature: 25, 60, 90 °C Time for the
experiments: 86 - 183 days. Experimental equilibrium: Steady
state.

At each temperature the neptunium solubility decreased with

increasing pH. No significant temperature dependence was

found within each individual temperature, see Figure 3 and

Table 2. At the pH value 7, the highest solubility was obtained

at 60 °C, but the highest overall solubility was obtained at pH

5.9 at 60 °C

Solubility studies have also been performed by Nitsche et al.

/1994/ using Well UE-25p #1 water from the Yucca Mountain

region. This water has an ionic strength and total carbonate

<"jM.0E-3
Q.

.1.0E-4-
g
|

o

o
u

:i.0E-5-

1.0E-6

A c

I D.C

CD 25 °C
CT 60 °C
ESS 90 °C

A : No0.6Np02(C03)o.B • H2O
B : Noo.6Np02(C03)o.B
C : No2)(_1Np02(C<y)InH20
D : Np2O5

pH5.9 pH7 pH 8.5

Figure 3. Results from neptunium solubility experiments in Well J-13 ground-
water as a function of pH and temperature /Nitsche et al. 1991,1993/.
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Table 2. Results from neptunium solubility experiments in Well J-13 ground-
water as a function ofpH and temperature/Nitsche et al. 1991, 1993/.

Np

PH

5.9 ±0.1

6.9 ± 0.1

8.5 ±0.1

25°C

cone. (M)

(5.3 ± 0.3) x 10-3

(1.3 ± 0.2) x 10^

(4.4 ± 0.7) x 10-5

Eh (mV)

588 ± 10

482 ± 10

497 ± 10

Np

PH

5.9 ± 0.1

7.1 ±0.1

8.5 ± 0.1

60°C

cone. (M)

(6.4 ± 0.4) x 10-3

(9.8 ± 1.0) x 10-»

(1.0±0.1)xl0^

Eh(mV)

440 ±10

325 ±10

215 ± 10

Np

PH

5.9 ±0.2

7.2 ± 0.2

8.4 ± 0.1

90°C

cone. (M)

(1.2 ± 0.1) x 10-3

(1.5±0.4)xl(H

(8.9 ± 0.4) x 10-5

Eh (mV)

392 ± 10

299 ±10

159 ± 10

content higher by approximately one order of magnitude than

Well J-13 water, see Appendix 1. This water represents natural

water with the highest concentrations of dissolved species ex-

pected in the vicinity of Yucca Mountain. The experimental

conditions were mainly the same as those described in the J-13

experiments but only two temperatures were considered, 25 °C

and 60 °C. The results exhibit the same effect of pH on the solu-

bility, i.e. the neptunium solubility decreases at constant tem-

perature with increasing pH. The solubility decrease with in-

creasing pH was attributed to the formation of CO32 with in-

creasing pH. However, in contrast to the experiments using
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Well J-13 water /Nitsche et al. 1991, 1993/, there was a clear

indication that the solubility decreases at constant pH with in-

creasing temperature, see Figure 4. The authors stress the ne-

cessity of distinguishing between "steady-state" and

"equilibrium". The former is defined by the U.S. Nuclear

Regulatory Commission as "the conditions where measurable

changes in concentrations are not occurring over practical ex-

perimental times" /Brooks and Carrado 1984/. The authors

identified the steady-state solids as sodium neptunyl(V) car-

bonate hydrates, which may not represent the thermodynami-

cally most stable solids with the lowest possible solubilities, but

metastable solids with higher solubilities than the thermody-

namically defined solids.

Nakayama and Nagano /1991/ studied the dissolution of

NpO2 in NaClO4 solutions of pH 2 to 6 at temperatures between

pH6 pH7 pH8.5

Figure 4. Results from neptunium solubility experiments in Well UE-25p #1
groundwater as a function ofpH and temperature /Nitsche et al.
1994/.
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30 and 90 °C. The dissolution was studied as a function of both

pH and temperature.

Major experimental details: Method: Dissolution of NpO2 in
NaClO4 solutions made under ambient atmospheric conditions.
Solid material: *37NpO1 powder from CEN, Fontenay aux Roses,
France. X-ray diffraction (XRD) indicated that the solid was
pure, crystalline NpO2. Solution: 40 ml 0.001 M or 0.1 M Na-
C1O, containing 12 to 17 mg NpO2 powder. The pH was ad-
justed between 2 and 6 using HC1O, or NaOH. All solutions
were filtered through Millipore 10 000 molecular weight cutoff
ultrafilter before analysis. Redox conditions: Oxidizing. Tem-
perature: 30 - 90 °C. Time for the experiments: 60 - 400 days.
Experimental equilibrium: Not established.

A general trend observed in all runs is, as seen in Figure 5, that

constant dissolution rates were obtained following the initial

nonlinear dissolution that finished the first two to three weeks.

Figure 5 shows the cumulative amounts of dissolved neptu-

nium as a function of time at 30 °C. The constant dissolution

O pH2.0
A pH3.l
n pH4.l
• pH5.l
• pHG.O

100 200

Tim« (doyl

300

Figure 5. Dissolution of NpO2 as a function of time in (a) 0.001 M NaHClO4

solutions and (b) 0.1 M NaHClO4 solutions at 30 °C. /Nakayama and
Nagano 1991/.
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rates were 82, 49 and 32 ppm/day at pH 4.1, 4.9 and 5.2, re-

spectively, in 0.001 M NaClO4 solutions. In 0.1 M NaCIO,, the

rates were 115,100,88.42 and 11 ppm/d at pH 2.0, 3.1, 4.1, 5.1,

and 6.0, respectively. The dissolution rates measured in 0.001 M

and 0.1 M NaClO4 are very similar at the same pH, i.e. the ef-

fect of ionic strength is insignificant. At pH values above 4, the

rates show a rather strong dependence on pH.

The amounts of dissolved neptunium in 0.001 M NaCIO, solu-

tions at 40,70 and 90 °C and with pH = 4.0 are shown in Figure

6. The constant dissolution rates at 40,70 and 90 °C were 86,132

and 118 ppm/d, respectively. Nakayama and Nagano conclude

from the results that the effect of the temperature on the disso-

lution rates of NpO2 is not significant.

C

E
C7>

c

"5.
o

O.OOIM NaCI04, pH4.0

Figure 6. The dissolved neptunium vs. time at three different temperatures. pH
was kept at 4.0 /Nakayama and Nagano 1991/.
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Plutonium

In the above-cited works by Nietsche et al. /1991, 1993/, the

solubility of Pu in Well J-13 Yucca Mountain groundwater (see

Appendix 1) was determined. The experimental conditions

were similar to the conditions described above in the the Np

solubility studies by Nietsche et al. /1991, 1993/ and the time

for the solution studies was 127 days or less. The plutonium

was initially introduced as Pu4+ into the J-13 groundwater. The

steady state concentrations and solutions' Eh values are given

in Table 3. The results in Figure 7 show the Pu solubility at

Table 3. Steady state solution concentrations for plutonium in J-13 groundwa-
ter at 25 °C, 60 °C and 90 "C/Nitsche et al. 1991, 1993/.

