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Comparison of the Thermodynamic Databases for Radioactive Elements
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To calculate the solubility of radioactive elements which is the important parameter for performance
assessment of geologinal disposal system, the thermodynamic database must be reliable and based on the
latest information. In this research, it has been compared in the caluculation of the solubilities of the
representative radioactive elements in the porewater compositions of the compacted bentonite which were
set up in the second progress report (H12) that the thermodynamic database of JNC, OECD/NEA,
Nagra/PSI. And the causes of the differences among the results from application of different databases were
investigated and discussed.
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1.
K
INC 2 Y
1998 OECD/NEATDB
U,Am Tc
JNC-TDB Yui et al.1999
Np( )
Pu( ) Am
1980
2005 8 U, Am, Tc, Np, Pu, Se, Ni, Zr
OECD/NEA
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() ()
Nagra
PSI (Hummel et al.2002%)
2001 OECD/NEA TDB
OECD/NEA
OECD/NEA
2 NEA PSI
2
JAEA-TDB 99
2.
2.1
JNC-TDB
(http://migrationdb.jnc.go.jp) 011213c2
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2 991231¢2?
2 Pu,Am
011213c2 991231c2
INC-TDB 011213c2
NEA up-date (Guillaumout 2003
NEA-TDB  PSI Nagra/PS| 01/01 3) PSI-TDB
NEA-TDB 2005 030000c0 PSI-TDB

PSI Waste management laboratory ~ web
NAPSI 290502(260802)

2.2
2.1
PHREEQC®
2.3
2 NEA
Se, U, Np, Pu, Th, Am

Th NEA-TDB (030000c0)
PSI-TDB Se NEA
Se PSI-TDB NEA-TDB

2 FeSe,

Se(cr)?
pH

pH SRHP °
2.4

(http://les.web.psi.ch/TDBbook)

auxiliary data

3

PSI
Se
Th IJNC-TDB
Olin et al.2005’
030000c0
Se
FRHP
2.1
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2.1 mol/Il
FRHP SRHP
pH 8.4 7.8
Eh(mV) (pe) =276 (-4.7) -309 -5.2
lonic strength 0.026 0.615
Na(total) 2.8>10% 5.7><10"
Ca(total) 5.3><10° 1.4><107
K(total) 1.2><10™ 3.4%<10°
Mg(total) 4.2><10° 1.5%<10°
Fe(total) 2.0<10° 2.2><107
Al(total) 3.4><10” 3.2%<10°
C(total) 1.6><107 2.2><107
HCO;:1.5>107 CH4:2.2><107
COs%:2.8><10™ HCO;:3.3%<10™
NaHCOs3: :1.8><10™ NaHCOs3: :5.0><107
CO,(aq): :1.2>10™ CaHCO;":1.7>=<107
NaCOs": :8.1><10°
S(total) 1.1><10" 7.2><10°
S0,7:1.0><10™ S0,7:1.7><10"
HS:3.3=<10" HS:6.6>=<10"
H,S:1.1=<10° H,S:6.1<10™°
B(total) 2.9<10™ 1.7><10°
P(total) 2.9<10° 2.6><107
F(total) 5.4>107 1.0<10"
Br(total) - 5.3<10™
I(total) - 2.0=<10"
N(total) 2.3%<10° 5.1><10°
NH,":4.9<10” NH,":5.0<10
NHs(aq) :6.1><107 NHs(aq) :1.3><10™
Cl(total) 1.5><107 5.9>10™
Si(total) 3.4><10™ 2.7><10™
2.5
2.1
PHREEQC®
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JNC
NEA PSI
3.
2.3 2 6
3
1%
JNC-TDB PHREEQC 2
% 2.1
2 pH 2
PHREEQE 0.3 mol/kg Davies
0.3mol/kg
3.1 (Se)
SRHP FRHP FeSe,(cr)
NEA-TDB PSI-TDB FeSe,(cr)
JNC-TDB  PHREEQC 2
Se(cr)
2.3 NEA-TDB Se Olin et
al.2005°
311 Se FRHP
FeSe,(cr) 3.1.1 Se(cr)
3.1.2 311 2 3.1.2
JNC-TDB  PSI-TDB JNC-TDB 1.869><10"" mol/L,
PSI-TDB 1.877><10" mol/l NEA-TDB
HSe = Se (cr)+ H" +2e (3-1-1)
logK = 7.720(JNC-TDB), 7.770(NEA-TDB(Olin et al.2005%)),7.700(PSI-TDB)
K JNC-TDB (3-1-1)
JNC-TDB (3-1-2)  (3-1-3)
Se = Se0,” -4H,0 +6e +8H" (3-1-2)

logK = -88.920(JNC-TDB)
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Se04* -4H,0 +8e +9H" = HSe” (3-1-3)
logK = 81.200(JNC-TDB),81.548(NEA-TDB(Olin et al.2005%))

PSI-TDB (3-1-4)  (3-15)  (3-1-6) (3-1-1)
Se(cr) = SeO3% -3H,0 +4e +6H" (3-1-4)

logK =-61.286(NEA-TDB(Olin et al.2005%)) ,-61.2900(PSI-TDB)

Se03” -3H,0 +6e +8H" = H,Se (3-1-5)
logK = 57.3900(PSI-TDB)

H,Se -H" = HSe™ (3-1-6)
logK = -3.8000(PSI-TDB)

NEA-TDB(Olin et al.2005%)  (3-1-3)  (3-1-4) (3-1-7) 3-1-1

Se04% -H,0 +2e +2H" = Se05* (3-1-7)
logK = 27.578(JNC-TDB),28.032(NEA-TDB(Olin et al.2005%))

(3-1-1)
3-1-1
3.1.1 FRHP Se FeSe,(cr)
(mol/lat25 )
JNC-TDB FeSe,(cr) 2.5>10" HSe: 100%
3.1.2 FRHP Se Se(cr)
(mol/lat 25 )
JNC-TDB Se(cr) 1.9<107 HSe™: 100%
NEA-TDB Se(cr) 1.5%<107 HSe™: 100%
PSI-TDB Se(cr) 1.9%<10” HSe™: 100%
312 Se SRHP
FeSe,(cr) 3.1.3 Se(cr)
3.14 3.1.3 2 5.9
10”°mol/I 3.
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Se(cr) FRHP 3-1-1 K
FRHP
3.1.3 SRHP Se FeSe,(cr)
(mol/lat25 )
JNC-TDB FeSe,(cr) 6.6><10" HSe: 100%
3.14 SRHP Se Se(cr)
(mol/lat 25 )
JNC-TDB Se(cr) 9.5>10° HSe™: 100%
NEA-TDB Se(cr) 3.3%<10°® HSe™: 100%
PSI-TDB Se(cr) 1.3%<10° HSe™: 100%
313 Se
SRHP (3-1-1)
(3-1-1)
(3-1-1) INC-TDB
Cross et al.1987% (3-1-6) PSI-TDB (3-1-6) K
Perrin 1982*% PSI Se
Séby et al.,2001™ Perrin 198219
NEA Se Olin
et al.2005°% (3-1-6) Bruner et al.,1913'2  Hlasko et
al., 1923 Hagisawa, 1941 K
Olin et al.2005" Perrin 19827 JAEA-TDB
Olin et al.2005° Perrin 1982
3.2 (Th)
Th Rai et al.,1995™ ThO,(am)
NEA-TDB Th INC-TDB PSI-TDB
PHREEQC

