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Part of JAEA’s Thermodynamic Database (JAEA-TDB) for solubility and speciation of radionuclides 

(JAEA-TDB-RN) for performance assessment of geological disposal of high-level radioactive and TRU 

wastes has been updated with subsuming the database for geochemical calculations (JAEA-TDB-GC). This 

report has focused to update JAEA-TDB-RN after selecting change in standard Gibbs free energy of 

formation (fGºm), change in standard enthalpy change of formation (fHºm), standard molar entropy (Sºm) 

and, heat capacity (Cºp), change in standard Gibbs free energy of reaction (rGºm), change in standard 

enthalpy change of reaction (rHºm) and standard entropy change of reaction (rSºm) as well as logarithm of 
equilibrium constant (log10 K°) at standard state. The extent of selection of these thermodynamic data enables 

to evaluate solubility and speciation of radionuclides at temperatures other than 298.15 K. Furthermore, the 

latest thermodynamic data for iron which have been critically reviewed, selected and compiled by the Nuclear 

Energy Agency within Organisation for Economic Co-operation and Development (OECD/NEA) have been 

accepted. Most of previously selected log10 K° have been refined to confirm internal consistency with JAEA-

TDB-GC. Text files of the updated JAEA-TDB have been provided for geochemical calculation programs of 

PHREEQC and Geochemist’s Workbench. 
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（2020 年 12 月 3 日受理） 

 

高レベル放射性廃棄物および TRU 廃棄物地層処分の性能評価に用いる JAEA 熱力学データベ

ース（JAEA-TDB）のうち，放射性核種溶解挙動評価部分（JAEA-TDB-RN）について，地球化学

計算部分（JAEA-TDB-GC）を包含する形で更新を実施した。今回の更新では，従来の選定値が標

準状態における反応の平衡定数（対数値 log10 K°）だけであったのに対して，ギブズ標準自由エネ

ルギー変化（ΔfG°m），標準モルエンタルピー変化（ΔfH°m），標準モルエントロピー（S°m），比熱容

量（C°p,m），反応の自由エネルギー変化（ΔrG°m），反応のエンタルピー変化（ΔrH°m）および反応

のエントロピー変化（ΔrS°m）を追加することで，大幅な選定値の拡充を行うとともに，298.15 K

以外の温度における溶解挙動評価が実施できるよう整備が行われた。また，経済協力開発機構原

子力機関（OECD/NEA）がレビュー，選定および集約した鉄についての最新の熱力学データを取

り込んだ。さらに，JAEA-TDB-GC と選定値の内部整合性を図るために，多くの反応の log10 K°に

ついて再計算を実施した。更新した JAEA-TDB を有効活用するために， PHREEQC および

Geochemist’s Workbench といった地球化学計算コード用フォーマットを提供した。 
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1. Introduction 

 

Many radionuclides are contained in high-level radioactive waste (HLW) and are part of TRU waste; 

some of them have long half-lives (more than 104 years). It is necessary to predict solubility and speciation 

of the radionuclides in groundwaters and bentonite porewaters in an engineered barrier system for 

performance assessment of geological disposal of HLW and TRU waste. Thermodynamic data at standard 

state (298.15 K, 0.1 MPa and ionic strength of zero) are needed to estimate the solubility and aqueous species 

in the groundwater and bentonite porewater. These data are also needed to estimate sorption and diffusion 

behavior of chemical species on/in engineered barriers and host rocks. Therefore, the most reliable 

thermodynamic data should be compiled to carry out the reliable performance assessment by implementation 

and regulatory organizations. 

The author and his colleagues have developed and updated the JAEA’s thermodynamic database (JAEA-

TDB) (JAEA is the abbreviation of Japan Atomic Energy Agency) for the performance assessment of 

geological disposal of radioactive waste 1-5). Main part of the thermodynamic data in JAEA-TDB were 

selected and estimated by JAEA, however, some were taken from the data selected in the NEA 

Thermochemical Data Base Project (NEA-TDB) organized by the Nuclear Energy Agency (NEA) within the 

Organisation for Economic Co-operation and Development (OECD) 6) and those selected in JNC-TDB 5) 

(JNC is the abbreviation of Japan Nuclear Cycle Development Institute which is one of the predecessor of 

JAEA). The thermodynamic data were compiled and converted to be available for use in geochemical 

calculation programs, e.g., PHREEQC 7) and Geochemist’s Workbench (GWB) 8). 

Problems of past versions of JAEA-TDB 1-4) were that; 1) prediction of solubility and speciation was able 

to perform only at 298.15 K due to compilation of only equilibrium constant values at 298.15 K, and 2) no 

thermodynamic data for geochemical calculations have been updated after publishing JNC-TDB 5). Although 

thermodynamic data for geochemical calculations have been replaced to those selected in another JAEA-TDB 

specialized for geochemical calculations (JAEA-TDB-GC) 9, 10) in the previous update in 2019 11), the internal 

consistency in the TDB was far from satisfactory. 

In the present update of JAEA-TDB from “the previous update published in 2019” 11), the author has 

carefully compiled thermodynamic data for solubility and speciation of radionuclides to confirm internal 

consistency in the TDB through; 1) selection of thermodynamic data on formation and reaction of elements 

other than the equilibrium constant (log10 K°), 2) compilation of thermodynamic data selected in the latest 

update of JAEA-TDB-GC 9), and 3) refinement of thermodynamic data (especially for log10 K°) after revising 

those for basic elements. The author has updated the part of JAEA-TDB for solubility and speciation of 

radionuclides (JAEA-TDB-RN) because the author has not developed but just referred JAEA-TDB-GC 9). 

The author has also decided to provide text files of updated and expired TDB for use of the geochemical 

calculation programs of PHREEQC 7) and GWB 8). 
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2. Guidelines for Selection of Thermodynamic Data 

 

2.1 Basic Information 

The objective of developing the JAEA-TDB is to provide an appropriate thermodynamic database for 

the performance assessment of geological disposal of radioactive waste (especially for HLW and TRU waste). 

The traceability and transparency of selection of thermodynamic values in the JAEA-TDB should be 

guaranteed. 

