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EXECUTIVE SUMMARY 
 
The goals of this task were to evaluate the availability of published temperature-dependent 
thermodynamic data for radionuclides and sorbing minerals and to evaluate the applicability of 
published estimation methods for temperature-dependent aqueous complexation, radionuclide 
mineral precipitation, and sorption. This task fills a gap in the hydrologic source term (HST) 
modeling approach, which, with few exceptions1, has neglected the effects of temperature on 
radionuclide aqueous complexation, using 25oC complexation data for all temperatures without 
evaluating the consequences of this assumption. In this task, we have compiled thermodynamic 
data available in the literature and evaluated the options and benefits of applying temperature-
dependent radionuclide speciation to future HST modeling.  We use the recent experience of 
HST modeling at Cheshire (Pawloski et al., 2001) to focus our evaluation. 
 
Our literature search revealed that few thermodynamic data or extrapolation methods could be 
used to define the temperature-dependent speciation of key HST radionuclides Np, Pu, Am, and 
U, particularly for the higher valence-state (e.g., 5+ and 6+), the oxidation states most pertinent 
to NTS groundwater conditions at Cheshire. This suggests that using 25oC data for all 
temperatures may be the best modeling approach currently available.  We tested established 
estimation techniques such as the Criss-Cobble method and other correlation algorithms to 
calculate thermodynamic parameters needed to extrapolate aqueous complexation data to higher 
temperatures. For some reactions, the isocoulombic method does allow calculation of free energy 
data and equilibrium values at higher temperatures. Limitations in algorithms and input data for 
pentavalent and hexavalent cations prevent extending temperature ranges for reactions involving 
radionuclides in these oxidation states and their complexes. In addition, for many of the 
radionuclides of interest, carbonate complexes appear to be the dominant complexes formed in 
NTS groundwaters, and data for these types of complexes are lacking for radionuclides as well as 
analog species.  
 
For the few species where enough data are available, the effect of temperature on radionuclide 
aqueous complexation has been calculated. These calculations allow partial estimation of the 
potential error that may be involved in ignoring speciation changes as a function of temperature, 
as was done in the Cheshire HST model (Pawloski et al., 2001). In some cases, differences 
between the most recent 25oC data available in the literature and data used in Pawloski et al. 
(2001) were more significant than calculated speciation changes as a function of temperature. To 
incorporate radionuclide speciation as a function of temperature, a robust set of temperature-
dependent reaction constants is necessary. Based on our literature search and the few reactions 
that could be extrapolated to higher temperatures, the change in dominant complexes with 
temperature cannot be adequately addressed at this time.  However, the effect of temperature on 
speciation can be qualitatively examined. 
  

                                                 
1 Wolfsberg, et al. (2002) included temperature effects for a limited set of Pu complexes in their 
THC source-term model for the TYBO/BEHNHAM tests, using data from the EQ3/6 database 
(Wolery, 1983).  
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In general, the log K values for radionuclide complexation reactions considered here increase 
with increasing temperature, suggesting that increasing temperature may enhance radionuclide 
aqueous complexation. However, complexation reactions often involve H+ and reactant species 
such as carbonate which exhibit their own temperature-dependent speciation.  Thus, any change 
in the value of a radionuclide complexation log K may be offset or enhanced by temperature 
effects on pH and carbonate speciation. In addition, sorption processes that involve surface 
complexation change with increasing temperature, and these reactions may enhance or negate the 
mobility effects of any increase in aqueous complexation with temperature. While increasing 
temperature may increase complexation, it also may reduce or increase ligand concentrations 
through shifts in speciation. Similarly, higher temperatures may favor or reduce sorption and/or 
co-precipitation in mineral phases. Consequently, the net effect on radionuclide mobility of 
increasing temperature depends on the effects of temperature on a number of geochemical 
processes. Thus, it is even difficult to make qualitative assumptions about the direction much less 
the magnitude of temperature effects on radionuclide mobility. Until sufficient data become 
available in the literature to precisely capture the effects of temperature on radionuclide 
complexation, it appears unwarranted to invest in complex estimation techniques based on 
extrapolations from available data.  
 
