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 Investigations on systematics of thermodynamic data were performed for enhancement of 
thermodynamic database for performance assessment of geological disposal of high-level 
radioactive and part of TRU wastes.  Correlation between standard free energy of formation 
and standard enthalpy of formation was investigated, and it was shown that estimation of the 
standard enthalpy of formation from the standard free energy of formation was possible using 
the correlation.  Three models on systematics of formation constant of actinides were 
compared and the best model was proposed.  It was shown that estimation of formation 
constants for unpublished actinide species was possible using the model.  Furthermore, two 
models for estimation of activity coefficient which was required to estimate solubility of 
elements of interest and the estimated activity coefficient were compared.  It was found that 
the estimated solubility values using the one of the two models were 6 times larger/smaller at a 
maximum than those using the other.  It was expected that the estimation of unreported 
thermodynamic data would enhance thermodynamic database was useful and use of more 
elaborate activity coefficient model was required to improve the reliability of the performance 
assessment of geological disposal. 
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Table 1   Standard free energy of formation ( fG°m) and standard enthalpy of formation ( fH°m) for 

nickel and grouping of aqueous species and compounds for investigation of correlation 

between fG°m and fH°m
9)

fG°m fH°m grouping 
species or compound 

(kJ·mol–1) (kJ·mol–1) 1 2 3 
Ni(cr) 0 0 
Ni(g) 384.686 430.1 
Ni(l) 14.035 17.5 
Ni2+ -45.773 -55.012 
NiO(cr) -211.66 -239.7 
NiOH+ -228.458 -287.042 

-Ni(OH)2 -457.1 -542.3 
Ni2OH3+ -268.181 -349.955 
Ni4(OH)4

4+ -974.567 -1173.37 
NiF+ -335.458 -380.862 
NiF2(cr) -609.852 -657.3 
NiCl2(cr) -258.743 -304.9 
NiCl2·2H2O(cr) -754.382 -913.374 
NiCl2·4H2O(cr) -1234.946 -1514.048 
NiCl2·6H2O(cr) -1713.669 -2104.7 
NiBr2(cr) -195.408 -213.5 
NiI2(cr) -94.36 -96.42 

-Ni(IO3)2 -323.735 -487.112 
Ni(IO3)2·2H2O(cr) -802.068 -1087.672 

-NiS -87.792 -88.1 
-NiS -91.33 -94 

NiS2(cr) -123.832 -128 
Ni3S2(cr) -211.172 -217.2 
Ni9S8(cr) -746.803 -760 
NiSO4(cr) -762.688 -873.28 

-NiSO4·6H2O -2225.467 -2683.817 
-NiSO4·6H2O -2224.915 -2677.287 

NiSO4·7H2O(cr) -2462.699 -2977.327 
NiSO4(aq) -803.191 -958.692 
NiAs(cr) -66.583 -70.82 
Ni5As2(cr) -237.638 -244.6 
Ni11As8(cr) -715.758 -743 
Ni3(AsO4)2·8H2O(cr) -3491.557 -4179 
NiCO3(cr) -636.416 -713.32 
NiCO3·5.5 H2O(cr) -1920.881 -2312.992 
Ni(CN)4

2- 449.601 353.688 
Ni(CN)5

3- 626.244 490.638 
NiSCN+ 36.596 9.588 
Ni(SCN)2(aq) 124.273 76.788 
Ni(SCN)3

- 215.089 145.188 
Ni2SiO4(oliv) -1288.441 -1396 
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Table 2  Standard free energy of formation and standard enthalpy of formation for americium(III) 8)

fG°m fH°mspecies
(kJ·mol–1) (kJ·mol–1)

Am3+ -598.698 -616.7 
Am(OH)2

+ -976.885 -1110 
AmCO3

+ -1164.1 -1277 
Am(CO3)2

- -1734.7 -1957 
AmHCO3

2+ -1217.55 -1337 

Table 3  Standard free energy of formation and standard enthalpy of formation for uranium(IV) 8)

fG°m fH°mspecies
(kJ·mol–1) (kJ·mol–1)