Pu

pH

5.9 ±0.1

7.0 ± 0.1

8.4 ± 0.1

25°C

cone. (M)

(1.1 ± 0.4) x 10-6

(2.3 ± 1.4) x 10-7

(2.9 ± 0.8) x 10-7

Eh (mV)

342 ±10

126 ± 10

259 ±10

Pu

PH

5.9 ± 0.1

7.0 ± 0.1

8.5 ± 0.1

60 °C

cone. (M)

(2.7 ± 1.1) x 10-8

(3.8 ± 0.9) x 10-8

(1.2 ± 0.1) x 10-7

Eh (mV)

451 ± 10

386 ± 10

241 ± 10

Pu

pH

5.9 ± 0.3

7.2 ±0.2

8.4 ± 0.1

90°C

cone. (M)

(6.2 ± 0.1) x 10-9

(8.8 ± 0.8) x 10-9

(7.3 ± 0.4) x 10-9

Eh (mV)

360 ±10

376 ± 10

133 ±10
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Figure 7. Results for Pu4+ solubility experiments in J-13 groundwater as a func-
tion ofpH and temperature /Nitsche et al. 1993/.

pH 5.9, 7.0, and 8.5 at 25 °C, 60 °C and 90 °C The experiments,

extending between 60 and 150 days, did not show any clear

trend with pH, but the solution concentrations decreased dras-

tically with increasing temperature. The effect of temperature

in this case was explained by the presence of solubility-

controlling mixtures of mainly polymeric Pu(IV) and carbon-

ates. The plutonium precipitates were collected by centrifuga-

tion, washed with COr-free water, and dried with an argon jet,

before identification with XRD. It was found that the solids had

a low degree of crystallinity and that in some cases there were

at least two phases present, representing both crystalline and

amorphous materials. Thus, there was no possibility to deter-

mine more exactly the solid phases at steady state. A detailed

discussion about the work done in order to identify the solids is

found in Nitsche et al. /1993/.

Similar studies were made using another groundwater, Well

UE-25p #1, which has a higher ionic strength and a slightly dif-

ferent composition compared to J-13 water (see Appendix 1)

/Nitsche et al. 1994/. The latter studies were only performed
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pH6 pH7 pH8.5

Figure 8. Results for Pu4* solubility experiments in UE-25p #2 groundwater as
a function ofpH and temperature/Nitsche et ah 1994/,

at 25 °C and 60 °C. In summary, the plutonium concentrations

significantly decreased with increasing temperature at pH 6

and 7, but at pH 8.5 the increased temperature caused only a

slight concentration decrease. At both temperatures the con-

centrations were highest at pH 8.5, lowest at pH 7, and inter-

mediate at pH 6, see Figure 8.

Americium

The americium solubility under oxic conditions has been de-

termined in both J-13 /Nitsche et al. 1993/and UE-25p #1

/Nitsche et al. 1994/ Yucca mountain waters (Appendix 1). The

studies were performed using inactive neodymium in place of

americium in order to minimize radiation-induced degradation

of the solubility cell. The authors emphasize that neodynium is

chemically similar to americium and thus can successfully be

used as an substitute for americium. A comparison between

solubilities measured for Nd/241Am and 243Am gave excellent
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evidence that neodymium is a good stand-in element for am-

ericium. Neodymium was spiked with a small amount of 241Am

to facilitate sample counting using the 59.54-keV photopeak.

The experimental conditions were similar to the conditions de-

scribed above in the Np and Pu solubility studies by Nietsche

et al. /1991, 1993/. The maximum time for the solubility stud-

ies was 138 and 308 days for the work using J-13 water and UE-

25p #1 water, respectively. The steady state concentrations and

solutions' Eh values for the studies using J-13 water are given

in Table 4. The solid phases at steady state in J-13 water as in-

Table 4. Steady state solution concentrations for 241Atn/Nd in in J-13 ground-
water at 25 °C, 60 °C and 90 °C/Nitsche et al. 1991,1993/.

241Arn/Nd

P H

5.9 ± 0.1

7.0 ± 0.1

8.5 ± 0.2

25°C

cone. (M)

(1.8 ± 0.6) x 10-9

(11.2 ± 0.3) x 10-°

(2.4 ± 1.9) x 10-9

Eh(mV)

331 ± 10

361 ± 10

182 ± 10

2«Am/Nd
pH

5.9 ± 0.1

7.0 ± 0.1

8.4 ± 0.1

60°C

cone. (M)

(2.5 ± 0.7) x 10-°

(9.9 ± 9.2) x 10-9

(1.2 ± 1.3) x 1(H

Eh(mV)

392 ± 10

385 ± 10

343 ±10

241Arn/Nd

pH

6.0 ±0.1

7.0 ±0.1

8.5 ±0.1

90°C

cone. (M)

(1.7 ± 0.9) x 10-9

(3.1 ± 1.7) x lO-io

(3.4 ± 2.1) x lO-io

Eh (mV)

Not measured

Not measured

Not measured
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dicated by XRD, were various types (hexagonal, orthorhombic,

metastable) of AmOHCO3/NdOHCO3. The UE-25p #1 solubil-

ity experiments at pH 6 seem to have produced hexagonal

NdOHCO3 at 25 °C and possibly mixtures of Nd2(CO3)3-2 H2O

and hexagonal NdOHCO3 at 60 °C; whereas, experiments at

pH 7 and 8.5 produced mixtures of orthorhombic NdOHCO3

and Nd2(CO3)3-2 H2O at both 25 °C and 60 °C.

The results from the two studies seem to be different with re-

gard to the influence of temperature and pH on the ameri-

cium/neodymium steady state concentrations. In the study

using J-13 water the americium solubility did not show any

clear trend with increasing temperature and increasing pH.

Much higher solubilities were found for 60 °C compared with

25 °C and 90 °C, see Figure 9.

The study using UE-25p #1 water was only made at two tem-

peratures, 25 °C and 60 °C. The results indicate that for the am-

ericium/neodymium solution, the solubility decreased signifi-

cantly (1 -2 orders of magnitude) with increasing temperature

and increased somewhat with increasing pH, see Figure 10.