The thermodynamic values to be selected in the JAEA-TDB fall in two categories, those that are 

necessary and those that would be desirable (recommended) to have if adequate data are available. These are 

further elaborated below: 

- Necessary:  

equilibrium constant of reaction (Kº) or  

change in standard Gibbs free energy of reaction (rGºm = –RT ln Kº, where R and T is gas constant 
and absolute temperature, respectively), 

- Recommended: 

change in standard Gibbs free energy of formation (fGºm), 

change in standard enthalpy change of formation (fHºm) and that of reaction (rHºm), standard molar 

entropy (Sºm) and change in standard entropy change of reaction (rSºm), and heat capacity (Cºp). 
Twenty-six elements of interest were selected in the safety assessment in JNC’s 2nd progress report on 

research and development of geological disposal of HLW (H12) 12) and that of TRU waste (TRU-2) 13) as 

follows: 

 

– carbon (C) 

– chlorine (Cl) 

– cobalt (Co) 

– nickel (Ni) 

– selenium (Se) 

– strontium (Sr) 

– zirconium (Zr) 

– niobium (Nb) 

– molybdenum (Mo) 

– technetium (Tc) 

– palladium (Pd) 

– tin (Sn) 

– antimony (Sb) 

– iodine (I) 

– cesium (Cs) 

– samarium (Sm) 
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– lead (Pb) 

– bismuth (Bi) 

– polonium (Po) 

– radium (Ra) 

– actinium (Ac) 

– thorium (Th) 

– protactinium (Pa) 

– uranium (U) 

– neptunium (Np) 

– plutonium (Pu) 

– americium (Am) 

– curium (Cm) 

 

Considering the stability and abundance of anions in the geological disposal environment that can form 

complexes with the radioactive elements of interest, complexes of the following dominant anions will be 

considered emphasized for selecting thermodynamic data: 

 

– hydroxyl ion (OH-) 

– hydrogen carbonate and carbonate ions (HCO3
- and CO3

2-, respectively) 

– sulfate and hydrosulfide ions (SO4
2- and HS-, respectively) 

– nitrate ion and ammine (NO3
- and NH3(aq), respectively) 

– dihydrogen, hydrogen phosphate and orthophosphate ions (H2PO4
-, HPO4

2- and PO4
3-, respectively) 

– halide ions (F-, Cl-, Br- and I-). 

 

Thermodynamic data of several elements with the following organic ligands, which have been published as 

the NEA-TDB 14), will be incorporated into the JAEA-TDB due to importance for the performance 

assessment of TRU waste: 

 

– Ethylenediaminetetraacetic acid (EDTA: (HOOCCH2)2NCH2CH2N(CH2COOH)2),  

– Citric acid (Cit: HOOCCH2CCOOHOHCH2COOH),  

– Oxalic acid (Ox: HOOCCOOH) and 

– Isosaccharic acid (ISA: CH2OHCHOHCH2COHCH2OHCOOH). 

 

Although it is important to select formation constants with natural organic substances (e.g. humic and fulvic 

acids) for the JAEA-TDB, it is currently not possible to do so because the humic substances are complex 

with multiple functional groups, and the proposed models for interpreting complexation behavior of the 

humic substances are empirical, too simplified, and not able to unambiguously assign values of formation 

constants for them. Formation constants with organic ligands other than EDTA, Cit, Ox and ISA will be 
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excluded from the compilation of the JAEA-TDB. 

The order of ligands is sorted based on the ranks of elements given in “Standard Order of Arrangement” 15) 

as shown in Figure 1. 

 

 
Figure 1  Standard order of arrangement of the elements and compounds based on the periodic 

classification of the elements (after Wagman et al.15)) 

 

2.2 Relation between Thermodynamic Data on Formation and Reaction 

There are some compounds/species for which thermodynamic values on reaction have not been selected 

and those on formation are available. The thermodynamic values on reaction (e.g., log10 K° and ΔrH°m) are 

required for use in some geochemical calculation programs such as PHREEQC 7). Therefore, some 

thermodynamic values on reaction have been determined from those on formation using the following 

calculation. 

Using the Hess’s law, thermodynamic values on formation for some arbitrary reaction, e.g., 

 

a A + b B ⇄ c C + d D , (1) 

where A, B, C and D are substances involving the reaction, and a, b, c and d are coefficients of the 

substances A, B, C and D, respectively, 
 

can be obtained using the following equations: 

 

ΔrG°m = c ΔfG°m(C) + d ΔfG°m(D) – a ΔfG°m(A) – b ΔfG°m(B) , (2) 

ΔrH°m = c ΔfH°m(C) + d ΔfH°m(D) – a ΔfH°m(A) – b ΔfH°m(B)  and (3) 
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ΔrS°m = c S°m(C) + d S°m(D) – a S°m(A) – b S°m(B) . (4) 

 

Logarithm of equilibrium constant at standard state (log10 K°) is derived from ΔrG°m using the following 

equation: 

 

ΔrG°m = –RT loge K° (5) 

 

where R is the gas constant (8.3145 JꞏK-1ꞏmol-1) and T is absolute temperature (which for 25 °C is 298.15 K) 16). 

Therefore, log10 K° equals to –(ΔrG°m)/(5.708) at 298.15 K. 

Uncertainty (σ) of the thermodynamic values is obtained from error propagation as follows: 

 

σ(ΔrG°m) = (c σ(ΔfG°m(C))2 + d σ(ΔfG°m(D))2 + a σ(ΔfG°m(A))2 + b σ(ΔfG°m(B))2)1/2, (6) 

σ(ΔrH°m) = (c σ(ΔfH°m(C))2 + d σ(ΔfH°m(D))2 + a σ(ΔfH°m(A))2 + b σ(ΔfH°m(B))2)1/2, (7) 

σ(ΔrS°m) = (c σ(S°m(C))2 + d σ(S°m(D))2 + a σ(S°m(A))2 + b σ(S°m(B))2)1/2, and (8) 

σ(log10 K°) = σ(ΔrG°m)/5.708. (9) 

 

The uncertainty in equilibrium constant (σ(log10 K°)) calculated using equations (6) and (9) is usually larger 

than that obtained experimentally. The smallest of the uncertainty values have been selected on the basis of 

either the experimental data or calculations. 