321 Th FRHP
FRHP 3.21
PSI-TDB
ThO, (s,am) = Th*" +2H,0 -4H" (3-2-1)
logK = 10.500(JNC-TDB), 9.9000(PSI-TDB)

JNC-TDB  PSI-TDB
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Th*" + CO5* +3H,0 -3H" = Th(OH)3CO5° (3-2-2)
logK = -3.720(JNC-TDB), -3.1000(PSI-TDB)

COs% + H" = HCO5 (3-2-3)
logK = 10.327(JNC-TDB), 10.329(PSI-TDB)

Th(OH)COs  ThO, +H,0 + HCO3 (3-2-4)
logK = 3.547(JNC-TDB), 3.5290(PSI-TDB)

(3-2-4) (3-2-1) , (3-2-2) (3-2-3) (3-2-4)
K PSI-TDB
3.21 FRHP Th
(mol/lat25 )
JNC-TDB ThO(am) 4.4%=10° Th(OH);CO;3": 100%
PSI-TDB ThO,(s) 4.6><10° Th(OH)sCO5": 100%

322 Th SRHP
JNC-TDB  PSI-TDB
(3-2-4) K JNC-TDB PSI-TDB
(3-2-4) HCO5
IJNC-TDB  2.264>10"*(mo/l), PSI-TDB 1.574><10%(mol/l)

CO4” + 10H"+ 8e -3H,0 = CH, (3-2-5)

logK = 41.071(JNC-TDB), 37.1782(PSI-TDB)

C logk pH, Eh CH,

C JNC:PHREEQE Original®®,
PSI:NIST(= NBS)(Wagan et al.1982'")
PSI-TDB Th(CO3)s™ 1.5><10""(mol/l)
3% JNC-TDB 3.9><10%(mol/)
(3-2-6)

Th* + 5C0O3* = Th(CO3)s™ (3-2-6)

logK = 27.100(JNC-TDB), 29.800(PSI-TDB)
K (3-2-5) K COs>
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3.22 SRHP Th
(mol/lat25 )
JNC-TDB ThO,(am) 6.4><10°® Th(OH)3CO5: 99%
PSI-TDB ThO4(s) 5.2>10° Th(OH)sCO3: 97%
Th(CO5)s%: 3%
323 Th
Th(OH);CO5 (3-2-4) K JNC-TDB  PSI-TDB
SRHP HCO4
Th(CO3)s™ JNC-TDB  PSI-TDB
3.3 (Np)
Rai and Ryan(1985)" NpO,(am) ( NpO, xH,0)
NpO,(am)
NpO,(am)
331 Np FRHP
JNC-TDB JNC-TDB
Np(OH),(CO3),” JNC-TDB
Np(OH)2(CO3),> = NpO; + 2HCO5 (3-3-1), logK = 4.408
NEA-TDB PSI-TDB Np(OH),(CO3),”
JNC-TDB Np(CO3)s* Np(COs3)s*
Np(CO3)s*  NpO,(am) + 4HCO; (3-3-2),
logK=5.318(NEA-TDB) , 3.126(PSI-TDB)
NEA-TDB K Np(COs)s" NEA-TDB
Np(CO3)s* 0.16 3.3.1 (3-3-2)
K (3-3-2) (3-3-3)
NpO,(am) = Np** + 2H,0 -4H* (3-3-3)

logK=1.510(JNC-TDB), -0.695(NEA-TDB), 1.5000(PSI-TDB)
K NEA-TDB
Np(OH)4
3.2><10%(mol/l) NEA-TDB
NEA-TDB

JNC-TDB
5.0><10%(mol/l)

9.9<10"(mol/l) PSI-TDB
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Np(OH)4 = NpO,(am) + 2H,0 (3-3-4)
logK = 8.49(JNC-TDB), 9.000(NEA-TDB), 8.3000(PSI-TDB)
(3-3-4) K Np(OH), (3-3-4) K
(3-3-4) (3-3-3) (3-3-5) K NEA-TDB
Np** + 4H,0 -4H" = Np(OH), (3-3-5)
logK = -10.00(JNC-TDB), -8.305(NEA-TDB), -9.800(PSI-TDB)
3.3.1 FRHP Np
(mol/lat25 )
JNC-TDB NpO,(am) 1.6><107 Np(OH),CO,*: 80%
Np(OH),:20%
NEA-TDB NpO,(am) 9.9%<10™ Np(OH),: 100%
PSI-TDB NpO,(am, hyd) 5.2>10" Np(OH)4: 96%
Np(COs),":4%
332 Np SRHP
FRHP Np(OH),
Np(OH), JNC-TDB 2.7><10°(mol/l)
NEA-TDB 8.3><10™°(mol/l) PSI-TDB 4.2><10®(mol/l)
3.3.1 (3-3-4) (3-3-3) (3-3-5) K NEA-TDB
Np(CO3)s" 33.1
3-3-3 K
3.3.2 SRHP Np
(mol/lat25 )
JNC-TDB NpO,(am) 2.7><10° Np(OH),:100%
NEA-TDB NpO,(am,hyd) 8.7><10™ Np(OH)4: 96%
Np(COs),":4%
PSI-TDB NpO,(am, hyd) 8.0>10" Np(OH)4: 52%
Np(COs),":48%

-10 -



JAEA-Research 2006-038

333 Np
(3-33) K JNC-TDB Rai et al.,1987*° NEA-TDB Neck and Kim,2001%
PSI-TDB Lemire et al.,2001%? (3-3-5) K JNC-TDB
Rai and Ryan,1985* NEA-TDB Neck and Kim,2001% PSI-TDB Lemire
et al.,2001%V PSI  up-data NEA Lemire et al., 20012V
NEA  Guillaumont,2003" Np Neck
and Kim,2001% JAEA-TDB Neck and
Kim,2001%
34 (Pu)
2 991231c2
Pu PuO,(am)
PuO,(am)