A comparison between Figures 9 and 10 shows opposite effects

on the americium steady state concentrations when raising the

temperature from 25 °C to 60 °C. Thus, the temperature increase

from 25 °C to 60 °C increases the steady state concentration in

J-13 water, see Figure 9, while it decreases the concentration in

UE-25p #1 water, see Figure 10.
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The different temperature effects reflect the different water

compositions of the two systems: J-13 has, for example, low

ionic strength and carbonate content, while the same values for

UE-25p #1 are considerably higher (see Appendix 1). However,

a proper discussion of the temperature effects on the two com-

plex groundwaters is tedious and outside the scope of this

work.

z 1.0E-6

CM

1.0E-8-

5 1.0E-9

1.0E-10

H

• 25 *C
^ 60 *C
ssa 90'c

AmOHCq solids
H: hexagonal
0: orthorhombic

pH6 pH7 pH 8.5

Figure 9. Results for wAm[Ncf* solubility experiments in J-13 groundwater as
a function of pH and temperature /Nitsche et ah 1993/.

pH6 pH8.5

Figure 10. Results for mAmlNd3* solubility experiments in UE-25p #1 ground-
water as a function ofpH and temperature. Due to equipment failure
the results for 60 'C and pH 7 are incomplete and of limited value
(Nitsche etal 1994/.
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Other elements

The interest in literature seems to be focused on the above ele-

ments as far as high-temperature studies are concerned. The

authors did not find any relevant published solubility results

for the remaining elements, i.e. Ni, Se, Zr, Tc, Pd, Sn, Ra, Th,

and Pa.

2.2 Dissolution/leaching tests

Leaching studies are often performed on spent fuel samples ir-

radiated to different burnups or on fresh uranium pellets and

involves a wide variety of simulated groundwaters at tem-

peratures up to 300 °C /Kertes and Guillaumont 1985/. The

numerical data on leaching rates are difficult to translate di-

rectly into actual equilibrium solubility information because

they are expressed in units of exposed solid surface of the UO2

samples. This, in turn, is quite arbitrary and not easily deter-

mined on poorly defined heterogeneous samples with different

and completely uncontrollable grain boundaries and micro-

cracks /Johnson et al. 1982, Kertes and Guillaumont 1985/.

However, the solubility of UO2, is under specific conditions, a

function of the time of exposure of the oxide to the solution,

which indicates that the dissolution rate may correspond to

maximum solubility. Indeed, this has been supported by ex-

periments. The temperature has little or no effect on UO2 in re-

ducing media. However, the solubility of the oxide is signifi-

cantly higher under oxidizing conditions at any aqueous pH

but more soluble in alkaline solutions /Kertes and Guillaumont

1985/.
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Wilson and Shaw /1987/ studied the dissolution of pressurized

water reactor spent fuel rod segments in contact with reference

J-13 well water (cf. Appendix 1) in sealed stainless steel vessels

at 25 °C and 85 °C. The experimental conditions approximated

to those expected in a prospective disposal site for high-level

nuclear waste in Yucca Mountain when the waste package has

cooled enough to allow water to enter a breached canister and

contact the fuel rods.

Major experimental details: Method: Semi-static dissolution
tests. Solid material: Pressurized water reactor spent fuel rod
segments. Solution: J-13 well water (Appendix 1). Chemical
analysis of the solutions were made on unfiltered, 0.4 \im fil-
tered and 18 A filtered fractions. Redox conditions: Oxidizing.
Temperature: 25 and 85 °C. Time for the experiments: 174 days
or less. Experimental equilibrium: Not achieved.

The measured uranium concentrations in filtered sample frac-

tions were not significantly different from those measured in

unfiltered fractions. The results showed that temperature (85 °C

vs. 25 °C) did not have a consistent effect on fuel dissolution

behaviour.

2.3 Modelling

The modelling of radionuclide solubilities in groundwaters re-

quires that the influences of ionic strength, groundwater com-

position (including gas fugacities) and temperature are known.

Furthermore, account must be taken of the influence of these

parameters on the solubility of minerals that may limit the con-

centrations of complexing species. The results from modelling

are closely related to the quality of the database used, with re-

gard to uncertainties of data, the number of relevant reactions,

species etc. When systems at elevated temperatures are mod-
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elled, the necessary data may be extrapolated from e.g., ex-

perimental data obtained at room temperature. The calculated

solubilities at higher temperatures should therefore be inter-

preted with care, see e.g. Berner /1995/. The following pres-

ents some modelling results but with no further discussions of

the uncertainties of the data.

A comprehensive study by Muller and Duda /1984/ discusses

the behaviour of dominant aqueous and solid components in

the uranium-water system. The study focuses on 1) the aqueous

species that can dominate uranium speciation and 2) the domi-

nant stable solid phases that can control the aqueous chemistry

of uranium. The discussions are based on Eh-pH predominance

diagrams produced by a computer code. The effect of tem-

perature was studied in a few cases by comparing diagrams for

25 °C and 50 °C. Two of the systems studied will shortly be

dealt with here: the U - H2O, and the U - P - H2O solid systems.

In the uranium-water solid system, only minor effects were

found between the two temperatures, see Figure 11. The be-

haviour of uranium can be considerably altered by the presence

of other elements. The formation of uranium complexes tends

to increase the uranium solubility, while the existence of stable

solid uranium compounds tends to decrease the solubility.

Thus, the addition of phosphate to the uranium water system

reduces the stability fields of the stable solid phases and corre-

spondingly increases the uranium solubility. However, the cal-

culations by Muller and Duda /1984/ indicate that the influ-

ence of temperature in the U - P - H2O system is small. It

should be stressed that older literature often overestimates the

importance of phosphate for actinide solubilities in groundwa-

ter, due to erroneously high values for the constants for



25

12

UO

OB

OS

O4

02

OUO

-02

-a*

-as

-as

aUg/c

• \
: \

O : "*.
""*" ••*- \

1

:

•v

U0,(c)

1 f

/

1

/ \ -

\

t 1

~Hii

&3

8 ^.B 10 12 U
pH

12

10

as

as

Oi

02

ao

-02

-a+

-as

-as

* \
— — j — 1— 1—

^—» •—»-^

p- • 1

-

a

V. NJ"K

[EU^lO"4

( ^ ^ t r

0 2 4 6 U B 10 12 U
pH

figure 11. TheU- H2O solid system at 25 °C (left) and 50 °C (right) /Muller
and Duda 1984/.

complex-formation with phosphate. Recent and more accurate

measurements show that phosphate complexes are less impor-

tant than earlier indicated /SKB 1995/.

The uranium system was also studied in a validation study of

the thermodynamic database for the EQ3/6 geochemical code

/Wolery 1992/ by Puigdomenech and Bruno /1988/. Although

the study did not focus on the temperature effect on uranium

solubilities, some of their results give some information about

this matter.
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Experimental data from Nikolaeva and Pirozhkov /1978/,

Parks and Pohl /1988/, Tremaine et al. /1981/, Nguyen-Trung

/1985/ and Redkin and Omelyanenko /1987/ were collected

by Puigdomenech and Bruno and compared with calculated

solubilities. In short, the solubility data that were found for the

system UO2 - H2O - H2(g) - CC>2(g) can be classified into three

groups:

solubility of U(IV) oxide/hydroxide as a function of
pH, [HCIO4], [OH ]tot and temperature,

solubility of U(IV) hydroxides as a function of pH,
[HCIO4], [NaOH], [CO3

2]tot and temperature,

solubility of rutherfordine (UO2CO3(c)) as a function of
pco2/ pH, [CO32]tot and temperature.