There is another equation to obtain ΔrS°m as follows: 

 

ΔrS°m = (ΔrH°m – ΔrG°m) / T . (10) 

 

This equation is useful to check internal consistency of the selected values. The uncertainty of ΔrS°m 

(σ(ΔrS°m)) using the equation (10) is, however, usually much larger than that using the equation (7). Therefore, 

ΔrS°m and σ(ΔrS°m) should be selected using the equations (4) and (8), respectively. 

For use with geochemical calculation programs, dissociation reactions are defined for all compounds and 

gaseous species, i.e., the objective compounds and species are put on the left-hand side and aqueous master 

species of the objective elements are put on right-hand side in their reactions. 

 

2.3 General Procedure for the Selection of Thermodynamic Data 

2.3.1 Elements of Interest and Two Individual Parts of JAEA-TDB 
Development of JAEA-TDB has been performed in the following two parts individually in recent years: 

1) the database for geochemical reactions between rocks / minerals and groundwaters (JAEA-TDB-GC), and 

2) those for solubility and speciation of radionuclides (JAEA-TDB-RN). Elements of interest in the both 

parts are shown on a periodic table in Figure 2, comparing of those in the NEA Thermochemical Data Base 

Project (NEA-TDB). The present report provides the selected thermodynamic data for JAEA-TDB-RN 

compiled with the selected data in JAEA-TDB-GC of which the development has been shown in elsewhere 17). 
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Figure 2  Elements of interest in JAEA-TDB comparing with those in the NEA Thermochemical Data 

Base Project (NEA-TDB) 

 

 

2.3.2 Collecting Thermodynamic Values 
Thermodynamic values for iron 18, 19), nickel 20), selenium 21), zirconium 22), technetium 23), tin 24), thorium 25), 

uranium 23), neptunium 23), plutonium 23), americium 23) and those with selected organic ligands 14) which 

have been critically reviewed by the NEA should be collected. Other thermodynamic values for these 

elements, which were not reviewed by the NEA, may have to be collected as necessary. Selected or referred 

thermodynamic values in the JNC-TDB 5) and the PSI/Nagra-TDB 26) of which thermodynamic data have 

been reviewed and compiled on the basis of the NEA’s guidelines 6) should also be collected. Thermodynamic 

values for elements excluded in the above TDBs should be collected through literature survey. 

Thermodynamic values for some elements with poor or no experimental values should be estimated using 

chemical analogues and/or models. 

 

2.3.3 Procedure for Review and Selection of Thermodynamic Values 
Review and selection of thermodynamic values obtained from experimental data should be based on the 

NEA’s “TDB-1” guideline 27), which describes how to review and select thermodynamic data based on the 

number of data source available. Even though the “TDB-1” 27) mentions that only original experimental data 

are evaluated, not estimates, values from compilations or secondary citations, thermodynamic values or 

databases selected by the NEA can be transferred to the JAEA-TDB after checking the consistency of these 
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values with the existing database. Based on the same (unique) policy, thermodynamic values contained in 

TDBs developed on the basis of the “TDB-1” guideline 27), which are the PSI/Nagra-TDB 26) and part of the 

JNC-TDB (Lothenbach et al. 28)), can be treated as already reviewed values. If the latest thermodynamic 

values and/or non-selected values in the above TDBs are considered to be reliable, the review and selection 

of thermodynamic values should be performed for all candidate values, and the consistency of the database 

should be reevaluated in a manner similar to the reevaluation of the NEA-TDB. 

Thermodynamic values on formation (fGºm, fHºm, Sºm and Cºp) compiled in JAEA-TDB-GC 17) have 
been adopted without any modifications, except for those for iron 18, 19), nickel 20) and tin 24) which have also 

been reviewed and selected in NEA-TDB. It is found that most of thermodynamic data on formations and 

reactions of fundamental elements in JAEA-TDB-GC 17) are similar to those selected in NEA-TDB (the 

auxiliary data). 

Refinement of the selected thermodynamic data has been performed in order to make sure internal 

consistency in the TDB as follows: 

 

1. Select thermodynamic values on reaction (log10 Kº, rGºm, rHºm and rSºm) when reliable, 

2. Calculate thermodynamic values on formation (fGºm, fHºm, Sºm) from those on reaction selected 
above, 

3. Select thermodynamic values on formation (fGºm, fHºm, Sºm and Cºp) when the related 

thermodynamic values on reaction (log10 Kº, rGºm, rHºm and rSºm) have not been selected, 

4. Calculate thermodynamic values on reaction (log10 Kº, rGºm, rHºm and rSºm) using the selected 

values on formation (fGºm, fHºm and Sºm), and 

5. Check internal consistency through calculation of rSºm using the equations (4) and (10). 
 

For the calculation of fGºm of aqueous species and compounds of interest, some fGºm values for basic 
species (can be nominated as “solution master species” in PHREEQC program 7)) have been taken from Fuger 

and Oetting 29) and Wagman et al. 15). 

Selection of thermodynamic values for iron, nickel and tin of which both JAEA-TDB-GC 17) and NEA-

TDB 18-20, 24) have been selected will be discussed later. 

 

2.3.4 Correction of Ionic Strength 
All thermodynamic values should be standardized at zero ionic strength. Correction of ionic strength to 

determine the equilibrium constant values at zero ionic strength should be performed on the basis of the 

NEA’s “TDB-2” guideline 30), which recommends the Brønsted-Guggenheim-Scatchard Model (usually 

called the “specific ion interaction theory (SIT)”). In the model, the activity coefcient γj of an ion j of charge 

zj in the electrolyte solution of molarity mk (mol kg-1) and ionic strength Im (mol kg-1) is assumed as follows: 
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log 𝛾𝛾� � ����� � ∑ 𝜀𝜀��,�,���𝑚𝑚��  , (11) 
 
where D denotes the Debye-Hückel term as defined as a function of Im as shown in the following equation; 
𝜀𝜀��,�,��� denotes the ion interaction coefficient of ion j against the counterion(s) k at a certain Im: 
 

m

m

I.