U(OH)4(aq) -1421.309 -1624.607 
U(CO3)5

6- -3363.432 -3987.35 
U4+ -529.86 -591.2 
UOH3+ -763.918 -830.12 
USO4

2+ -1311.423 -1492.54 
U(SO4)2(aq) -2077.86 -2377.18 

Table 4  Standard free energy of formation and standard enthalpy of formation for neptunium(V) 8)

fG°m fH°mspecies
(kJ·mol–1) (kJ·mol–1)

NpO2
+ -907.765 -978.181 

NpO2OH(aq) -1080.405 -1199.226 
NpO2(OH)2

- -1247.336 -1431.23 
NpO2SO4

- -1654.281 -1864.321 
NpO2CO3

- -1470.02 -1599.9 
NpO2(CO3)2

3- -2009.6 -2298.8 
NpO2(CO3)3

5- -2522.859 -3017.12 
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Table 5  Standard free energy of formation and standard enthalpy of formation for uranium(VI) 8)

fG°m fH°mspecies
(kJ·mol–1) (kJ·mol–1)

UO2OH+ -1159.724 -1261.371
(UO2)2(OH)2

2+ -2347.303 -2572.065
(UO2)3(OH)5

+ -3954.594 -4389.086
UO2CO3(aq) -1537.188 -1689.23 
UO2(CO3)2

2- -2103.161 -2350.96
UO2(CO3)3

4- -2660.914 -3083.89
(UO2)3(CO3)6

6- -6333.285 -7171.08
UO2

2+ -952.551 -1019
UO2Cl+ -1084.738 -1178.08
UO2Cl2(aq) -1208.707 -1338.16
UO2SO4(aq) -1714.535 -1908.84
UO2(SO4)2

2+ -2464.19 -2802.58

Table 6  Obtained multiple coefficient of determination (R2) for correlation between fG°m and 

fH°m

element (group) R2

nickel (group 1) 0.9950 
nickel (group 2) 0.9895 
nickel (group 3) 0.9985 
americium(III) 0.9978 
uranium(IV) 0.9995 

neptunium(V) 0.9964 
uranium(VI) 0.9994 
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Table 7  Status of ion interaction coefficients in the NEA-TDB 3) for dominant aqueous species in the 

performance assessment of “H12” report 1)

counter electrolyte ion elem
ent aqueous species 

Cl- ClO4
- NO3

- Li+ Na+ K+ remarks 

Se HSe-    
Zr Zr(OH)4(aq)       no electric charge 
Nb Nb(OH)6

-    
Tc TcO(OH)2(aq)       no electric charge 
Pd Pd(OH)2(aq)       no electric charge 

Sn(OH)5
-    

Sn
Sn(OH)4(aq)       no electric charge 

Cs Cs+       soluble
Sm(CO3)2

-    
Sm(CO3)3

3-    Sm 
SmCO3

+    

taken from 
americium(III) 

PbCO3(aq)       no electric charge 
Pb

Pb(CO3)2
2-    

Ra Ra2+    
Ac(CO3)2

-    
Ac(CO3)3

3-    Ac
AcCO3

+    

taken from 
americium(III) 

Th Th(OH)3CO3
-    

Pa PaO(OH)3(aq)       no electric charge 
U(OH)2(CO3)2

2-    
U

U(OH)4(aq)       no electric charge 
Np(OH)2(CO3)2

2-    
Np

Np(OH)4(aq)       no electric charge 
Pu(OH)2(CO3)2

2-    
Pu(CO3)2

-    
Pu(CO3)3

3-    
Pu

PuCO3
+    

taken from 
americium(III) 

Am(CO3)2
-    

Am(CO3)3
3-    Am 

AmCO3
+ ×    

Cm(CO3)2
-    

Cm(CO3)3
3-    Cm 

CmCO3
+    

taken from 
americium(III) 