Puigdomenech and Bruno found satisfactory agreement be-

tween experimental and calculated UO2 solubility data under

reducing conditions for pH>3 at 100 °C and 200 °C, see Figures

12 and 13, respectively. A comparison between the two figures

shows that the influence of temperature on the system is rela-

tively small over the whole pH range considered. Figure 14

demonstrates experimental and calculated solubilities of crys-

talline UC>2(s) under reducing conditions as a function of tem-

perature. For temperatures below 100 °C, the calculated solu-

bility seems to decrease somewhat (less than one order of mag-

nitude) with increasing temperature. This is in agreement with

thermodynamic analyses indicating that uranyl minerals have

retrograde aqueous solubilities /Murphy 1996/.
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Figure 14. The calculated solubility of crystalline UO2(s) in water at 1 atm H2(g)
vs. temperature, compared with experimental literature values (for
UO2(c) either in water or in dilute solutions /Puigdomenech and
Bruno 1988/.

Fabriol et al. /1991/ modelled the behaviour of several radio-

nuclides (Sr, U, Pu, Np, Th, and Tc) in a waste disposal site

with quartz sand and clay-engineered barriers in a granitic en-

vironment There was no significant difference seen between

the results for quartz sand and clay, and therefore only the clay

case will be dealt with here. The modelling was performed us-

ing the code CEQCSY /Lehmann and Fabriol 1989/ and

EQ3/6. The modelled water composition was: Na =

7.61 • 10-3 M, K = 5.12 • 1O4 M, Ca = 2.50 • 10-4 M, Mg =

2.47 • 1O4 M, Al = 0 M, Si = 5.33 • 1(M M, Fe = 0 M, C =

1.03 • 10-3 M, Q - 1.58 • 10-3 M, H = 111.02 M, O = 55.51 M, pH

= 5.81, Eh = +382 mV. The composition of the granite in mole
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per cent was 68.78 % quartz, 14.59 % albite end member, 3.44 %

anorthite end member, 8.58 % K-feldspar, 1.21 % phlogopite

end member, 1.20 % annite end member, 1.96 % muscovite and

0.24 % calcite. The barrier material was considered to be a natu-

ral clay which corresponds to a detrital mineralogical assem-

blage composed, in mole per cent, of 24.87 % quartz, 4.13 %

kaolinite, 4.26 % calcite, 9.69 % goethite and 67.14 % interstrati-

fied kaolinite/smectite clay. The combination of three pure

minerals as solid solution end members, available from the

EQ3/6 data base was used to "construct" the smectite.

The temperature was varied between 25 °C and 200 °C. The be-

haviour of the element appeared to be independent of the bar-

rier material but strongly dependent on the temperature effect

on mineral solubilities. The result for the case with clay barrier

is shown in Figure 15. For temperatures below 100 °C the solu-

bilities for Sr, U, Np, Th and Tc are roughly independent of
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Figure 15. The calculated concentrations of six radionuclides in the far field as
functions of temperatures in presence of clay used as engineered
barrier IFabriol et al. 1991/.
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temperature, while the Pu concentration increases 2 - 3 orders

of magnitude.

Ekberg et al. /1996/ made an uncertainty and sensitivity analy-

sis of solubility calculations at elevated temperatures. The work

focuses on how the solubility of a solid phase is affected by un-

certainties in the enthalpy of reaction for the species present in

the solvent The extrapolation of e.g., room temperature data to

elevated temperatures leads to uncertainties in the calculated

solubilities of the solid phases. The solubility calculations were

performed by the code PHREEQE /Parkhurst et al. 1980/ and

the statistical evaluations with the code SENVAR /Ekberg

1996/. Calculations were performed for some solid phases

which are deemed important as solubility-limiting phases. The

calculations produced solubility frequency functions resulting

in empirical solubility density functions for UO2,

UO2(OH)2-H2O, PuOz, Pu(OH)4, ThO2 NpOz, Np(OH)4, and

Am2(CO3)2, see Figure 16. It can be seen that the width of the

distribution varies between different solid phases, i.e. the

Figure 16. The solubility frequency functions for: a) UO2 (c), b) UO2(OH)2-H2O,
c) PuOv d) Pu(OH)4, e) ThO2(c), f) NpO2, g) Np(OH)t, and
h) Am2(CO3)2, /Ekberg et al. 1996/.
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solubility of some solids is far more sensitive to uncertainties

than others. The largest uncertainty was attributed to schoepite

(UO2(OH)2-H2O) and the least uncertainty to Am2(CO3)2 and

Pu(OH)4. According to Ekberg et al. /1996/, such results indi-

cate that it may not be possible to determine from the satura-

tion index which solid phase is solubility limiting.

The radionuclide solubilities are functions of several parame-

ters. This is demonstrated in the modelling study below by one

of the authors (Vuorinen) who calculated the solubilities of

three elements, from those considered in this report, by hyd-

rochemical modelling. The solubilities in groundwaters were

calculated as a function of temperature, carbonate content, and

redox condition. It should be noted that the model calculations

are restricted to equilibrium conditions and the phases and

species included in the data base. The data base used

(DATA0.COM.R2) was provided with the used code EQ3/6

version 7.2b/Wolery 1992/.

The solubility of Ni, Np and U at two different temperatures

(15 °C and 85 °Q in different aqueous solutions was obtained

by simple modelling calculations. The purpose was not to

simulate any real disposal conditions but to get an idea of the

solubilities of chosen Ni, Np and U phases and the possible ef-

fects of temperature and carbonate. It should be noted that the

phases used may not be the actual phases that control the solu-

bilities in the systems considered.

The non-carbonate solution contained Na, Ca, (roughly

1.0 10-3mol/L) and Cl (about 3.0 KHmol/L) and the lmM

carbonate solution contained the same amounts of Na, Ca, but
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the Cl content was smaller (about 2.0 103 mol/L). The initial

pH in both solutions at 15 °C was 8.5. The temperature was

raised to 85 °C causing the pH to change in both solutions; the

non-carbonate pH to 6.7 and the carbonate pH to 7.3. The car-

bonate-containing solution was chosen because both U and Np

are known to form strong carbonate complexes and the solubil-

ity of calcite is affected by temperature changes; at higher tem-

peratures calcite is less soluble. The solubilities obtained in

modelling are given in Table 5. Both oxic and reduced condi-

tions were modelled. For the reduced environment, the chosen

initial Eh value was - 300 mV, which dropped to -283 mV when

the temperature was raised to 85 °C. The oxic conditions were

modelled both at Eh=300 mV and at air saturation (pO2=

0.21 atm), the air saturation giving a high Eh value, 735 mV.

When the temperature was raised to 85°C the obtained Eh

value for air saturated system did not change, but in the

300 mV solutions it rose to 541 mV in the non-carbonate solu-

tion and to 512 mV in the carbonate solution.