I.
D

511
5090


  . (12) 

 
The ionic strength Im equals the molarity mk in case of 1:1 electrolyte (e.g. NaCl, NaClO4). The ion interaction 
coefcients 𝜀𝜀��,�,��� are assumed to be zero for ions of the same charge sign (e.g. between Na+ and UO2

2+) 

and for uncharged species (e.g. UO2(OH)2(aq)). 

 

2.3.5 Temperature Correction 
All thermodynamic values should be selected at 298.15 K. If thermodynamic values are available only 

at other temperatures, those should be converted to 298.15 K on the basis of the “TDB-4” guideline by the 

NEA 31). 

 

2.3.6 Assignment of Uncertainties 
Uncertainties of experimental and thermodynamic values should be assigned on the basis of the NEA’s 

“TDB-3” guideline 16) Assignment of uncertainties for values obtained from chemical analogues and/or 

models, however, should be discussed because no guidelines are available. Assignment of uncertainties by 

an expert judgment (or “educated guess” in the TDB-1 27)) would not be avoidable for some thermodynamic 

values. Propagation of uncertainties should be carefully treated so as not to overestimate uncertainties. 

 

2.3.7 Use of Chemical Analogues and Models for Estimation of Thermodynamic Data 
Some thermodynamic values which are important for the performance assessment of geological 

disposal of radioactive wastes should be selected even if the reliability of the values is questionable. In this 

case, the value may be selected as a tentative value, specifying low reliability of the value and the need for 

the value to be more reliably determined. 

Application of chemical analogues should be considered to estimate thermodynamic values on some 

species which have not been published values based on experimental data. At the moment, application of a 

chemical analogue among actinoides with the same oxidation state should be considered. Some chemical 

analogues may be combined with chemical models that have been proposed to estimate thermodynamic 

values where no values based on experimental data are available. Some of the models are able to estimate 

thermodynamic values by semi-empirical and/or qualitative interactions between central atom and 

coordinated species 32-34) . 

The selection of tentative values should be carried out with special care, and we should explain the 

procedure of the selection logically.   
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coefcients 𝜀𝜀��,�,��� are assumed to be zero for ions of the same charge sign (e.g. between Na+ and UO2

2+) 

and for uncharged species (e.g. UO2(OH)2(aq)). 

 

2.3.5 Temperature Correction 
All thermodynamic values should be selected at 298.15 K. If thermodynamic values are available only 

at other temperatures, those should be converted to 298.15 K on the basis of the “TDB-4” guideline by the 

NEA 31). 

 

2.3.6 Assignment of Uncertainties 
Uncertainties of experimental and thermodynamic values should be assigned on the basis of the NEA’s 

“TDB-3” guideline 16) Assignment of uncertainties for values obtained from chemical analogues and/or 

models, however, should be discussed because no guidelines are available. Assignment of uncertainties by 

an expert judgment (or “educated guess” in the TDB-1 27)) would not be avoidable for some thermodynamic 

values. Propagation of uncertainties should be carefully treated so as not to overestimate uncertainties. 

 

2.3.7 Use of Chemical Analogues and Models for Estimation of Thermodynamic Data 
Some thermodynamic values which are important for the performance assessment of geological 

disposal of radioactive wastes should be selected even if the reliability of the values is questionable. In this 

case, the value may be selected as a tentative value, specifying low reliability of the value and the need for 

the value to be more reliably determined. 

Application of chemical analogues should be considered to estimate thermodynamic values on some 

species which have not been published values based on experimental data. At the moment, application of a 

chemical analogue among actinoides with the same oxidation state should be considered. Some chemical 

analogues may be combined with chemical models that have been proposed to estimate thermodynamic 

values where no values based on experimental data are available. Some of the models are able to estimate 

thermodynamic values by semi-empirical and/or qualitative interactions between central atom and 

coordinated species 32-34) . 

The selection of tentative values should be carried out with special care, and we should explain the 

procedure of the selection logically.   
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3. Selection and Refinement of Thermodynamic Data in JAEA-TDB-RN 

 

This chapter describes selection and refinement of thermodynamic data in JAEA-TDB-RN with 

categorizing the following groups: 

– Lanthanoides and actinoides: Sm, Ac, Th, Pa, U, Np, Pu, Am and Cm, 

– Transient metals: Fe, Co, Ni, Zr, Nb, Mo, Tc and Pd 

– Other elements: Se, Sn, Sb, Bi, Po and Ra, and 

– Various elements with selected organic ligands (oxalate, citrate, ethylenediaminetetraacetate 

(EDTA) and isosaccharnate (ISA)). 

All the selected data have been tabulated in Appendix A with order of atomic numbers and subsequent 

tables for various elements with selected organic ligands. 

 

3.1 Discussion of Elements of Interest in Both JAEA-TDB-GC and JAEA-TDB-RN 
Before starting the selection and refinement of thermodynamic data, selected thermodynamic data for 

Fe, Ni and Sn should be discussed, because the most of selected vales in JAEA-TDB-GC 17) are different 

from those in JAEA-TDB-RN and/or NEA-TDB. 

 

3.1.1 Iron (Fe) 
Although Fe is out of interest in JAEA-TDB-RN, selected thermodynamic data should be discussed 

because the NEA has published the selected data 18, 19). The selected thermodynamic data for typical Fe 

species and compounds in JAEA-TDB-GC 17) and NEA-TDB 18, 19) are listed in Table 1. It is found that all 

the selected data are consistent within uncertainties. The author has accepted the selected values in JAEA-

TDB-GC 17) due to comprehensiveness of the data and avoiding change of log10 K° values for iron-containing 

minerals. The author has also accepted the selected values in NEA-TDB that has not compiled in JAEA-

TDB-GC 17). Refinement of thermodynamic data has been performed based on the guideline in section 2. 