In the context of field-scale transport modeling, it is also apparent that using 25oC complexation 
data for all temperatures is currently the best transport modeling alternative for the Cheshire HST 
model. The model error associated with using 25oC complexation constants is small relative to 
many other assumptions made in the modeling. High temperatures are located primarily in the 
glass zone of underground nuclear tests.  The volume of the glass zone is very small when 
compared to the region encompassed by the 1000-year transport path of most radionuclides.  
Furthermore, high temperatures in the glass zone are transient and are not likely to be present 
over the entire 1000-year timeframe of HST. Thus, spatially and temporally within the models, 
the overall effect of neglecting complexation temperature dependence on the results of long-term 
and long-distance reactive transport modeling will be small. However, this is not to imply that 
temperature gradients are unimportant over the far field region or over long-time frames. 
Temperature gradients will control radionuclide transport through many physical as well as 
chemical effects, including thermal buoyancy effects, convection, solubility and species 
concentration gradients, all of which will impact the thermodynamic drive and kinetics of 
complex formation, sorption, colloidal transport, ion exchange and many other reactions.   
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1 INTRODUCTION  
 
Underground nuclear tests result in elevated near-field temperatures that can be sustained for 
many years (Pawloski et al., 2001; Carle et al., 2003). The most active period of fluid transport 
and reaction chemistry also occurs at this time (tens to hundreds of years after a test).  Test-
related heat drives thermally driven flow and drastically increases mineral 
dissolution/precipitation rates. The test-related heat can impact radionuclide migration through 
changes in aqueous speciation, surface complexation/ion exchange, and mineral 
precipitation/dissolution rates.  Increased temperatures may favor or limit radionuclide transport 
through changes in aqueous speciation and sorption. Similarly, solubility of radionuclide 
precipitates may be enhanced or reduced, which would also affect radionuclide migration.  
Recent Cheshire hydrologic source term (HST) modeling focused on the impact of temperature 
on glass dissolution rates (Pawloski et al., 2001). However, the temperature dependence of 
aqueous speciation and sorption was not included: log K values at 25oC were applied at all 
temperatures.  The focus of this report is to evaluate the speciation data available in the literature 
and assess the potential impact of neglecting test-related high temperatures on radionuclide 
speciation (and resulting migration) in the near field, with particular emphasis on recent Cheshire 
HST calculations. 
 
In recent Cheshire HST simulations (Pawloski et al., 2001), an ambient groundwater chemistry 
was determined based on groundwater compositional data from Areas 19 and 20, Pahute Mesa, 
Nevada Test Site (NTS), and assumptions that groundwater would be in mineral-fluid 
equilibrium with calcite, hematite and Ca-montmorillonite (Table 1). From these data and 
considerations about the stability and dominance of various aqueous complexes under the Eh and 
pH conditions of the groundwater, a set of radionuclide aqueous complexation reactions was 
determined (Table 2). The dominant complexes are hydroxides and carbonates. Due to data 
availability and other constraints at the time of that study, the log K values used for the aqueous 
complexation reactions were 25oC data regardless of the temperature in the HST simulations.  
 
Since the Cheshire HST model was completed, the NEA thermodynamic database (NEA-TDB) 
has been updated (http://www.nea.fr/html/dbtdb/).  Also, algorithms for extending 
thermodynamic data to higher temperatures and pressures have become more accepted as data 
accumulates for testing their validity on various classes of ions. The goal of this study was to 
examine how the assumption of isothermal log K values may affect predicted radionuclide 
mobility in the near field and evaluate whether sufficient temperature-dependent radionuclide 
speciation data are available to incorporate into future HST models.  
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Table 1: Ambient groundwater chemistry used in Cheshire HST simulations (from Table 
6.10, Pawloski et al., 2001). 