The nickel speciation is not affected by the carbonate concen-

tration in an oxic or reducing environment, as the only Ni spe-

cies present is the Ni2+ ion. These simple systems do not contain

any strong complexing agents for Ni. At 15 °C (pH=8.5) the Ni

solubility values obtained in the solutions are the same, about

2-10-4 mol/L. At 85 °C in the non-carbonate solution (pH=6.7)

the solubility value obtained remains the same, about

2-10-4 mol/L, but in the carbonate solution, which has a higher

pH value (pH=7.3), the solubility is about one order of magni-

tude lower, about 1-10-5 mol/L.
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Neptunium solubility has been calculated for NpC>2 both in oxic

and reduced conditions. The solubility values obtained in a re-

ducing environment are not dependent on the carbonate con-

tent, because the speciation of Np is entirely Np(OH)s. Thus

only the effect of temperature change is seen, which is about

three orders of magnitude. Np solubility increases from about

3-10-15 mol/L at 15°C, to about 41012 mol/L at 85°C

In an oxic environment, besides the hydrolysis species, Np also

forms carbonate species. The effect of carbonate complexation

to Np solubilities is negligible at both temperatures, only a very

slight increase or decrease is seen. The solubility of Np at the

different calculated conditions varies depending on the pre-

dominance of the different species, both the hydrolysis and

carbonate species. The effect of a temperature rise on Np solu-

bility in the non-carbonate solution is about one order of mag-

nitude at the higher Eh condition (=735 mV). At the lower Eh

condition the effect of raised temperature is more prominent

increasing Np solubility by about five orders of magnitude;

from about 2-10"14 mol/L at 15°C (pH=8.5) to about 2-10-9 mol/L

at 85°C (pH=6.7). In the carbonate solution the high-

temperature effect at the lower Eh value is also five orders of

magnitude, while at the higher Eh value the effect is almost

negligible, decreasing from 7.010"7 mol/L to 4.9107 mol/L.

Uranium solubilities were modelled using schoepite,

UO2(OH)2-H2O in oxic conditions and uraninite (UO2) in re-

ducing conditions. In a reducing environment the only U species

present is U(OH)4(aq) in all solutions and thus the obtained

solubilities in both the non-carbonate and carbonate solutions

are the same; at 15°C about 2 10-10mol/L. U solubility increases
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Table 5. Modelled (EQ3) solubilities of certain Ni, Np and U phases in non-
carbonate and carbonate-containing solutions both in oxic and reduced con-

ditions (UO2(OH)2H2O = schoepite, UO2 = uraninite).

Phase

NiO
_ M

NiO

NiO

• •iiinjiiiniiinimmniini

NpO,
44

NpOj
_ ** _

NpO,
u

UO,(OH)iHjO

UO,(OHVHjO
44

UOi

Temp.

°C

15

85

15
85

IS

85

15

85

15

85

15
85

15
85

15
85

15

85

Eh

735~1

735 j

300
541

-300

-199

735

735

300

541

-300
-199

735

735

300

541

-300
-199

non-car

pH

8.5
6.7

8.5
6.7

8.5
6.7

8.5
6.7

8.5
6.7

8.5
6.7

8.5
6.7

8.5
6.7

8.5
6.7

Solub

bonate

mol/L

1.6-10""

1.610"4

1.6-10"4

1.610"4

1.6-lff4

1.61V4

5.7-10"7

1.3-10"6

1.71014

2.4-10"'

3.2 Iff"
3.8 Iff'2

8.0-10-*
4.7-10"7

8.0-10"6

4.7-10"7

1.7 Iff10

2.6 Iff7

ility

initia

Eh

735
696

300

512

-300

-283

735

696

300

-300

-283

735
696

^300

512

-300

-283

Hy: 1
»rg.ca

PH

8.5
7.3

8.5
7.3

8.5

7.3

8.5
7.3

8.5
7.3

8.5
7.3

8.5
7.3

8.5
7.3

8.5
7.3

mM of in-
rbon"

mol/L

1.6-10"4

1.310s

1.6-10""
1.31O"5

1.6-10"4

1.3 ir5

7.0-10"7

4.9-10"7

2.0-10"14

1.310"9

3.21ff's

1.4 Iff"

1.710"*
2.4-10-*

1.7-10"4

2.4-10"6

1.71 ff10

2.6 Iff7

by about three orders of magnitude, to about 3 107mol/L,

when the temperature is increased from 15°C to 85°C.

In an oxic environment, carbonate complexation is more domi-

nant than hydroxide. The increase in U solubility due to car-

bonate is about two orders of magnitude at 15°C, while at the

higher temperature it is about one order of magnitude. When

the temperature is raised in the non-carbonate solution from

15°C to 85°C the solubility of U decreases by about one order of

magnitude, from about 8 10-6mol/L to about 5 107mol/L.
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In the carbonate solution the effect of raised temperature is

about two orders of magnitude, decreasing the U solubility

from about 2 -KHmol/L to about 2 lO^mol/L.

Solubility values of some Ni, Np and U solid phases modelled

with EQ3NR in this study and previous studies (Vuorinen &

Leino-Forsman /1992/, Ollila /1992, 1993, 1995/) have been

collected in Tables 6 and 7, oxic conditions in Table 6 and re-

ducing conditions in Table 7. It must be noted that the mod-

elled phases do not necessarily represent the actual solubility-

limiting phases in the systems considered and thus, some of the

solubilities obtained may appear quite high. It should be kept

in mind though, that often in reality (e.g. in laboratory experi-

ments and nature) the phases formed first are less crystalline

with higher solubilities, and only with time will they become

more crystalline and, accordingly, less soluble.

The solubility values in Tables 6 and 7 are given at different

temperatures, but one should not make straightforward com-

parisons between the results obtained at different temperatures

in different modelled systems, not even if the considered phase

is the same. It was pointed out earlier that the modelling results

depend on the thermodynamic data base used. The different

data bases may, in addition to different thermodynamic data,

also contain a different assembly of phases and species. Fur-

thermore, the presence of some phases and species may be

suppressed in the course of modelling, for example, the species

Np(OH)s" was not in the model in the previous calculations

/Vuorinen et al. 1992/, whereas it is included in the calcula-

tions in this study. Thus, it should also be kept in mind that

systems cannot be directly compared without considering the

entire systems and differences brought about by the medium
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compositions (simple system/complex system, pH, Eh, ligands,

etc.), the different data bases and code versions used, as well as

the choices of constraints in modelling.

In view of the above reasons, it seems difficult to draw any

general and straightforward conclusions about the effect of

temperature on radionuclide solubilities. In order to do so, the

chemical system under consideration has to be characterized in

great detail. This is demonstrated in Table 5, where, for exam-

ple, a temperature increase from 15 °C to 85 °C under oxidizing

conditions either causes the Np solubility to decrease (at Eh

735 mV) or increase (at Eh = 300 mV).
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Table 6. Some results on modelled (EQ3NR) solubilities in oxic conditions.
(W = water, GW - groundwater, Sim. Bent.W = simulated bentonite wa-
ter, Allard W = simulated granitic groundwater, lmM carb.W = lmM
NaHCO3solution, UO2(OH)2H2O = schoepite).