 

3.1.2 Nickel (Ni) 
Thermodynamic data for Ni have been selected in both JAEA-TDB-GC 17) and NEA-TDB 20). The 

selected thermodynamic data for typical iron species and compounds in JAEA-TDB-GC and NEA-TDB are 

listed in Table 2. The author has accepted the selected data in NEA-TDB 20) because the selected data are 

more comprehensive than those in JAEA-TDB-GC 17) and have been critically reviewed. Refinment of 

thermodynamic data has been performed based on the guideline in section 2. 
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Table 1  Comparison of selected thermodynamic data for typical iron (Fe) species and compounds 

between JAEA-TDB-GC (GC) 17) and NEA-TDB (NEA) 18, 19) 

Species / 
compound 

fG°m (kJ.mol-1) fH°m (kJ.mol-1) S°m (J.K-1.mol-1) C°p,m (J.K-1.mol-1) 
GC NEA GC NEA GC NEA GC NEA 

α-Fe 0.000 0.000 0.000 0.000 27.280 
± 0.126 

27.085 
± 0.160 

24.978 
± 0.418 

25.084 
± 0.500 

Fe2+ -91.504 
± 0.837 

-90.719 
± 0.641 

-92.257 
± 2.092 

-90.295 
± 0.522 

-105.855 
± 5.858 

-102.171 
± 2.778 

-32.313 -23.000 
± 10.000 

Fe3+ -17.238 
± 6.694 

-16.226 
± 0.650 

-49.580 
± 6.694 

-50.056 
± 0.973 

-277.399 
± 21.757 

-282.404 
± 3.927 

-77.822 -108.000 
± 20.000 

Fe2O3(hematite) 
α-Fe2O3(cr) 

-745.505 
± 1.255 

-744.448 
± 2.632 

-827.260 
± 1.255 

-826.290 
± 2.630 

87.613 
± 1.255 

87.400 
± 0.160 

104.767 
± 1.674 

103.930 
± 0.170 

Fe3O4(magnetite) 
α-Fe3O4(cr) 

-1014.913 
± 3.347 

-1012.719 
± 1.609 

-1118.174 
± 3.347 

-1115.780 
± 1.600 

145.729 
± 0.418 

145.890 
± 0.300 

151.670 
± 1.255 

150.780 
± 1.250 

FeOH+ -275.600 
± 7.113 

-275.916 
± 2.372 

-326.812 
± 9.623 

 -41.840 
± 20.920 

 62.760  

FeOH2+ -241.835 
± 6.694 

-241.094 
± 0.764 

-292.880 -299.886 
± 3.154 

-106.274 -132.871 
± 10.886 

-34.309  

FeS2(pyrite) -160.247 
± 8.368 

-162.219 
± 2.361 

-171.544 
± 8.368 

-173.630 
± 2.360 

52.928 
± 0.126 

52.920 
± 0.140 

62.099 
± 0.628 

62.270 
± 0.200 

 

 

Table 2  Comparison of selected thermodynamic data for typical nickel (Ni) species and compounds 

between JAEA-TDB-GC (GC) 17) and NEA-TDB (NEA) 20) 

Species / 
compound 

fG°m (kJ.mol-1) fH°m (kJ.mol-1) S°m (J.K-1.mol-1) C°p,m (J.K-1.mol-1) 
GC NEA GC NEA GC NEA GC NEA 

Ni(cr) 0.000 0.000 0.000 0.000 29.874 
± 0.837 

29.870 
± 0.200 

25.773 
± 0.837 

26.070 
± 0.100 

Ni2+ -45.606 
± 8.368 

-45.773 
± 0.771 

-53.974 
± 8.368 

-55.012 
± 0.878 

-128.867 
± 8.368 

-131.800 
± 1.400 

-48.953 -46.100 
± 7.500 

NiOH+ -221.124 -228.458 
± 1.111 

-283.089 -287.042 
± 1.914 

-75.312  129.704  

-Ni(OH)2 -457.102 
± 1.255 

-457.100 
± 1.400 

-542.288 
± 1.674 

-542.300 
± 1.500 

79.998 
± 0.837 

80.000 
± 0.800 

82.015 
± 0.293 

82.010 
± 0.300 

Ni(OH)3- -580.187 -590.519 
± 9.735 

-782.730  -80.701  276.194  

Ni(OH)42- -742.978  -997.817  -22.912  77.504  
NiCO3(aq)  -597.646 

± 2.441 
      

NiCO3(cr)  -636.416 
± 1.292 

 -713.320 
± 1.424 

 85.400 
± 2.000 

 90.300 
± 4.100 

 

 

3.1.3 Tin (Sn) 
Thermodynamic data for Sn have been selected in both JAEA-TDB-GC 17) and NEA-TDB 24). The 

selected thermodynamic data for typical Sn species and compounds in JAEA-TDB-GC 17) and NEA-TDB 24) 

are listed in Table 3. It is found that the selected fG°m value of Sn4+ in NEA-TDB 24) are completely different 
from the conventional value selected in JAEA-TDB-GC 17) as hatched in Table 3, while other selected values 

are quite similar to each other. Although the author has mainly accepted the selected data in NEA-TDB 24) 

and those by Rai et al.35) for Sn(IV)-OH- system, the author has decided to accept thermodynamic data of 

aqueous species and compounds of tin selected in JAEA-TDB-GC 17) from the comprehensive point of view, 

JAEA-Data/Code 2020-020

- 10 -



JAEA-Data/Code 2020-020 

- 10 - 

 
Table 1  Comparison of selected thermodynamic data for typical iron (Fe) species and compounds 

between JAEA-TDB-GC (GC) 17) and NEA-TDB (NEA) 18, 19) 

Species / 
compound 

fG°m (kJ.mol-1) fH°m (kJ.mol-1) S°m (J.K-1.mol-1) C°p,m (J.K-1.mol-1) 
GC NEA GC NEA GC NEA GC NEA 

α-Fe 0.000 0.000 0.000 0.000 27.280 
± 0.126 

27.085 
± 0.160 

24.978 
± 0.418 

25.084 
± 0.500 

Fe2+ -91.504 
± 0.837 

-90.719 
± 0.641 

-92.257 
± 2.092 

-90.295 
± 0.522 

-105.855 
± 5.858 

-102.171 
± 2.778 

-32.313 -23.000 
± 10.000 

Fe3+ -17.238 
± 6.694 

-16.226 
± 0.650 

-49.580 
± 6.694 

-50.056 
± 0.973 

-277.399 
± 21.757 

-282.404 
± 3.927 

-77.822 -108.000 
± 20.000 

Fe2O3(hematite) 
α-Fe2O3(cr) 