341 Pu FRHP

INC-TDB NEA-TDB PSI-TDB
JNC-TDB Pu( ) PuCOs*, Pu(COs),” Pu(COs)s*
Pu( ) Pu(OH),(COs),>* NEA-TDB PSI-TDB
NEA-TDB PSI-TDB Pu( ) Pu(COs),*, Pu(COs)s™
[Pu(CO3),* 7.94 >< 10 mol/l)(NEA-TDB), 1.28 >
10(mol/l)(PSI-TDB)  Pu(CO3)s™ 1.05 =< 10%(mol/l)(NEA-TDB), 1.02 <
10™*¥(mol/I)(PSI-TDB)] NEA-TDB PSI-TDB Pu(OH),
Pu(OH), = PuO, (am)+ 2H,0 (3-4-1)
logK = 10.000(JNC-TDB), 10.825(NEA-TDB), 10.400(PSI-TDB)
Pu(OH), 9.93><10"(mo/1)(JNC-TDB),1.49>< 10 (mo/I)(NEA-TDB), 3.95>
10 (mo/l)(PSI-TDB) (3-4-1) K (3-4-1)
K (3-4-2)  (3-4-3) K
PuO,(am) = Pu*" + 2H,0 -4H" (3-4-2)

logK = -0.850(JNC-TDB), -2.325(NEA-TDB), -2.0000(PSI-TDB)

Pu** + 4H,0 -4H" = Pu(OH), (3-4-3)
logK = -9.150(JNC-TDB), -8.500(NEA-TDB), -8.400(PSI-TDB)

-11 -
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341 FRHP Pu
(mol/lat25 )
IJNC-TDB PuO,(am) 2.1><10°® Pu(COs),": 47%
Pu(CO3)s>: 19%
PuCO;": 6%
PU(OH),(COs),*:27%
NEA-TDB PuO,(am,hyd) 1.7><10™" Pu(OH),: 88%
PUOH?*: 10%
PSI-TDB PuO,(hyd,ag) 4310 Pu(OH),: 91%
PUOH?*: 8%
342 Pu SRHP
PUOH?
(3-4-4)
PUOH?*" + 2H,0 = PuO, + 3H" + e (3-4-4)
logK = -9.650(JNC-TDB), -8.469(NEA-TDB), -7.7900(PSI-TDB)
K JNC-TDB, NEA-TDB, PSI-TDB PUOH?*
NEA-TDB PSI-TDB
(3-4-4)
PuO,(am) = Pu** + 2H,0 -4H" (3-4-2)

logK = -0.850(JNC-TDB), -2.325(NEA-TDB), -2.0000(PSI-TDB)

PU** + H,0 -H" = PUOH* (3-4-5)
logK = -6.400(JNC-TDB), -6.900{NEA-TDB  (3-4-6)-(3-4-7) },-6.9000 (PSI-TDB)

Pu* + H,0 -H" +e = PUOH?** (3-4-6)  logK =10.794 (NEA-TDB)
Pu** +e=pPu® (3-4-7)
logK = 16.900(JNC-TDB), 17.694(NEA-TDB), 16.6900(PSI-TDB)
NEA-TDB (3-4-5) (3-4-6)  (3-4-7) (3-4-5) logk
(3-4-2) (345  (3-4-7) K (3-4-4) K
IJNC-TDB 20 Pu(OH)," NEA-TDB
PSI-TDB NEA-TDB PSI-TDB

-12 -
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Pu** 1 Pu*
(3-4-9)
Pu® + 2H,0 = PuO, + 4H" +e (3-4-8)
logK = -16.050(JNC-TDB), -15.369(NEA-TDB), -14.6900(PSI-TDB)
K IJNC-TDB NEA-TDB PSI-TDB NEA-TDB PSI-TDB
Pu®* JNC-TDB (3-4-8) K (3-4-4)
(3-4-7) K
3.4.2 SRHP Pu
(mol/lat25 )
IJNC-TDB PuO,(am) 2.4><10°® PUOH?": 49%
Pu(OH),": 25%
PUCO;": 16%
Pu**: 9%
NEA-TDB PuO,(am,hyd) 1.4%<10° PUOH®": 40%
PUCI*: 36%
Pu®*: 23%
PSI-TDB PuO,(hyd,ag) 5.010" PUOH®": 49%
PUCI*: 37%
Pu*: 13%
343 Pu
PSI-TDB NEA-TDB Pu( )
(3-4-3) JNC-TDB Yamaguchi et al.,1994%?
PSI-TDB Lierse & Kim,1986%°(1=1M, HCIO,/NaClO,) Rai et al.,1999% (I
0.1M, KOH) Neck and Kim,2001?" Neck and Kim,2001%
pH 7 PuO,(hyd,aged) Pu( ) NEA-TDB
Pu( ) Knopp et al.,1999%® Neck & Kim,1999%, Neck and
Kim,20012" K NEA
NEA JAEA-TDB
PSI Neck and Kim,2001%” NEA Knopp et al.,1999%%, Neck & Kim,1999%,
Neck and Kim,2001%%
JNC-TDB Pu( ) Am( )
NEA-TDB PSI-TDB
PSI-TDB Hummel et al.2002°
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Am( ) Pu( )
JNC-TDB Am NEA
PSI-TDB
35 (Am)
2 991231c2
AmMOHCO;(cr)
AmMOHCO5(cr) NEA-TDB AmMOHCO;3;

0.5H,0(cr) AmMOHCO3(am,hyd)
AmMOHCO3(am,hyd)
(3-5-1) (3-5-3) K 2 2
AmOHCO;(cr)
NEA-TDB AmOHCO; 0.5H,0(cr)

351 Am FRHP
Am(CO3)*, Am(COs)s>, AmCO;*

NEA-TDB PSI-TDB AmSiO(OH);**
JNC-TDB AmSiO(OH)s**
AmCO;" + H,0 = AMOHCO; + H* (3-5-1)
logk=0.900(JNC-TDB),
0.399(NEA-TDB AmOHCO;  0.5H,0(cr) ),
-1.801(NEA-TDB AMOHCO;(am,hyd) ),

-0.600(PSI-TDB)

AM(CO3),” + H,0 = AMOHCO; + HCO3' (3-5-2)
logk=6.527(JNC-TDB 011213c2),
5.826(NEA-TDB AMOHCO;  0.5H,0(cr) ),
3.626(NEA-TDB AMOHCO;(am, hyd) ),

5.229(PSI-TDB)
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Am(CO3)s> + H,0 + H'= AMOHCO; + 2HCO5 (3-5-3)
logK=13.954(JNC-TDB),
14.053(NEA-TDB AMOHCO;  0.5H,0(cr) ),
11.853(NEA-TDB AmOHCO;(am, hyd) )

12.658(PSI-TDB)