Phase

NiO

-"-

tt

- " -

- " .

- " -

- " -

- " -

- " .

«

NaNpOiCOj

NpOjfOH)
M

NpOi
-"-
-"-
." .
."-
»

-".
-"-

UO,(OH)2H2O
<«

-"-
-"-
-"-
«

.".
<t

. " .

t c

- " -

. » .

t<

tt

u

t t

«

Eh
fflV
300

u

300

541
512
735

735
696

700

_«_

735
_**_
735
696
300

541
512

300
_«_
_tt_

875
(«
((

755

_".
715

735

735
696
300

541
512

PH

7.3

7.8
8.3
8.4
9.0
8.5
.«.
6.7
7.3
.".
.".
6.7
7.3

7.3

7.8
8.3
8.5
-"-
6.7
7.3
8.5

6.7
7.3

7.7
7.8
8.3
8.4
9.0
5.8

•".
8.3

8.2
8.5
8.4
8.5

6.7
7.3
8.5

6.7
7.3

Medium

Saline GW

Brackish GW
Fresh GW
Allard W
Sim.bent.
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W

Saline GW

Brackish GW
Fresh GW
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W

Saline GW
Brackish GW
Fresh GW
Allard W
Sim.bent.W
deionized W

lmM Na-
carb.W

.«.
Allard W

-"-
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W

Temp.
°C
25

u
ft

a

15

85

15

85

25

a

15

85

15

85
u

25
U

_ « _

. " -

_ « _

u

_«_
tt

JU_

_ « _

_«_

15

85

15

85

Solub.
mol/L

2 Iff'

4 Iff*
1 Iff3

1 Iff*
1 Iff'
2-10"4

2 10"4

2-W*
110"5

2 •id7'
2-KT 4

2 10"4

1 10"5

2 Iff'

2 Iff*
3 Iff*
6 1(F
7 10'7

1 -10-*
5 107

2 10-'4

2 10-14

2-10"9

1-10*

4 Iff'
5 Iff*
1 Iff*
3 Iff*
3 Iff3

2 Iff6

1 Iff*
5 Iff6

7 Iff'

5 Iff'
2 Iff4

2 Iff*
8 10*
2-10-4

5-l(T7

2-10-*
8 10^
2 10-4

5 10"7

2 10-*

Reference

Vuorinen et
al. 1992

.".
-"-

-"-
This work

-"-

«
-"-
«<

Vuorinen et
al. 1992

-"-
-"-

This work
.".
.".
-"-
-"-
."_
-"-

tt

Ollila 1992
-"-

t t

. " .

t«

Ollila 1995
.".
.".
-"-

«c

- " -
t<

This work
-"-
-"-
.".

EQ3/6
version/data base

7.P/SKB modified"'

-"-

t t

- " -

7.2b*;/DATA0.COM
-"-

_"_
.".

t«

- " -

7.P/SKB modified"'

-"-
t t

7.2b%ATA0.COM
-"-
-"-
.".
.«.
_".
.".
-"-

7.1''/SKB modified''
-"-
-"-
-"-
-"-

7.FS/DATA0.NEA
7.1''/SKB modified"*
7.1''/DATA0.COM
7.l''/DATA0.NEA

7.1''/DATA0.COM
7.1''/SKB modified"'
7.l''/DATA0.NEA
7.2b"7DATA0.COM

t t

t t

t t

•) Woleryl992
**)DATA0.3245S02 forEQ3 3245R111 (Puigdomfenech 1988,1991)



38

Table 7. Some results on modelled (EQ3NR) solubilities in reducing condi-
tions. (W = water, GW = groundwater, Sim. Bent.W = simulated
bentonite water, Allard W = simulated granitic groundwater, lntM
carb.W = lmM NaHCO3 solution, UO2 = uraninite).

Phase

NiO

-"-
-"-
-"-
-"-
.".
.".
-"-
u

NpO2

-"-
-"-
-"-
-"-
-"-
-"-

UOj(fuel)

-"-
«

-"-

UOj(c)

.".

-"-

uo2
-"-

-"-

Eh
mV
-300

_u_

_ * 4 _

t4

-199
-283

-300

_tt_

jU^

_ 4 4 _

-199
-283

-300

U

_ « _

• * * •

w

u

-199
-283

PH

8.2

8.3
9.4
9.6
10.2
8.5
.".
6.7
7.3

8.2

8.3
9.4
8.5
.".
6.7
7.3

8.2

8.3
9.4
9.6
10.2
9.1

-".
9.0

-"-

8.5
«

6.7
7.3

Medium

Saline GW

Brackish GW
Fresh GW
Allard W
Sim.bent.W
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W

Saline GW

Brackish GW
Fresh GW
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W

Saline GW

Brackish GW
Fresh GW
Allard W
Sim.bent.W.

lmM Na-
carb.W

Allard W

-"-
non-carb. W
lmM carb.W
non-carb. W
lmM carb.W

Temp.
°C
25

(t

tl

ti

15
u

85

25

it

a

15

85
u

25

u

_tt_

ti

ti

ti

ti

_tt_

_tt_

15

85
u

Solub.
mol/L

2 Iff3

4 Iff4

1 Iff4

8 Iff7

3 Iff7

2 10-4

2 10"4

2 Iff4

1 Iff5

4 Iff'8

4 Iff18

4 Iff18

'3-10-'3"
3 10-"
4-10""
1 1 0 "

9 Iff7

2 Iff7

2 Iff7

2 Iff7

3 Iff6

4 liT10

8 1(T"
4 Iff-10

4 Iff-11

2 10-""
2-10"10

3 10"7

3 10"7

Reference

Vuorinen
etal. 1992

-"-
-"-
-"-
-"-

This work
.".
.".
-"-

Vuorinen
etal. 1992

-"-
-"-

This work
.".
.".

-"-

Ollila
1992

-"-
-"-
.".
-"-

Ollila
1993

.".

Ollila
1995

.".

This work
-"-
-"-

-"-

EQ3/6
version/data base

7.i'r/SKB modified"'

-"-
-"-
-"-
-"-

7.2b*r/DATA0.COM
.".
-"-
-"-

7.P/SKB modified"'

-"-
-"-

7.2'T%ATA0.COM
-"-
.".
-"-

7.P/SKB modified"'

-"-
-"-
.".
-"-

7.1"'/ SKB modified"'

7.P/DATA0.NEA
7. l'>/SKB modified"'

7.P/DATA0.NEA
7.2b'VDATA0.COM

-"-
-"-
_".