-745.505 
± 1.255 

-744.448 
± 2.632 

-827.260 
± 1.255 

-826.290 
± 2.630 

87.613 
± 1.255 

87.400 
± 0.160 

104.767 
± 1.674 

103.930 
± 0.170 

Fe3O4(magnetite) 
α-Fe3O4(cr) 

-1014.913 
± 3.347 

-1012.719 
± 1.609 

-1118.174 
± 3.347 

-1115.780 
± 1.600 

145.729 
± 0.418 

145.890 
± 0.300 

151.670 
± 1.255 

150.780 
± 1.250 

FeOH+ -275.600 
± 7.113 

-275.916 
± 2.372 

-326.812 
± 9.623 

 -41.840 
± 20.920 

 62.760  

FeOH2+ -241.835 
± 6.694 

-241.094 
± 0.764 

-292.880 -299.886 
± 3.154 

-106.274 -132.871 
± 10.886 

-34.309  

FeS2(pyrite) -160.247 
± 8.368 

-162.219 
± 2.361 

-171.544 
± 8.368 

-173.630 
± 2.360 

52.928 
± 0.126 

52.920 
± 0.140 

62.099 
± 0.628 

62.270 
± 0.200 

 

 

Table 2  Comparison of selected thermodynamic data for typical nickel (Ni) species and compounds 

between JAEA-TDB-GC (GC) 17) and NEA-TDB (NEA) 20) 

Species / 
compound 

fG°m (kJ.mol-1) fH°m (kJ.mol-1) S°m (J.K-1.mol-1) C°p,m (J.K-1.mol-1) 
GC NEA GC NEA GC NEA GC NEA 

Ni(cr) 0.000 0.000 0.000 0.000 29.874 
± 0.837 

29.870 
± 0.200 

25.773 
± 0.837 

26.070 
± 0.100 

Ni2+ -45.606 
± 8.368 

-45.773 
± 0.771 

-53.974 
± 8.368 

-55.012 
± 0.878 

-128.867 
± 8.368 

-131.800 
± 1.400 

-48.953 -46.100 
± 7.500 

NiOH+ -221.124 -228.458 
± 1.111 

-283.089 -287.042 
± 1.914 

-75.312  129.704  

-Ni(OH)2 -457.102 
± 1.255 

-457.100 
± 1.400 

-542.288 
± 1.674 

-542.300 
± 1.500 

79.998 
± 0.837 

80.000 
± 0.800 

82.015 
± 0.293 

82.010 
± 0.300 

Ni(OH)3- -580.187 -590.519 
± 9.735 

-782.730  -80.701  276.194  

Ni(OH)42- -742.978  -997.817  -22.912  77.504  
NiCO3(aq)  -597.646 

± 2.441 
      

NiCO3(cr)  -636.416 
± 1.292 

 -713.320 
± 1.424 

 85.400 
± 2.000 

 90.300 
± 4.100 

 

 

3.1.3 Tin (Sn) 
Thermodynamic data for Sn have been selected in both JAEA-TDB-GC 17) and NEA-TDB 24). The 

selected thermodynamic data for typical Sn species and compounds in JAEA-TDB-GC 17) and NEA-TDB 24) 

are listed in Table 3. It is found that the selected fG°m value of Sn4+ in NEA-TDB 24) are completely different 
from the conventional value selected in JAEA-TDB-GC 17) as hatched in Table 3, while other selected values 

are quite similar to each other. Although the author has mainly accepted the selected data in NEA-TDB 24) 

and those by Rai et al.35) for Sn(IV)-OH- system, the author has decided to accept thermodynamic data of 

aqueous species and compounds of tin selected in JAEA-TDB-GC 17) from the comprehensive point of view, 
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except for Sn4+ in NEA-TDB 24) due to reliability of potentiometric measurements conducted by Gajda et al. 36) 

Refinement of thermodynamic data has been performed based on the guideline in section 2. 

 

Table 3  Comparison of selected thermodynamic data for typical tin (Sn) species and compounds between 

JAEA-TDB-GC (GC) 17) and NEA-TDB (NEA) 24) 

Species / 
compound 

fG°m (kJ.mol-1) fH°m (kJ.mol-1) S°m (J.K-1.mol-1) C°p,m (J.K-1.mol-1) 
GC NEA GC NEA GC NEA GC NEA 

β-Sn 0.000 0.000 0.000 0.000 51.170 
± 0.084 

51.180 
± 0.080 

 27.110 
± 0.080 

Sn2+ -27.489 
± 1.506 

-27.390 
± 0.300 

-8.786 
± 0.837 

-9.617 
± 1.236 

-16.736 
± 4.184 

-19.889 
± 4.266 

-64.852  

Sn4+ 2.469 
± 1.757 

46.711 
± 3.871 

-28.451 
± 62.760 

 -313.800 
± 209.200 

 -96.650 
± 20.920 

 

SnO2(cassiterite) -519.950 
± 0.544 

-516.640 
± 0.206 

-580.781 
± 0.418 

-577.630 
± 0.200 

52.300 
± 1.255 

51.770 
± 0.140 

54.572 
± 0.879 

55.260 
± 0.090 

SnOH+ -245.182 
± 2.929 

-244.381 
± 2.303 

-267.065  80.333  -53.974  

Sn(OH)3- -644.294 
± 1.674 

-644.992 
± 3.440 

-796.621  109.253  -114.591  

Sn(OH)5- -1137.630 
± 4.184 

-1132.965 
± 2.379 

-1379.607  144.030  40.769  

Sn(OH)62- -1316.663 
± 2.092 

-1312.625 
± 1.839 

-1689.838  -62.609  -62.337  

 

    
3.2 Lanthanoides and Actinoides 

3.2.1 Thorium (Th) 

Most of thermodynamic data for Th have been taken from NEA-TDB 25) and some literature values 37, 38). 

Refinement of thermodynamic data has been performed based on the guideline in section 2. 

 

3.2.2 Uranium (U), Neptunium (Np), Plutonium (Pu) and Americium (Am) 

Most of thermodynamic data for U, Np, Pu and Am have been taken from NEA-TDB 23). Some log10 K° 
values for hydrolysis species and carbonatehydroxo complexes of tetravalent actinoides (U, Np and Pu) have 

been taken from Fujiwara et al. 39). 