JNC-TDB
Am(CO3), (3-5-2) K
JNC-TDB
AmMOHCO;  Am* + H,0 -H" +CO5* (3-5-4)
logK=-8.500(JNC-TDB),
-8.399(NEA-TDB AmMOHCO;  0.5H,0(cr) ),
-6.199(NEA-TDB AmOHCO;(am,hyd) )
-7.200(PSI-TDB)
Am(COs),  Am*" +2C05* 3-5-5
logK=-12.300(JNC-TDB),-12.300(NEA-TDBY), -12.300(PSI-TDB)
(3-5-2) (3-5-4) (3-5-5) (3-5-4)
3-5-1 K

AmCO;*  Am* +CO;” 3-5-6

logK=-7.600(JNC-TDB), -8.000(NEA-TDB), -7.800(PSI-TDB)
3-5-3 K (3-5-7) K

AmCO;"  Am* +3C05~ 3-5-7
logK=-15.200(JNC-TDB), -15.000(NEA-TDB), -15.200(PSI-TDB)
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351 FRHP Am
(mol/lat 25 )
JNC-TDB AmOHCO;, 7.1<10° Am(COs3);": 65%

Am(CO5);5>: 26%
AmCO;": 8%
NEA-TDB | AmOHCO; 0.5H,0(cr) 2.7><10° Am(COs),": 86%
Am(CO3):>: 7%
AmCOs": 6%
AmSiO(OH)s**: 1%
NEA-TDB AmOHCOs3(am,hyd) 43%=10° Am(COs),": 86%
Am(CO3):>: 7%
AmCOs": 6%
AmSiO(OH)s**: 1%
PSI-TDB AmOHCO5(cr) 1.5><10” Am(COs),": 60%
Am(CO3):>: 24%
AmCO;": 12%
AmSiO(OH)s**: 3%

352 Am SRHP

NEA-TDB(AMOHCO;  0.5H,0(cr) ) PSI-TDB Am(COs),"
JNC-TDB [AM(CO3), =6.90 =< 10 (mol/l)(JNC-TDB)  3.25 x<
10®(mol/l)(NEA-TDB AmOHCO;  0.5H,0(cr) ) 1.05> 10" (mol/l)(PSI-TDB)]
Am(COs)," 35.1 (3-5-4) K

HCO5 HCOy 2.477 =<
10*(mol/l)(JNC-TDB)  2.134><102(mol/l)(NEA-TDB) 1.622>10%(mol/l)(PSI-TDB)
AmCO;* Am(CO3);>  (3-5-4) K
(3-5-1) (3-5-3) K
PSI-TDB
AmOH* Am(OH)," IJNC-TDB NEA-TDB PSI-TDB
1% AmOH?" 8.31><10°(mol/I)(JNC-TDB),
1.759><10™(mol/l)(NEA-TDBY), 5.956><10™°(mol/1)(PSI-TDB) AmOH?* (3-5-8)
AmOH?* + HCO3 = AMOHCO; + H* (3-5-8)
logK = 4.573(JNC-TDB), 5.272(NEA-TDB), 4.171(PSI-TDB)
(3-5-8) K (3-5-4) (3-5-9) K
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(3-5-9)

logK = -6.400(JNC-TDB), -7.200(NEA-TDB), -7.3000(PSI-TDB)

Am(OH),"
Am(OH),"

(3-5-10)
HCO3; = AmOHCO;3 + H,O

(3-5-10)

logK = 12.273(JNC-TDB), 13.172(NEA-TDB), 12.071(PSI-TDB)
(3-5-11) K

(3-5-10) K

(3-5-4)

Am** + 2H,0 —2H" = Am(OH),"

logK = -14.100(JNC-TDB), -15.100(NEA-TDB), -15.200(PSI-TDB)

(3-5-11)

3.5.2 SRHP Am
(mol/lat25 )
JNC-TDB AmMOHCO; 1.7=<10°® AmOH?": 49%
Am(OH),": 25%
AmCO;": 16%
Am®*: 9%
NEA-TDB | AmCO;0H(am,hyd) 7.1%<10° Am(CO3),: 72%
AmCO;": 19%
Am(CO3):>: 5%
AmSiO(OH);**:4%
NEA-TDB AmCO;0H 45%108 Am(CO3),: 72%
0.5H,0(cr) AmCO;": 19%
Am(CO3):>: 5%
AmSiO(OH)s**: 4%
PSI-TDB AmCO;0H (cr) 3.8<10" Am(CO3),": 27%
Am(CO3):>: 27%
AmCO;": 26%
AmSiO(OH);**: 19%
353 Am
Am 3-5-4
K JNC-TDB Felmy et al.(1990)*" PSI-TDB
NEA Am Silva et al.(1995)
NEA-TDB Silva et al.1984*  Meril,L. & Fuger,L.,1996"
JNC-TDB Silvaetal.(1995)?®  PSI-TDB
Am( ) Neck et al.(1998)*"  NEA-TDB

Stadler & Kim,1988°?, Runde & Kim,1994°® Edelstein et al.,1983%¥, Caceci
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& Choppin,1983%), Wimmer et al.,1992% Fanghanel et al.,1994%" SIT model
K JAEA-TDB Neck et al.(1998) *V NEA
3.6 L)
Rai et al.(1995) * 0, 10""atm 0.01mol/l NaOH
Na,SO3 U( )Oz(am)
UO,(am) UO,(am)

361 U FRHP

uc )-u( )
u( )
UO,(COs)s"  (3-6-1)
PSI-TDB (3-6-1) K PSI-TDB
(3-6-1) K
(3-6-1) (3-6-5)  (3-6-6)  (3-6-7) K
PSI-TDB UO,(am) UO,(s)
(3-6-2) UO,(COs),"  (3-6-2) K
K UO,(COs),* [1.5 >
107(mol/l)(JINC-TDB)  7.3><10°(mol/l) (NEA-TDB) 1.3><10°(mol/l)(PSI-TDB)] (3-5-2)
K (3-6-2) (3-6-5)  (3-6-6)  (3-6-7)
K
2 U Rai et
al.(1995) u( )
8 u( ) 3.6.2
JNC-TDB INC-TDB (3-6-4) U(OH)»(CO3),*
NEA-TDB  PSI-TDB U(OH),(CO3),>
(3-6-3) U(OH), (3-6-3) K
UO,(COs)s* + 3H* + 2e = UO, + 3HCO3 (3-6-1)

logK = 15.859(JNC-TDB), 16.674(NEA-TDB), 18.419(PSI-TDB)

UO, (CO3),* + 2H" + 2" = UO, + 2HCO4 (3-6-2)
logK = 10.192(JNC-TDB), 11.577(NEA-TDB), 12.752(PSI-TDB)
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U(OH)4 = U02 + 2H20 (3'6'3)
logK = 8.690(JNC-TDB), 8.500(NEA-TDB), 9.0000(PSI-TDB)

U(OH),(CO3),” = UO, + 2HCO3 (3-6-4)
logK = 4.764(JNC-TDB)