•) Woleryl992.
•• ) DATA0.3245S02 forEQ3 3245R111 (Puigdom^nech 1988,1991)
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DISCUSSION

There is a large number of published solubility studies relevant

to repository conditions, see e.g. Snellman /1986/, Snellman

and Vuorinen /1987/, Ollila /1992a,b, 1995/, Ollila and Leino-

Forsman /1993/, Vuorinen and Leino-Forsman /1992/, as well

as collections and evaluation of data in databases, see e.g.

Mulleretal. /1985/, Vieno /1995/ and NEA /1996/. However,

most of the experimental data are obtained at room tempera-

tures and experiments performed at higher temperatures are

scarce. The modelling of chemical systems is still limited to

systems which are very dilute and most of the data available

are restricted to temperatures near 25 °C /NEA 1996/. At

higher temperatures, modelled results suffer from uncertainties

associated with the extrapolation of low-temperature data.

Furthermore, the possibility to obtain satisfactory results from

experiments and modelling also depends on the complexity of

the system of interest Simple and well-defined systems are

considerably easier to deal with both experimentally and with

modelling than complex ones. For example, the calculation of

radionuclide solubilities in low ionic strength groundwaters is

relatively simple at both 25 °C and 85 °C. However, the exten-

sion of such calculations to high ionic strength groundwaters is

much more speculative, since entropies and heat capacities of

ionic species change markedly with ionic strength. There is no

good theory for predicting these changes, and this adds an ex-

tra uncertainty beyond those associated with calculations for

the low ionic strength ground water /Lemire 1986/.

Despite the above difficulties, it is still possible to obtain valu-

able solubility information, in modelling by performing con-
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servative assumptions and in experiments by performing ex-

periments that may not necessarily represent equilibrium but

steady state. In the latter case, the solid phase may not be the

thermodynamically most stable one but a meta-stable com-

pound. Since these can be expected to have higher solubilities

than more stable phases, the experimentally determined solu-

bility represents in such a case a conservative estimate of the

solubility /Nitsche 1991/.

As stated above, the chemical complexity of the aqueous sys-

tem influences the radionuclide solubility. The presence of

complexing agents like carbonates and phosphate leads to in-

creased radionuclide solubilities and thus, the question of radi-

onuclide solubilities in a system is associated with the tem-

perature dependence of these complexing agents. However,

although fluorides and possibly phosphates may significantly

change the overall solubility and speciation in certain waters,

these conditions would not be expected in, e.g., deep undis-

turbed groundwaters in crystalline rock, and therefore only re-

doxpotential, pH, and the carbonate concentration seems to be

worth attention /Allard 1983/.

In general, despite the many complex chemical interactions oc-

curring at a repository, the effects of changing the temperature

from ambient to slightly below 100 °C does not seem to be very

dramatic. Similar conclusions were made in a study of the WP-

Cave repository concept /SKB 1989/. Modelling of the thermal

alteration of granitic rock indicates a decrease in porosity close

to 100 °C, mainly due to the production of secondary minerals

/Fritz et al. 1984/. The general conclusion is that in closed sys-

tems or low flow systems, the initial increase in porosity due to
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mineral dissolution is relatively unimportant. The decrease in

porosity due to clay mineral formation and calcite precipitation

is dominant Similarly, autoclave experiments with granite and

water to temperatures up to 150 °C indicate that no dramatic

changes in water composition should be expected due to ther-

mal conditions /Claesson 1983/. One exception is silica, whose

solubility is highly temperature-dependent. Silica showed an

increase in concentration from about 2 to 60 mg/L in a mixture

of tap water and granite, when heated from ambient tempera-

ture to 150 °C. The increased silica solubility will not change

the overall porosity of the rock to any major extent due to the

formation of secondary mineral formation. However, circulat-

ing water in combination with a heat gradient may cause a

transport of silica outwards from the canisters, tending to in-

crease the sand and rock near the canisters and decrease the po-

rosity in cooler regions towards the bentonite barrier. A mass

transport in the opposite direction may be expected for calcite,

which is a common fracture-filling mineral that becomes less

soluble as temperature increases /SKB1989/.

This literature survey indicates that the solubility of a given ra-

dionuclide is a function of many factors, temperature, Eh, pH,

ionic strength, complex formers etc. Furthermore, the various

nuclides do not necessarily depend on these factors in the same

way, since all the nuclides have their own set of chemical prop-

erties. Therefore, it may a priori be difficult to foresee the effect

on the solubility of a given radionuclide, when raising the tem-

perature from, for example, 15 °C to 90 °C.

This is demonstrated by the collected results which show that

increasing the temperature, within the above limits, causes the
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solubility to either increase or decrease monotonously/ or to ex-

hibit a maximum at an intermediate temperature, or to be con-

stant over the whole temperature range. In most cases, the ex-

perimental data indicate that the radionuclide solubilities are

roughly constant (within one order of magnitude) or decrease

with increasing temperature. In the case of Am, different water

chemistries seem to result in different temperature effects.

Thus, when raising the temperature from 25 °C to 60 °C, the

Am solubility increases (1.5 - 3 orders of magnitude) in the J-13

water but decreases (2 - 2.5 orders of magnitude) in the

UE25p #1 water, see Figures 9 and 10.

The results from the modelling in this study, agree with those

found in the literature survey in that they confirm the com-

plexity of the groundwater system and the difficulty in finding

simple relationships between temperature and radionuclide

solubilities.
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SUMMARY AND CONCLUSIONS

The aim of this literature study was to find information about

radionuclide solubilities at elevated temperatures (80 - 100 °C).

The interest was mainly focused on experimental data although

modelled results were considered in a few cases. It was found

that while there is an abundant amount of experimental solu-

bility data obtained at about room temperature, there is a seri-

ous lack of experimental solubility data at elevated tempera-

tures.

It is not possible to give a general answer to the question: How

does temperature influence the solubility of a given radionu-

clide? The answer depends both on the general chemistry of the

system and on the type of radionuclide considered. The solu-

bility of the latter is coupled to many variables (Eh, pH, the

concentrations and the types of complexing agents in the

groundwater, the solubilities of solids that do not contain the

radionuclide in question but may influence the water chemis-

try, etc.) which are all, more or less, influenced by the tem-

perature. Therefore, it is difficult a priori not only to quantify

the temperature effect on the radionuclide solubility, but also to

tell whether the solubility will increase or decrease when the

temperature is changed. Furthermore, the radionuclide solubil-

ity does not necessarily have to be a monotonously increasing

or decreasing function of temperature. For example, the solu-

bility of Am in the temperature interval 25 - 90 °C, exhibited a

maximum solubility at an intermediate temperature, 60 °C (see

Figure 9).
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The experimental results found in this study indicate that an

increase in temperature from 15 - 25 °C to about 90 °C in most

cases reduces (by up to three orders of magnitude) the radionu-

clide solubility or leaves it unchanged. However, for Am the

results indicate that this element may have a solubility at 60 °C

that is roughly one to three orders of magnitude higher than at

25 °C. It should be emphasised that the reported radionuclide

solubilities from experimental studies may refer to steady state

rather than true equilibrium. The solubility-limiting metastable

solids at steady state yield higher radionuclide solubilities than

expected for the thermodynamically more stable equilibrium

solids.