Thermodynamic data for Pu(III) have been taken from those for Am(III) on the basis of chemical 

analogues 40) in the previous JAEA-TDB 11) because those for Am(III) have been more comprehensive than 

those for Pu(III). Refinement of thermodynamic data for Pu(III) has been performed in the present TDB as 

follows: 

 

1. Accept thermodynamic data for Pu(III) in NEA-TDB 23), 

2. Take from log10 Kº values for the same chemical species and compounds of Am(III) 23) when those 

for Pu(III) are not available, 

3. Calculate thermodynamic values on formation (fGºm, fHºm, Sºm) from those on reaction selected 
above, and 
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4. Calculate thermodynamic values on reaction (log10 Kº, rGºm, rHºm and rSºm) using the selected 

values on formation (fGºm, fHºm and Sºm). 
 

The species and compounds of Pu(III) and Am(III) selected in NEA-TDB are listed in Table 4. Based on 

Table 4, log10 K° values for some hydrolysis species, hydroxides, halide complexes, nitrate complexes, 
phosphate complexes, carbonate complexes and silicate complexes have been taken from those for Am(III).  

The latest log10 K° values for ISA complexes of U(IV/VI) (U(OH)4(isa)-, U(OH)4(isa)2
2- and 

UO2(OH)3(isa)2
3-) published by Kobayashi et al. 41) have been accepted in the present report. 

Refinement of thermodynamic data has been performed based on the guideline in section 2. 

 

Table 4  Species and compounds of Pu(III) and Am(III) of which thermodynamic data have been selected 

in NEA-TDB 23) 

Pu(III) Am(III)  Pu(III) Am(III) 
Pu3+ Am3+  PuOI(cr) PuI3(g) 

Pu2O3(cr)    AmS(cr) 
PuOH2+ AmOH+2  PuSO4

+ AmSO4
+ 

 Am(OH)2
+  Pu(SO4)2

- Am(SO4)2
- 

Pu(OH)3(cr) Am(OH)3(cr)   AmN3
2+ 

 Am(OH)3(am)   AmNO2
2+ 

 Am(OH)3(aq)   AmNO3
2+ 

 AmF+2  PuPO4(s, hyd) AmPO4(am,hyd) 
 AmF2

+   AmH2PO4
2+ 

PuF3(cr) AmF3(cr)   AmCO3
+ 

PuF3(g) AmF3(g)   Am(CO3)2
- 

PuOF(cr)    Am(CO3)3
3- 

PuCl2+ AmCl2+   Am2(CO3)3(am) 
 AmCl2

+   AmHCO3
2+ 

PuCl3(cr) AmCl3(cr)   AmCO3OHꞏ0.5H2O(cr) 
PuCl3(g)    AmCO3OH(am,hyd) 

PuOCl(cr) AmOCl(cr)   AmSiO(OH)3
2+ 

PuCl3ꞏ6H2O(cr)   PuSCN2+ AmSCN2+ 
PuBr3(cr) AmBr3(cr)   NaAm(CO3)2ꞏ5H2O(cr) 
PuBr3(g)   Cs3PuCl6(cr)  

PuOBr(cr) AmOBr(cr)  CsPu2Cl7(cr)  
PuI2+   Cs2NaPuCl6(cr) Cs2NaAmCl6(cr) 

PuI3(cr) AmI3(cr)    
 

 

3.2.3 Samarium (Sm), Actinium (Ac) and Curium (Cm) 

Since thermodynamic data for Sm, Ac and Cm have not been selected in NEA-TDB, log10 K° values for 
these elements have been taken from those for Am(III) on the basis of chemical analogues 40) in the previous 

JAEA-TDB 11). The author has accepted the selected log10 K° values and calculated rGºm values for Sm 

using rGºm of Sm3+ selected by Wagman et al. 15). Refinement of thermodynamic data has been performed 
based on the guideline in section 2. 
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3.2.4 Protactinium (Pa) 

Since thermodynamic data for Pa have not been selected in NEA-TDB, log10 K° values for these elements 

have been taken from the previous JAEA-TDB 11) without any refinements. 

 

3.3 Other Elements 

3.3.1 Selenium (Se), Zirconium (Zr) and Technetium (Tc) 

Most of thermodynamic data for Se, Zr and Tc have been taken from NEA-TDB 21-23). Some log10 K° 
values for some species and compounds of these elements have been taken from elsewhere 42-44). Refinement 

of thermodynamic data has been performed based on the guideline in section 2. 

 

3.3.2 Cobalt (Co), Niobium (Nb), Molybdenum (Mo) and Palladium (Pd) 

Since thermodynamic data for Co, Nb, Mo and Pd have not been selected in NEA-TDB, log10 K° values 
for these elements have been taken from the previous JAEA-TDB 11) without any refinements. Values of the 

change in Gibbs free energy of formation (rGºm) for species and compounds of Co, Mo and Pd have been 

calculated using the selected log10 K° values and rGºm vales of Co(cr), Mo(cr) and Pd(cr), respectively, 
selected by Wagman et al. 15) 

 

3.3.3 Antimony (Sb), Bismuth (Bi), Polonium (Po) 

Since thermodynamic data for Sb, Bi and Po have not been selected in NEA-TDB, log10 K° values for 
these elements have been taken from the previous JAEA-TDB 11) without any refinements. Values of the 

change in Gibbs free energy of formation (rGºm) for species and compounds of Sb and Bi have been 

calculated using the selected log10 K° values and rGºm vales of Sb(cr) and Bi(cr), respectively, selected by 
Wagman et al. 15) 

 

3.3.4 Radium (Ra) 

Thermodynamic data for Ra have been extended and refined using a model on correlation of those with 

ionic radius among alkaline earth metal ions 45). Prediction of fGºm and Sºm has been performed through 
extrapolation of thermodynamic data for strontium and barium selected in JAEA-TDB-GC 17). Other 

thermodynamic data have been calculated from the predicted fGºm and Sºm values. 
Evaluation of thermodynamic data for SrSO4(aq) and BaSO4(aq) have been performed in the prediction 45) 

as shown in Figure 3. The predicted values are listed in Table 5. These evaluated data will be compiled into 

the next update of JAEA-TDB-GC 17). 
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Figure 3  Evaluation of formation constant of (a) SrSO4(aq) and (b) BaSO4(aq) at the standard state 