UO,(am) = -4H" +2H,0 + U** (3-6-5)
logK = 2.560(JNC-TDB)

UO,(am,hyd) = -4H" +2H,0 + U** (3-6-6)
logK = 1.505(NEA-TDB)

UO,(s) = -4H* +2H,0 + U** (3-6-7)

logK =-0.000(PSI-TDB)

3.6.1 FRHP U
(mol/lat25 )
JNC-TDB UO,(am) 6.3<10° U0, (CO3);*: 98%
U0, (COs),%: 2%
NEA-TDB UO,(am, hyd) 1.1<10° U0, (CO3)s*: 99%
PSI-TDB UO,(s) 5.9>107 U0, (CO3)s*: 96%
U0, (CO3),%: 2%
U(OH)4: 2%
3.6.2 FRHP u( )
(mol/lat 25 )
JNC-TDB UO,(am) 7.5%<10° U(OH), (COs),": 73%
U(OH)4: 27%
NEA-TDB UO,(am, hyd) 3.2><10* U(OH),: 100%
PSI-TDB U0,(s) 9.9%10™° U(OH),: 100%
362 U SRHP
NEA-TDB PSI-TDB UO,(CO3)s*
JNC-TDB UO,(CO3)s* 0.04% HCOy 2.477><
10 (mol/l)(JINC-TDB)  2.134><10?(mol/l) (NEA-TDB) 1.622>10%(mol/l) (PSI-TDB)
JNC-TDB 3.2.2 CH,
JNC-TDB UO,(COs)s" (3-6-1) K

HCO;
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U(OH), (3-6-3)
U0,(CO3)s*
) 3.6.4
uc )
=1.70 > 10°°(mol/I)(JNC-TDB)
(3-6-3)
K

U(

[U(OH)4
10™°(mol/l)(PSI-TDB)]  U(OH),

(3-6-5) (3-6-7) (3-6-8)

U™ -4H" +4H,0 = U(OH), (3-6-8)

UO,(CO3)s"

U(OH),
U(OH),
2.63 > 10°°(mol/l)(NEA-TDB)
(3-6-5) (3-6-7) (3-6-8)
U(OH),

9.59 =<

logK = -11.250(JNC-TDB), -10.005(NEA-TDB), -9.0000(PSI-TDB)

3.6.3 SRHP U
(mol/lat25 )
JNC-TDB UO,(am) 1.8><107 U(OH),: 95%
U0, 5%
NEA-TDB UO,(am, hyd) 2.1>=<10° U0, (CO3);*: 86%
U(OH),: 13%
PSI-TDB UO,(s) 8.1><10" U0, (CO3);*: 89%
U(OH),: 10%
3.64 SRHP u( )
(mol/lat 25 )
JNC-TDB UO,(am) 1.7><10" U(OH),: 100%
NEA-TDB UO,(am, hyd) 2.8><10° U(OH);:  94%
U(CO5),*: 6%
PSI-TDB U0,(s) 9.6><10™° U(OH),: 100%
363 U
(3-6-5) (3-6-7) K
K JNC-TDB Rai et al.,1997%® NEA-TDB
UO,(am)  UO,(cr) K Neck & Kim,2001%
PSI-TDB K
Neck & Kim,2001% K
NEA-TDB PSI-TDB U(OH),(CO4),>
FRHP u( ) JAEA-TDB
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4.
Se, U, Np, Pu, Th, Am JNC-TDB NEA-TDB PSI-TDB PHREEQC

4.1

K
CO5%/CH,
HCO5
1.
NEA-TDB PSI-TDB

JNC-TDB K NEA-TDB PSI-TDB

SIT model

JAEA-TDB

-21 -
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4.1 (1/4)

Se

FeSe,(cr) NEA-TDB PSI-TDB

HSe = Se (cr)+ H* +2¢” (3-1-1)

logK = 7.720(JNC-TDB, Cross et al.,1987%),
7.770(NEA-TDB, Oline et al.,2005 "),
7.700(PSI-TDB, Perrin,1982'%)

Th

NEA-TDB Th
Th(OH)3CO3
Th(OH);COs  ThO, +H,0 + HCO3 (3-2-4)
logK = 3.547(JNC-TDB), 3.5290(PSI-TDB)
K FRHP

SRHP PSI-TDB JNC-TDB
K HCO3 PSI-TDB  JNC-TDB

COz% + 10H+ 8e -3H,0 = CH,
logK = 41.071(JNC-TDB) ,37.1782(PSI-TDB)
Th(CO3)s™

100
100

Np

JNC-TDB Np(COs3)s*
NEA-TDB PSI-TDB Np(OH),(CO3),*
2 NEA-TDB K JNC-TDB
NpO,(am) = Np** + 2H,0 -4H* (3-3-3)
logk=1.510(JNC-TDB, Rai et al.,1987),
-0.695(NEA-TDB, Neck and Kim,2001%%)
1.5000(PSI-TDB, Lemire et al.,2001?Y)

Np** + 2H,0 -4H* = Np(OH), (3-3-5)

logK = -10.00(JNC-TDB, Rai and Ryan,1985'®),
-8.305(NEA-TDB, Neck and Kim,2001%%),
-9.800(PSI-TDB, Lemire et al.,2001°Y)

PSI-TDB
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4.1 (2/4)
Pu Pu(OH)," Pu( ) PuCO;* Pu(COsz),; Pu(COs)s* Pu( )
Pu(OH),(COs),> NEA-TDB PSI-TDB
JNC-TDB Pu( ) Am( )
NEA-TDB PSI-TDB
Pu( ) IJNC-TDB  Am NEA
PSI-TDB
K
PuO,(am) = Pu** + 2H,0 -4H" (3-4-2)

logK = -0.850(JNC-TDB, Rai,1984*%),

-2.325(NEA-TDB,Knopp et al.,1999%”) Capdevila & Vitorge,1998*”, Fujiwara et

al.,2001*?, Rai et al.,2002*),
-2.0000(PSI-TDB, Lemire et al.,2001°")

Pu** + 4H,0 -4H" = Pu(OH), (3-4-3)
logK = -9.150(JNC-TDB, Yamaguchi et al.,1994%%),

-8.500(NEA-TDB, Knopp et al.,1999%® Neck & Kim,1999%°, Neck & Kim,2001°9),

-8.400(PSI-TDB, Neck & Kim,2001*%)

Pu® + H,0 -H* = PUOH** (3-4-5)
logK = -6.400(JNC-TDB Silva et al.,1995%),
-6.9000 (PSI-TDB, 4 potentiometric
Pu* +et=pu* (3-4-7)
logK = 16.900(JNC-TDB, Fuger and Oetting,1976*),
17.694(NEA-TDB),
16.6900(PSI-TDB)
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4.1 (3/4)
Am JNC-TDB AmSiO(OH)5**
K
AmOHCO;  Am* + H,0 -H" +CO;” (3-5-4)

logk=-8.500(JNC-TDB, Felmy et al.,1990?"),
-8.399(NEA-TDB AmOHCO;  0.5H,0(cr)
Fuger,L.,1996*" )
-6.199(NEA-TDB AMOHCO3(am,hyd) )
-7.200(PSI-TDB, Silva et al.,1995%")