The modelling results collected in this literature study indicate

that for temperatures below 100 °C, the radionuclide solubili-

ties are almost unaffected by temperature. One exception was

Pu, the calculated solubility of which in one case increased by

two to three orders of magnitude when raising the temperature

from 25 °C to 100 °C (see Figure 15).

The solubility data collected in this study refers to various ex-

perimental conditions and modelling assumptions. Therefore it

is difficult to obtain a clear picture of how different factors

contribute to the observed radionuclide in a given case. In or-

der to demonstrate more clearly that radionuclide solubilities

are functions of several variables some modelling studies were

made using the EQ3/6 codes. The solubilities of three elements,

Ni, Np and U, where modelled in simple systems (containing

mainly Na, Ca, and Cl and, in some cases carbonate, see Section

2.3) at 15 °C and 85 °C under reducing/ oxidising conditions

and in the presence/absence of carbonate. The solubility-
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limiting phases for Ni and Np, under both reducing and oxi-

dising conditions, were assumed to be NiO and NpO2. In the

case of U the solubility-limiting phases under reducing and

oxidising conditions were assumed to be UO2(OH)2-H2O and

UO2, respectively.

In short, a temperature increase in the carbonate-free system

from 15 °C to 85 °C did not influence the calculated Ni solubil-

ity under either reducing nor oxidising conditions. However, in

the presence of carbonate, the calculated solubility decreased

about one order of magnitude.

The above raise in temperature caused the calculated Np solu-

bility to increase by three to four orders of magnitude under

reducing conditions in both the non-carbonate and the carbon-

ate system. In contrast to Ni and U, the Np solubility under

oxidising conditions was highly dependent on the Eh value

used. At Eh values in the range 300 - 550 mV, the temperature

increase raised the Np solubility by roughly five orders of

magnitude in both the non-carbonate and the carbonate system.

However, at Eh = 735 mV (corresponding to air saturation) the

change in solubility was considerably smaller: about one order

of magnitude in the non-carbonate solution, and almost none in

the carbonate system.

The third element modelled was U. In this case it was found

that the above increase in temperature under reducing condi-

tions raised the solubility by about three orders of magnitude,

in both the non-carbonate and the carbonate solutions. Under

oxidising conditions, however, the U solubility decreased by
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about one and two orders of magnitude in the non-carbonate

and carbonate solution, respectively.

The results from the modelling in this study, agree with those

found in the literature survey in that they confirm the com-

plexity of the groundwater system. The radionuclide solubili-

ties are complex functions of many variables which are all more

or less temperature-dependent Therefore, it may be difficult to

estimate the influence of temperature on the solubility of a

given radionuclide in, for example, the vicinity of a repository

for spent nuclear fuel. Present solubility data for elevated tem-

peratures are either based on extrapolations of data emanating

from experiments performed at room temperature, or they are

based on relatively few experiments performed at elevated

temperatures. In both cases the data should be used with great

caution. In the first case since extrapolation of experimental

data is mostly associated with great uncertainties, and in the

second case since the experiments at elevated temperatures re-

fer to conditions which differ, more or less, from what is ex-

pected in the vicinity of a Finnish repository for spent nuclear

fuel. Such differences, even if relatively small, may have a large

effect on the radionuclide solubility, as was demonstrated in

our modelling of, e.g., the solubility of Np.

Thus; in order to make reasonably accurate estimates of the

temperature effect on radionuclide solubilities, the system con-

sidered has to be characterised in great detail.
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Appendix 1: The Well J-13 and Well UE-25p #1 water compositions

Yucca Mountain, Nevada, has been identified for site charac-

terization as a potential site for a repository of high-level nu-

clear waste. Water samples with compositions that bracket the

range of waters expected in the vicinity of Yucca Mountain

come from two sources. Water from Well J-13 is a reference

Table 1. The Well J-13 and Well UE-25p Ul water compositions (from Nitsche et
al. /1993, 1994/and refs. therein).

Species

Ca

Mg

Na

K

Li

Fe

Mn

Al

SiO2

F

Cl

scv-
NO3-

Alkalinity

Total alkalinity

Total carbonate

PH

Eh

Concentration mM
Well J-13

0.29

0.072

1.96

0.136

0.009

0.0008

0.00002

0.0010

1.07

0.11

0.18

0.19

0.16

2.34 meq/L

-

2.81

7.0

700 mV

Well UE-25p #1

2.19

1.31

7.43

0.34

-

-

-

-

0.62

0.18

1.04

1.34

-

-

11.44 meq/L

15.31

6.7

360
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water for the unsaturated zone near the proposed emplacement

area. Well UE-25p #1 taps the carbonate aquifer that underlies

the emplacement horizon. This water has an ionic strength and

total carbonate content higher by approximately one order of

magnitude than Well J-13 water. Well J-13 represents natural

water with the highest concentrations of dissolved species ex-

pected in the vicinity of Yucca Mountain. The water from both

wells is oxidizing /Nitsche et al. 1993/.
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Appendix 2: Compositions of synthetic groundwaters by Ailard et al. and
by Snellman, mmol/L (mg/L)

Species Synthetic grani- Synthetic bento-

tic groundwater nite water

(AUard et al.)1 (Snellman)2

HCO32

scy-
Cl

F

HPO4
2-

Si4+

K+

Na+

Ca2+

Mg2 +

(Fetot)

Ionic strength

pHanojdc(**)

2.01 (123)

0.10 (9.6)

1.97 (70)

-

-

0.13 (3.7)

0.10 (3.9)

2.28 (52)

0.45 (18)

0.18 (4.3)

0.005 (0.3)

0.005

8.20

8.71

9.83 (600)

0.62 (59.6)

2.26 (80)

0.40 (7.5)

0.0042 (0.4)

0.27 (7.5)

0.10 (3.9)

11.8 (272)

0.45 (18)

0.18 (0.43)

0.005 (0.3)

0.014

8.42

8.77

The table is taken from Ollila / 1 9 9 5 / .

(Fetot) Ferrous chloride w a s a d d e d to solutions u n d e r oxic

conditions.

(*) p H measured for fresh solutions u n d e r oxic conditions.

(**) p H measured for fresh solutions u n d e r anoxic condi-

tions (N2 atmosphere) .

1) Allard, B. et al. (1981), Minerals and precipitates in fractures
and their effects on the retention of radionucl ides in crystalline
rocks, in: Near-Field Phenomena in Geologic Repositories for
Radioactive Waste, Seattle, 1981, p p . 9 3 - 1 0 1 .

2) Snellman, M. (1986), Chemical conditions in a repository -
experimental and model l ing studies, in: Third Finnish - Ger-
m a n Seminar on Nuclear Waste Management , 1986, p p . 146 -
168.
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