 

 

Table 5  Thermodynamic data of SrSO4(aq) and BaSO4(aq) used for prediction of thermodynamic data for 

radium 45) 

Species fG0
m 

(kJ.mol-1) 
fH0

m 
(kJ.mol-1) 

S0
m 

(J.K-1.mol-1) Reaction log10 K° rG0
m 

(kJ.mol-1) 
rH0

m 
(kJ.mol-1) 

rS0
m 

(J.K-1.mol-1) 

SrSO4(aq) -1320.000 
± 2.000 

-1453.887 
± 5.173 

49.000 
± 16.000 

Sr2+ + SO4
2- 

⇄ SrSO4(aq) 
2.051 

± 0.386 
-11.705 
± 2.201 

6.622 
± 5.214 

61.678 
± 16.133 

BaSO4(aq) -1316.000 
± 1.000 

-1439.988 
± 4.589 

89.000 
± 15.000 

Ba2+ + SO4
2- 

⇄ BaSO4(aq) 
2.442 

± 0.351 
-13.939 
± 2.003 

4.245 
± 4.902 

61.386 
± 15.014 

All the selected data have been re-calculated by the author due to give thermodynamic data to three decimal 

places. 
 

 

3.4 Various Elements with Selected Organics 

As mentioned above, the author decided to select four organic ligands (oxalate, citrate, EDTA and ISA) 

for elements of interest. Most of thermodynamic data for Ni, Se, Zr, Tc, U, Np, Pu and Am with the selected 

organic ligands have been taken from NEA-TDB 14). Equilibrium constant (log10 K°) values for other 
elements have been estimated using a linear-free energy relationship (LFER) 49). Many log10 K° value for 

metal ions with ISA have been updated in the previous JAEA-TDB 11) mainly based on the latest review 50, 51). 

Refinement of thermodynamic data has been performed based on the guideline in section 2. 
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4. Preparation of Text Files for Geochemical Calculation Programs 

 

Text files of JAEA-TDB-RN in 2020 for PHREEQC 7) and Geochemist’s Workbench 8) have been 

provided as shown in Table 6. Integration between JAEA-TDB-RN and JAEA-TDB-GC 17) has been 

performed in these files; therefore calculation of solubility and speciation of radionuclides as well as that of 

geochemical reactions is available. These files are enclosed in CD-ROM and also available via the Internet 

with our Website (https://migrationdb.jaea.go.jp/). 

Tiny revision of the files may be carried out after publication of the present report for some reasons. The 

number just before the extension (i.e., n in 210329xn.tdb; x: c, s or g) will be increased when revised. The 

revised text files will be uploaded to our Website (https://migrationdb.jaea.go.jp/) when necessary. 

 

 

Table 6  Correspondence among file name, TDB type and geochemical calculation program of text files of 

JAEA-TDB-RN in 2020 

File name TDB type Corresponding geochemical calculation program 

201203c0.tdb JAEA-TDB-RN in 2020 PHREEQC without using SIT 

201203s0.tdb JAEA-TDB-RN in 2020 PHREEQC using SIT 

201203g0.tdb JAEA-TDB-RN in 2020 Geochemist’s Workbench 
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5. Conclusions 

 

JAEA’s Thermodynamic Database for solubility and speciation of radionuclides (JAEA-TDB-RN) has 

been updated. Additional selection of thermodynamic data at standard state on formation and reaction as well 

as logarithm of equilibrium constant (log10 K°) has been performed. Furthermore, refinement of many 

thermodynamic data has also been carefully and successfully carried out to make internal consistency with 

JAEA-TDB for geochemical reactions (JAEA-TDB-GC). The extent of selection of these thermodynamic 

data enables to evaluate solubility and speciation of radionuclides at temperatures other than 298.15 K. Text 

files of the updated JAEA-TDB after ingegrating JAEA-TDB-GC and JAEA-TDB-RN have been provided 

for geochemical calculation programs of PHREEQC and Geochemist’s Workbench. 
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Appendix 1  Updated Thermodynamic Data Compiled for JAEA-TDB 

 

Selected thermodynamic data for aqueous species, solid phases and gaseous species in the present update 

of JAEA-TDB-RN are shown in Tables A1 – A23 with order of atomic number of elements of interest and 

Tables A24 and A25 for various elements with selected organic ligands (oxalate, citrate, EDTA and ISA). 
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国際単位系（SI）

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60 s
時 h 1 h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10 800) rad
秒 ” 1”=(1/60)’=(π/648 000) rad

ヘクタール ha 1 ha=1 hm2=104m2

リットル L，l 1 L=1 l=1 dm3=103cm3=10-3m3

トン t 1 t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1 eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1 Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1 u=1 Da
天 文 単 位 ua 1 ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1 メートル系カラット = 0.2 g = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1 cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー），4.184J （｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 s A
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 s A
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 s A
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 s A
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立方メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立方メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 組立単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量,
方向性線量当量, 個人線量当量

シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100 kPa=105Pa
水銀柱ミリメートル mmHg １mmHg≈133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)  =10-28m22

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ シ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 =104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ エ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ａ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（a）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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乗数 名称 名称記号 記号乗数



国際単位系（SI）

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60 s
時 h 1 h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10 800) rad
秒 ” 1”=(1/60)’=(π/648 000) rad

ヘクタール ha 1 ha=1 hm2=104m2

リットル L，l 1 L=1 l=1 dm3=103cm3=10-3m3

トン t 1 t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1 eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1 Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1 u=1 Da
天 文 単 位 ua 1 ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1 メートル系カラット = 0.2 g = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1 cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー），4.184J （｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 s A
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 s A
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 s A
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 s A
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立方メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立方メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 組立単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量,
方向性線量当量, 個人線量当量

シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100 kPa=105Pa
水銀柱ミリメートル mmHg １mmHg≈133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)  =10-28m22

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ シ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 =104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ エ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ａ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（a）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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