Silva et al.1984%°  Meril,L. &

Am** + H,0 —-H" = AmOH** (3-5-9)

logK = -6.400(JNC-TDB, Silva et al.,1995%"),
-7.200(NEA-TDB, Stadler & Kim,1988%?, Runde & Kim,1994* Edelstein et

al., 1983, Caceci & Choppin,1983*), Wimmer et al.,1992°? Fanghanel et

al., 1994%" SIT model ),

-7.3000(PSI-TDB, Neck et al.,1998*)
Am** + 2H,0 —2H" = Am(OH)," (3-5-11)

logK = -14.100(JNC-TDB, Silva et al.,1995%®),
-15.100(NEA-TDB, Stadler & Kim,1988%), Runde & Kim,1994%) Wimmer et

al., 19929 Fanghanel et al., 1994 SIT model ),

-15.200(PSI-TDB, Neck et al.,1998*)

HCO5’ Th
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4.1 (4/4)
HCOs JNC-TDB Th
NEA-TDB  PSI-TDB U(OH)5(COs),*
DB
UO,(am) = -4H" +2H,0 + U** (3-6-5)

logK = 2.560(JNC-TDB, Rai et al.,1997°%)

UO,(am,hyd) = -4H" +2H,0 + U* (3-6-6)
logK = 1.505(NEA-TDB, Neck & Kim,2001%%)

UO,(s) = -4H* +2H,0 + U** (3-6-7)
logK =-0.000(PSI-TDB, Hummel et al.,2002%)

U* -4H* +4H,0 = U(OH), (3-6-8)

logK = -11.250(JNC-TDB, Yajima et al.,1995°)),
-10.005(NEA-TDB, Neck & Kim,2001%%),
-9.0000(PSI-TDB, Hummel et al..2002%)

- 25




JAEA-Research 2006-038

-26 -



JAEA-Research 2006-038

1) <
2 3 i
JNC-TN1400 99-023 1999

2) M. Yui, J. Azuma and M. Shibata JNC Thermodynamic Database for Performance Assessment
of High-level Radioactive Waste Disposal System, JINC TN8400 99-070 1999

3) W. Hummel, U. Berner, E. Curti, F. J. Pearson and T. Thoenen ““Nagra/PSI Chemical
Thermodynamic Data Base 01/01~~,Universal Publishers 2002

4) R. Guillaumont “<Update on the Chemical Thermodynamics of Uranium, Neptunium,
Plutonium, Americium and Technetium~”, ELSEVIER 2003

5) OECD/NEA

2 —Tc, U, Np, Pu, Am auxiliary -, JNC TN8400 2004-025
(2005)

6) Parkhurst, D. L. ““PHREEQC - User’s Guide to PHREEQC - A Computer Program for
Speciation, Reaction — Path, Advective — Transport, and Inverse Geochemical Caluculations,””
U.S.Geological Survey, Water — Resources Investigations Report 95-4227 1995

7) A.Olin ““Chemical Thermodynamics of Selenium””, ELSEVIER 2005

8) 2

, JNC-TN8400 99-071 (1999)

9) Cross, L. E., Ewart, F. T. and Tweed, C. J.  Thermodynamic Modelling with Application to
Nuclear Waste Processing and Disposal, AERE-R 12324 1987

10) Perrin D. D. lonisation constants for inorganic acids and bases in aqueous solution.2™ ed.,
IUPAC Chemical Data Series 29, Oxford Pergamon Press, 180p. 1982

11) Séby F., Point-Gautier M., Giffaut E., Borge G., Donard O. F. X. A critical review of
thermodynamic data for Selenium species at 25 . Chemical Geology, 171, 173-194 (2001)

12) Bruner-Krakau, L. Uber Selen- und Tellurwasserstoff als Sauren, Z.Elektrochem., 21, 861, in
German (1913)

13) de Hlasko, M., Sur la dissociation électrolytique de I’hydrogéne sélénié et de I’hydrogéne
telluré, J. Chim. Phys. Phys.-Chim. Biol., 20, 167-172, in French. (1923)

14) Hagisawa, H., Dissociation constants of hydrogen selenide, Bull. Inst. Phys. Chem. Res.(Tokyo),
20, 384-389. (1941)

15) Rai, D., Felmy, A. R., Moore, D. A. and Mason, M. J. ““The Solubility of Th( ) and U( )
Hydrous Oxides in Concentrated NaHCO; and Na,CO3 Solutions””, Materials Research Society
Symposium, Vol.353, p.1143 1995

16) Parkhurst, D. L., Thorstenson, D. C. and Plummer, L. N.  PHREEQE — A Computer Program

for Geochemical Caluculations, U. S. Geological Survey, Water-Resources Investigations 80-96.

-27-



17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

JAEA-Research 2006-038

(1980)

Wagman, D. D., Evans, W. H., Parker, V.B., Schumm, R. H., Halow, I, Bailey, S. M., Churney,
K. L. and Nuttal, R. L. The NBS Tables of Chemical Thermodynamic Properties Selected
Values for Inorganic and C1 and C2 Organic Substances in SI Units, Journal of Physical and
Chemical Reference Data, Vol.11, No.2 (1982)

Rai, D. and Ryan, J. L. Neptunium( ) Hydrous Oxide Solubility Under Reducing and
Carbonate Conditions, Inorg.Chem., 24, pp.247-251. (1985)

Rai, D., Swanson, J. L., and Ryan, J. L. Solubility of NpO2.xH20(am) in the Presence of
Cu( )/Cu( ) Redox Buffer, Radiochimica Acta, 42, 35-41 (1987)

Neck, V., Kim, J. I., Seidel, B. S., Marquardt, C. M., Dardenne, K., Jensen, M.P., Hauser, W., A
spectroscopic study of the hydrosis, colloid formation and solubility of Np( ), Radiocim.Acta,
89, 439-446 (2001)

Lemire et al. Chemical Thermodynamics of Neptunium and Plutonium, Nuclear Energy
Agency Data Bank, Organisation for Economic Co-operation, Development, Ed., vol.4,
Chemical Thermodynamics, North Holland Elsevier Science Publishers B. V., Amsterdam, The
Netherlands (2001)

Yamaguchi, T., Sakamoto, Y., and Ohnuki,T. Effect of the Complexation on Solubility of
Pu( ) in Aqueous Carbonate System, Radiochimica Acta 66/67, 4-14 (1994)