: selected in the NEA-TDB, : not selected in the NEA-TDB 
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Table 8  Composition of modeled groundwaters (mol·kg-1)

 FRHP FRLP modified 
FRHP 1*

modified 
FRHP 2** MRNP SRHP SRLP modified 

FRHP 3***

pH 8.46 5.70 8.46 8.46 7.07 7.95 5.96 8.46 

Eh -281mV -156mV -281mV -281mV -244mV -303mV -159mV -281mV 

Im 4.20×10-3 4.04×10-3 2.00×10-2 2.00×10-1 3.91×10-1 6.34×10-1 6.58×10-1 7.00×10-1

Cl- 1.46×10-5 1.02×10-4 5.68×10-3 1.95×10-1 2.95×10-1 5.90×10-1 5.90×10-1 6.94×10-1

ClO4
- 0 0 0 0 0 0 0 0 

NO3
- 0 0 0 0 0 0 0 0 

Li+ - - 0 0 - - - 0 

Na+ 3.53×10-3 3.47×10-3 9.32×10-3 1.99×10-1 3.04×10-1 6.17×10-1 5.01×10-1 6.99×10-1

K+ 6.15×10-5 5.99×10-5 6.15×10-5 6.15×10-5 7.99×10-2 1.06×10-2 1.09×10-2 6.15×10-5

* FRHP adjusting Im to 0.02 mol·kg-1

** FRHP adjusting Im to 0.1 mol·kg-1

*** FRHP adjusting Im to 0.7 mol·kg-1
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Figure 1  Correlation between fG°m and fH°m for nickel (group 1) and its least-squares 

regression result 
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Figure 2  Correlation between fG°m and fH°m for nickel (group 2) and its least-squares 

regression result 
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Figure 3  Correlation between fG°m and fH°m for nickel (group 3) and its least-squares 

regression result 
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Figure 4  Correlation between fG°m and fH°m for americium(III) and its least-squares 

regression result 
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Figure 5  Correlation between fG°m and fH°m for uranium(IV) and its least-squares 

regression result 
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Figure 6  Correlation between fG°m and fH°m for neptunium(V) and its least-squares 

regression result 
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Figure 7  Correlation between fG°m and fH°m for uranium(VI) and its least-squares 

regression result 

Figure 8  Estimated hydrolysis constants of zirconium(IV) compared with the NEA-TDB 
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Figure 9  Estimated hydrolysis constants of uranium(IV) compared with the NEA-TDB 

Figure 10  Estimated hydrolysis constants of neptunium(IV) compared with the NEA-TDB 
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Figure 11  Estimated hydrolysis constants of plutonium(IV) compared with the NEA-TDB 

Figure 12  Estimated hydrolysis constants of americium(III) compared with the NEA-TDB 
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Figure 13  Estimated formation constants of zirconium(IV) carbonate complexes compared 

with the NEA-TDB 

Figure 14  Estimated formation constants of uranium(IV) carbonate complexes compared with 

the NEA-TDB 
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Figure 15  Estimated formation constants of neptunium(IV) carbonate complexes compared 

with the NEA-TDB 

Figure 16  Estimated formation constants of plutonium(IV) carbonate complexes compared 

with the NEA-TDB 
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Figure 17  Estimated formation constants of americium(III) carbonate complexes compared 

with the NEA-TDB 

Figure 18  Estimated formation constants of zirconium(IV) fluoride complexes compared with 

the NEA-TDB 
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Figure 19  Estimated formation constants of uranium(IV) fluoride complexes compared with 

the NEA-TDB 

Figure 20  Estimated formation constants of neptunium(IV) fluoride complexes compared with 

the NEA-TDB 

�����������������������

����



Figure 21  Estimated formation constants of plutonium(IV) fluoride complexes compared with 

the NEA-TDB 

Figure 22  Estimated formation constants of americium(III) fluoride complexes compared with 

the NEA-TDB 
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Figure 23  Estimated formation constants of zirconium(IV) chloride complexes compared with 