Component Concentration (mg/kg) Concentration (mol/L) 
SiO2 (aq) 56 9.4 x 10-4 
Na 65 2.83 x 10-3 
HCO3  

1 107 1.78 x 10-3 
Al  2 4.9 x 10-5 1.8 x 10-9 
Ca  3 10.4 2.6 x 10-4 
K 3.4 8.7 x 10-5 
Mg 0.5 2.06 x 10-5 
Cl 12 3.39x 10-4 
Fe  4 1.6 x 10-7 2.93 x 10-12 
SO4 35 3.64 x 10-4 
O2 (g) 10-7 bars 10-7 bars 
pH  5 8.2 8.2 
1 Total carbonate as HCO3. 
2 Set by assuming equilibrium with Ca-montmorillonite. 
3 Set by assuming equilibrium with calcite. 
4 Set by assuming equilibrium with hematite. 
5 A pH of 8.2 at 35°C was calculated from the average pH of 8.3 at 25°C by assuming that the total 
carbonate concentration does not vary from 25 to 35°C. 
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Table 2.  Aqueous complexation reactions included in Cheshire HST simulations (from 
Table J.3 of Pawloski et al., 2001). 

 Complexation reaction 
Log K @ 

25oC 
Np4+ + 0.25O2(g) + 1.5H2O = NpO2

+ + 3H+ 9.9 
NpO2

+ + HCO3
- = NpO2CO3

- + H+ 5.7 
NpO2

+ + H2O = NpO2OH0 + H+ 8.9 
Np4+ + 4H2O = Np(OH)4

0 + 4H+ 9.6 
Am3+ + 2HCO3

- = Am(CO3)2
- + 2H+ 8.4 

Am3+ + 2H2O = Am(OH)2
+ + 2H+ 14.1 

Am3+ + HCO3
- = AmCO3

+ + H+ 2.5 
Am3+ + 2H2O = AmOH2+ + H+ 6.4 
Eu3+ + 2HCO3

- = Eu(CO3)2
- + 2H+ 7.7 

Eu3+ + 2H2O = Eu(OH)2
+ + 2H+ 14.9 

Eu3+ + HCO3
- = EuCO3

+ + H+ 2.4 
Sm3+ + 2HCO3

- = Sm(CO3)2
- + 2H+ 7.9 

Sm3+ + HCO3
- = SmCO3

+ + H+ 2.5 
UO2

2+ + 2HCO3
- = UO2(CO3)2

2- + 2H+ 3.8 
UO2

2+ + 3HCO3
- = UO2(CO3)3

4- + 3H+ 9.4 
UO2

2+ + H2O = UO3
0 + 2H+ 10.3 

UO2
2+ +  2H+ = U4+ + 0.5O2(g) + H2O 32.5 

U4+ + 2H2O = UO2
0 + 4H+ 4.6 

Pu4+ + 2HCO3
- + 2H2O = Pu(OH)2(CO3)2

2- + 4H+ 2.8 
 
 
 
2 SPECIATION DATA AVAILABLE IN THE LITERATURE  
 
The Appendix lists all pertinent references explored in our search of recent literature. It provides 
a comprehensive list of recent and some historical publications regarding the aqueous speciation 
of radionuclides.  A subset of these references was used to summarize the state of temperature-
dependent radionuclide speciation and extrapolation methods, as described below.  
 
 
3 SPECIATION ALGORITHMS FOR DATA EXTRAPOLATION 
 
Experimental data needed to calculate the temperature dependence of equilibrium constants, 
Gibbs free energies, enthalpies, or entropies are unavailable for many of the radionuclide species 
of interest. Various procedures to estimate the temperature dependence of these thermodynamic 
parameters have been summarized by Puigdomenech et al. (1997). The following includes a 
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summary of material from that reference as well as the original papers it cites, and reference to 
some additional techniques not covered therein.  
 