Lierse, C. & Kim, J. I. Chemishes Verhalten von Plutonium in natiirlichen aquatischen
Systemen Hydrolyse, Carbonatkomplexierung und Redoxreaktionen. Report RCM 02286,
Institut fiir Radiochemie, Technische Universitét Miinchen (1986)

Rai, D., Hess, N.J., Felmy, A. R., Moore, D. A., Yui, M. & Vitorge, P. A thermodynamic model
for the solubility of PuO,(am) in the aqueous K"-HC03'-C032_OH'-HZO
system.Radiochimica Acta, 86,89 (1999)

Knopp, R., Neck, V., Kim, J.I.  Solubility, hydrolysis and colloid formation of plutonium( ),
Radiochim. Acta,435,1-8. (1999)

Neck, V., Kim, J. . Solubility and hydrolysis of tetravalent actinides, Forschungszentrium
Karlsruhe, Report FZKA 6350, 40pp. (1999)

Felmy, A. R., Rai, D., Fulton, R. W., The solubility of AmOHCO3(c) and the aqueous
thermodynamics of the system Na® -Am**-HCO;-CO;*-OH-H,O, Radiochim.Acta, 50,
193-204 (1990)

Silva, R. J.,, Bidoglio, G, Rand, M. H., Robouch, P. B., Wanner, H., Puigdomenech, I.
Chemical Thermodynamics of Americium. Elsevier, Amsterdam, 374p (1995)

Silva, R. J., Nitsche, H. Thermodynamic properties of chemical species of waste redionuclides,
NRC Nuclear waste geochemidtry’83, Alexander, D. H., Birchard, G F, Eds,
NUREG/CP-0052, pp.70-93, U. S. Nuclear Regulatory Commission, Washington, D. C., USA

-28 -



30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

42)

43)

44)

JAEA-Research 2006-038

(1984)

Merli, L., Fuger, J. Thermochemistry of selected lanthanide and actinide hydroxycarbonates
and carbonates, Radiochim. Acta, 74, 37-43 (1996)

Neck, V., Fanghanel, Th., Kim, J. I.  Aquatische Chemie und thermodynamische Modellierung
von trivalenten Actiniden. Wissenschaftliche Berichte FZKA 6110, Forschungszentrum
Karlsruhe, Karlsruhe, Germany, 108p. (1998)

Stadler, S., Kim, J. L. Chemisches Verhalten von Americium in natirlichen wassrigen
Losungen: Hydrolyse, Radiolyse und Redox-reaktionen, Inst. fir Radiochemie der Technishen
Universitat, Miinchen, Report RCM-01188, 141pp. (1988)

Runde, W., Kim, J. L. Chemical behaviour of trivalent and pentavalent americium in saline
NaCl-solutions. Studies of transferability of laboratory data to natural conditions, Technische
Universitat Miinchen, Report RCM 01094, 236pp. (1994)

Edelstein, N. M., Bucher, J. J., Silva, R. J., Nitsche, H.  Thermodynamic properties of chemical
speices in nuclear waste, Lawrence Berkeley Laboratory, Report ONWI-399 and LBL-14325,
115pp. (1983)

Caceci, M. S., Choppin, G. R. The determination of the first hydrolysis constant of Eu( ) and
Am( ), Radiochiim. Acta, 33, 101-104. (1983)

Wimmer, H., Klenze, R., Kim, J. I. A study of hydrolysis reaction of curium( ) by time
resolved laser fluorescence spectroscopy , Radiochim.Acta, 56, 79-83 (1992)

Fanghanel, T., Kim, J. I., Paviet, P., Klenze, R., Hauser, W. Thermodynamics of radioactive
trace elements in concentrated electrolyte solutions:hydrolysis of Cm®* in NaCl-solutions,
Radiochim. Acta, 66/67, 81-87. (1994)

Rai, D., Felmy, A. R., and Ryan, J. L. The Solubility of Th( ) and U( ) Hydrous Oxide in
Concentrated NaCl and MgCl; Solutions, Radiochim, Acta Vol.79, 239-249. (1997)

Neck, V., Kim, J. I.  Solubility and hydrolysis of tetravalent actinides, Radiochim. Acta, 89,
1-46.(2001)

Rai, D. Solubility Product of Pu( ) Hydrous Oxide and Equilibrium Constants of
Pu( )/Pu( ),Pu( )Pu( ),andPu( )/Pu( ) Couple., Radiochim. Acta 35, 97-106 (1984)
Capdevila, H., Vitorge, P. Solubility product of Pu(OH)4(am), Radiochim. Acta, 82, 11-16.
(1998)

Fujiwara, K., Yamana, H., Fujii, T., Moriyama, H. Solubility product of plutonium hydrous
oxide, J. Nucl. Mater., 297, 332-340. (2001)

Rai, D., Gorby, Y. A., Fredrickson, J. K., Moore, D. A., Yui, M. Reductive dissolution of
PuO,(am):The effect of Fe( ) and hydroquinone, J. Solution Chem, 31, 433-453. (2002)

Fuger, J., and Oetting, F. L. The Chemical Thermodynamics of Actinide Elements and

Compounds Part 2, The Actinide Aqueous lons. International Atomic Energy Agency, Vienna,

-29 -



JAEA-Research 2006-038

Austria (1976)
45) Neck, V., Fanghéanel, T., Kim, J. I. Aquatische Chemie und thermodynamische Modellierung

von trivalenten Actiniden. Wissenschaftliche Berichte FZKA 6110, Forschungszentrum
Karlsruhe, Karlsruhe, Germany, 108p. (1998)

46) Yajima, T., Kawamura, T. and Ueta, S. Uranium( ) Solubility and Hydrolysis Constants under
Reduced Conditions, Mat. Res. Soc. Symp. Proc. 353, pp.1137-1142 (1995)

-30 -



EEREAR (SD)