the NEA-TDB 

Figure 24  Estimated formation constants of uranium(IV) chloride complexes compared with 

the NEA-TDB 
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Figure 25  Estimated formation constants of neptunium(IV) chloride complexes compared with 

the NEA-TDB 

Figure 26  Estimated formation constants of plutonium(IV) chloride complexes compared with 

the NEA-TDB 
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Figure 27  Estimated formation constants of americium(III) chloride complexes compared with 

the NEA-TDB 

Figure 28  Estimated formation constants of zirconium(IV) sulfate complexes compared with 

the NEA-TDB 
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Figure 29  Estimated formation constants of uranium(IV) sulfate complexes compared with the 

NEA-TDB

Figure 30  Estimated formation constants of neptunium(IV) sulfate complexes compared with 

the NEA-TDB 
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Figure 31  Estimated formation constants of plutonium(IV) sulfate complexes compared with 

the NEA-TDB 

Figure 32  Estimated formation constants of americium(III) sulfate complexes compared with 

the NEA-TDB 
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Figure 33  Estimated formation constants of zirconium(IV) nitrate complexes compared with 

the NEA-TDB 

Figure 34  Estimated formation constants of uranium(IV) nitrate complexes compared with the 

NEA-TDB
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Figure 35  Estimated formation constants of neptunium(IV) nitrate complexes compared with 

the NEA-TDB 

Figure 36  Estimated formation constants of plutonium(IV) nitrate complexes compared with 

the NEA-TDB 
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Figure 37  Estimated formation constants of americium(III) nitrate complexes compared with 

the NEA-TDB 
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Figure 38  Activity coefficient for the AmCO3
+ group estimated from the Davies model and the 

SIT
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Figure 39  Activity coefficient for the Am(CO3)2
- group estimated from the Davies model and 

the SIT 
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Figure 40  Activity coefficient for the Am(CO3) 3
3- group estimated from the Davies model and 

the SIT 
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Figure 41  Activity coefficient for a group with net charge of +2 estimated from the Davies 

model and the SIT 
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Figure 42  Activity coefficient for a group with net charge of -1 estimated from the Davies 

model and the SIT 
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Figure 43  Activity coefficient for a group with net charge of -2 estimated from the Davies 

model and the SIT 
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Figure 44  Estimated solubility of HSe- in FRHP and modified FRHP groundwaters using the 

Davies model and the SIT 
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Figure 45  Estimated solubility of Nb(OH)6
- in FRHP and modified FRHP groundwaters using 

the Davies model and the SIT 
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Figure 46  Estimated solubility of Sn(OH)5
- in FRHP and modified FRHP groundwaters using 

the Davies model and the SIT 
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Figure 47  Estimated solubility of Pb(CO3)2
2- in FRHP and modified FRHP groundwaters using 

the Davies model and the SIT 
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Figure 48  Estimated solubility of ThCO3(OH)3
- in FRHP and modified FRHP groundwaters 

using the Davies model and the SIT 
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Figure 49  Estimated solubility of U(CO3)2(OH)2
2- in FRHP and modified FRHP groundwaters 

using the Davies model and the SIT 
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Figure 50  Estimated solubility of Np(CO3)2(OH)2
2- in FRHP and modified FRHP 

groundwaters using the Davies model and the SIT 
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Figure 51  Estimated solubility of Pu(CO3)2(OH)2
2- in FRHP and modified FRHP groundwaters 

using the Davies model and the SIT 
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Figure 52  Estimated solubility of MCO3
+ (M: Sm, Ac, Pu, Am, Cm) in FRHP and modified 

FRHP groundwaters using the Davies model and the SIT 
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Figure 53  Estimated solubility of M(CO3)2
- (M: Sm, Ac, Pu, Am, Cm) in FRHP and modified 

FRHP groundwaters using the Davies model and the SIT 
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Figure 54  Estimated solubility of M(CO3)3
3- (M: Sm, Ac, Pu, Am, Cm) in FRHP and modified 

FRHP groundwaters using the Davies model and the SIT 
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