In addition to the extrapolations needed to estimate the temperature dependence of 
thermodynamic parameters, it is important to remember that most available low temperature 
experimental data are collected in high ionic strength solutions. Thus, 25°C thermodynamic 
parameters are also extrapolated (typically extrapolated to infinite dilution from high ionic 
strength experimental data).  In effect, 25°C thermodynamic parameters themselves may be 
significantly limited and subject to significant uncertainties.  In addition, there are 
inconsistencies in thermodynamic datasets derived from methodological differences among 
researchers and laboratories that contribute to the overall uncertainty of any extrapolations made 
from measured datasets.   
   
General considerations with regard to temperature-dependent speciation include the following: 

a) The dielectric constant of water decreases strongly with increasing temperature 
thereby favoring complexes of low or zero charge at higher temperatures, and making 
polynuclear complexes and highly charged complexes less favorable. 

b) Hydrolysis of metals increases with increasing temperature in keeping with the 
increasing disproportionation of water with temperature. 

c) For species where enthalpies of formation are known but for which there are no heat 
capacity data, it is usually possible to calculate equilibrium constants up to 100-150oC 
within a 1-2 log unit uncertainty resulting from neglecting the heat capacity.  

d) New aqueous species that were not considered significant at 25oC may be significant 
at higher temperatures. 

 
3.1  Criss-Cobble Method 
 
Cecil Criss and J.W. Cobble determined a correspondence between experimental entropies of 
ions at a standard temperature and higher temperatures. Their principle of correspondence is 
summarized as follows (Criss and Cobble, 1964a): 
 

A standard state can be chosen at every temperature such that the partial molal entropies 
of one class of ions at that temperature are linearly related to the corresponding 
entropies at some reference temperature.  
 

So
(t2)   =   a(t2)  + b(t2) S

o
(t1) (3-1) 

 
This principle results in abandoning the hydrogen ion convention and in setting non-zero values 
for the hydrogen ion that vary with temperature in order to create a linear relationship. They have 
defined values of a and b at various temperatures from linear fits to known data for different ion 
classes (Table 3).  
 
From this principle, it also follows that whenever the entropy of an ion is known or can be 
accurately predicted at two temperatures, the average value of the heat capacity between those 
two temperatures, Cp

o
avg, also can be calculated, thereby allowing prediction of heat capacities 
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for electrolytes over extended temperature ranges (Criss and Cobble, 1964b). This results from 
combining the following equation:  
 

Cp
o

avg  = So
(t2)  - S

o
(t1) 

       ln T2/T1    (3-2) 
 
with the equation above to give: 
 

Cp
o

avg =    a(t2) - S
o

(t1) [1-b(t2)] 
    ln T2/T1     (3-3)  
 

which can be written as: 
 

Cp
o

avg =   α(t2) - β(t2)S
o

(25)    (3-4)  
 
where α(t2) 

=  a(t2)/(ln T2/298.2) and β(t2)  
=  -[1.000 - b(t2)]/(lnT2/298.2). They have defined values of 

α and β at various temperatures from linear fits to known data for different ion classes (Table 4).  
 
   
Table 3. Parameter values for calculating average heat capacities in cal/mol/K (Criss and 
Cobble, 1964b). 

 Cations Anions and 
OH- 

Oxy anions Acid oxy 
anions 

oC a(t2) b(t2) a(t2) b(t2) a(t2) b(t2) a(t2) b(t2) 
60 35 -0.41 -46 -0.28 -127 1.96 -122 3.44 
100 46 -0.55 -58 0 -138 2.24 -135 3.97 
150 46 -0.59 -61 -0.03 -133 2.27 -143 3.95 
200 50 -0.63 -65 -0.04 -145 2.53 -152 4.24 

 
 

 
Table 4. Estimated entropy parameters above 150oC by Criss-Cobble method (Criss and 
Cobble, 1964b). 