#£ 1. ST AW #2. EREMEAVTRINDSIHSIELOH %£5. SI IR
_ ST_HE AR _— ST AR B% | momns | gen |w% | momm | ww
AR 2 EEE= _ E3S Edf;" 10# |3 7l Y 10!t |F A d
E <X — P o [} | F ?7 A — b M e 102 | x|z 10 |2 > 7 .
= S m * M B A — b A o 10¢ |[= 2 4+ E 10° |32 y m
=1 BlXxo 77 4 kg Hox , E EA — b A B B s o |~ A et ;47U
i 15/ mo E  EA - b A EDED s o = gl & [l AT b
& w7 T A B L L Wl 9 il !
e ANTRONS I BE (KREE) X075 28084~ M ke G A (B L (B
§ i RE - WRAEM (LB [iEA— b BXR Y54 n'/ke 10° |2 # M | 10" [7=ab f
L L B B Ok E MTo~STEESA—RA A w0 [* 8 k| w7 H e
ot Eh v 7 I o B R 0 M T TEA—bFA Am 10° |~ 7 K h 104 1% 7 N =z
(HERRD) WET L H L H A — b A nol/n’ 100 |75 #] da | 0® |3 2 K v
iy E\h T 7BFEHA— M cd/w’
| Fill E (0 1 1
# 6. [EBRHALRE G X5 A3 EBR LR IZE S 78V BT
3. BAEDOAMHEZTOMAE DTS TEIN 5HSIHIL YT TR e ST HA{IC X A
ST R (T % min |1 min=60s
LT 2 e f!'l(/)SIEJHE(:J:Za SI%K%{II 5 53 h  |1h =60 min=3600 s
= = : ELY /1 A d |1 d=24 h=86400 s
¥ I A3 7 v | rad 3 ° 1P =(x/180) rad
A y = = s o) () -
ST 44& | 25 /~/7'/“ sr 4y 1’ =(1/60)° =(x /10800) rad
A # B~ A Y M ® 17 =(1/60)" =( /648000) rad
. ho =a=HrA N ) Yk 1. L[11=1 dn'=10"n’
E oA, W s 2 A M Pa N/m* ko t |1t=10° kg
TRAX—, {L¥, BET = — M ] N-m F—rt Np [1Np=1
é § ; g ﬁ EZ vu Ir g I/s ~L B [1B=(1/2) 1n10 (Np)
] - N\ = oA
B/ (BIE) , BEAHKR V% k v W/A
Fiid S 7w ®>” 7 7 F F c/V
= =2 ; ) )
LY T S - by ; 7. BB & O X0 USRS RO
R wr = — A w Ves 2 e ot ST TR SN B KA TR BONS LD
Boox & By =2 oy 1 W/ fkgesten S —
4 %75 A~y - w Wb/A wt kg s A B o7 KA b eV |let=160217733(49) X107y
A vy 2l EeryeaEd © K ﬁ—ﬂ;t?’ﬁﬁvv-ﬁ_z: U [lu=l. 6605402 (10) X10 kg
¥ e — 2 ] In ed - sr® o K ¢ B {f] ua [lua=1.49597870691(30) X10"m
S Bl 7 Al Lx 1m/” wemt e edm? - ed
(Rt D) HURBE[< 2 L | Ba s7!
WL B, ERT R . L
¥—fk, h—=lZ Y A1 © V/ks n’ s £8. EBIARICE S 2V A EBIR &
PR R, JE DR R R D Z OO WAL
O g T | e s 2 [ %8| SLWRThLDEINSEE
i t 11 5=1852m
(@) 7T RERTIVT v OERMIE, ALKETHoTHRASEMBEE Lo REK J v k 1/ v b=1 5= (1852/3600)m/s
BT HEEXOMIMMORLEE LTHAEBSHD, MM EED EEDNWL 29D T £= M a |1a=1 dan’=10"n"
ABIRE 4IRS TV D, ~ 7 4% — M ha |1ha=l ho'=10'n’
(b) KBRIZIX, MR T HBHIC ISR Sradk Csrpi L bS5, BIRE L TRSILE LT R o ol e | harD INP 1 CORPEEIOOHRESI S
ofes 1 Bla i, A/ Ara—ual A |1A=0 1w=10"
(ORHETIE, RTFTIT L OAHLEREsrZ WO LFORICFOEEHEL TS, s _ e ieni i
(d) ZOWTIE, FlE LTIV LAY Y ZERCTO L 5 ICSHESEE A ME> TRHVTHE, e
#4. B oBCEEOAKLEZOMADRE % &SI B OH
i SI A7 Bifir #£9. BADOLFREETeCCSHSL ML
- - e e A 5 | ST M ThobENSKIE
R B 2 v B Pa-s kg s % Se L 7| erg |1 erg=10" J
H D F — 2 v M=za—krzt—tra| N-a -u ¢ L
- R 4 A ~| dyn |1 dyn=10"N
#* & ® Hlz=a—tr@mr—ta| Nm  |kg- ¥ i 2 P v o
# % gl v 7 v @ # rad/s |p-at-st=s? A ” 1 Pfl_dvnz' s_/cmﬂ—(g. 1Pa -+ s
£ hn 3 K7 T v BEEFB rad/s® |m- ml s =5 2 7 A st | St:l_cv‘m /s=10"m/s
Bk ow e, MM B AT rEES A W e il v_ A 6 [t6 w0
BRAR, T it —|a—-LFEIrrEy J/K kg e x N A 7T v K| 0e [l Oe ~(19800/47:)A/m
HERAAR LRER) [Fa—nmxarsal o :,hwl v 7 A Yoz M |1Mx 107 )
k=T FotE —|Errey & s A F N 7| sb 1sbqgkwqmmm~
g2 B = x » ¥ —|.. _ E - 20 iz i F ph |1 ph=10"1x
(k= x v ¥ — a—ARxa/Ih| Jke |ef-sE-KT vif /W Gal |1 Gal =lem =*=10m/s”
x = = s e REAgL e
SRR AP B Ll [ TE R
g " » % s bmA—bAl Vm |n-kges®en? #10. FEIBRHEALICE S 220 E Ofo BAL o6
|y —a g kr— : i H wE ST B T bb s 5K
* B ﬁr/{ afFNLH A— b c/a* E N — -~ 7 — Ci{:: = Ci:3.7><10103q 2Y ] EL
e T r v +F & U R S L e
T = o 1 ﬁ/ By FEHA— b C/ul 3omon k4 = -; rad i iad:fczfiégcg/kg
* = #7735 rfFEA— MY F/m = = v 4| rem |1 rem=1 cSv=10"Sv
% 173 FA~ Y —fFEA— kA Hm o5 X #® B (I 1X unit=1.002 %10 'nm
T L T X A X —|Ya2— @ EAM I/l - kg mol™ ZA 2 ~ v [1v=1nT=10"T
T Ay ba v — |[Ya—nmEermra, . ” . Yoy v 2 X —| Jy |1 Jy=107% - mH
N I J/(@ol - K)lu - kg cKemol 7 =z A 3 1 fermi=1 fm=10"";m
BHBRE (XBREPEy &) |7—orm¥xas5L6 Ckg |kg'-s-A A—bIAFRHT v b 1 metric carat = 200 mg = 2X10 'kg
L 1Y b B ®7 v A4 @ B Gys |p-s? b M Torr |1 Torr = (101 325/760) Pa
i 4 & b H|7 > bEATZVT Y| Wsr |n'-n-kges emiokges® B % kK & JE| atm [1 atm = 101 325 Pa
3 17 vBEHLEA—FLV] 5 P . bl =] v) = Wcal
H & 4 Blgars070 W/ (@« sr)fm’ m’-kges kg s SN AN = S 7 N VI D U O U1 (O

(55 7R, 19984EC43T)