 Cations Anions and 
OH- 

Oxy anions Acid oxy 
anions 

oC α(t2) β(t2) α(t2) β(t2) α(t2) β(t2) α(t2) β(t2) 
200 23.3 0.711 -30.2 0.981 -67.0 2.02 -70.0 2.960 
250 29.9 0.630 -38.7 0.978 -86.5 2.32 -90.0 3.530 
300 36.6 0.548 -49.2 0.972 -106 2.618   
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The Criss-Cobble method of extrapolation can be used for any species where the entropy value at 
25oC or another temperature is known. 
 
In addition, Criss and Cobble have used the correspondence principle to come up with a linear 
equation to calculate ionic heat capacities at specific temperatures rather than over temperature 
ranges: 

Cp
o

t =  A - BSo
t     (3-5) 

 
At 25oC, the equation coefficients are shown in Table 5. As a test of the method, this equation 
can be utilized to calculate heat capacities at 25oC for ions where there are also heat capacity  
 
Table 5: Criss-Cobble heat capacity parameters to calculate absolute heat capacities at 
25oC in units of cal/mol/K.  

Ion type A B 
Cations 41.6 -0.523 
OH-, anions -56.5 0.179 
Oxy anions -145 2.2 
Acid oxy anions -135 3.07 
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Figure 1: Comparison of Criss-Cobble(C-C) and Shock-Helgeson (S-H) calculated Cp 
trends for different groups of simple cations (labels denote groups of 1+, 2+, 3+, and 4+ 
cations, above) at 25oC, with heat capacity data. Shock-Helgeson algorithms come from 
several references as described in text. The labels HREE and LREE refer respectively to 
heavy and light rare earth elements.  
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data. Figure 1 shows data calculated by the Criss-Cobble method, adjusted from the absolute 
scale, and data from experiments or calculated by other methods. The discrepancy between the 
data and calculated values is particularly pronounced for trivalent and tetravalent cations, as was 
also noted previously (Shock and Helgeson, 1988), however, where multiple experimental data 
are available (e.g., U4+), there are also large discrepancies among the measured values. 

 
3.2 Helgeson-Flowers-Kirkham Method 
 
The approach of Helgeson et al. (1981) with revisions in subsequent publications (Shock and 
Helgeson, 1988; Shock et al., 1992; Shock et al., 1997a; Shock et al., 1997b) gives improved fits 
for lower valence cations (1+, 2+ and 3+) and provides a fit for tetravalent cations. The equation 
is equivalent to Equation 3-5 with coefficients as described in Table 6. The resulting trends are 
shown in Figure 1 along with the results from the Criss-Cobble method. 
 
Table 6. Coefficients for Equation 3-5 for heat capacity estimates from entropy at 25oC 
using the methods of Shock and Helgeson (1988), Shock et al (1997a, 1997b) Units of 
cal/mol/K. 

Species A B 
Monovalent simple cations 22.2 -0.88 
Divalent simple transition metal cations 7.5 0.61 
Alkaline earth simple cations and Pb2+ -11.9 -0.19 
Light rare earth simple trivalent cations  -298.8 -4.9 
Heavy rare earth simple trivalent cations and Al3+ -51.3 -0.26 
Trivalent non- rare earth simple cations 41.7 0.91 
Tetravalent simple cations 31.1 0.31 
First monovalent cation hydroxide complex (MOH) 9 -1.14 
Second monovalent cation hydroxide complex (MO-) -15.5 -1.14 
First divalent cation hydroxide complex (MOH+) 9 -1.14 
Second divalent cation hydroxide complex (MO) -15.5 -1.14 
Third divalent cation hydroxide complex (HMO2

-) -24 -2.28 
Fourth divalent cation hydroxide complex (MO2

2-) -106.2 -2.28 
First trivalent cation hydroxide complex (MOH2+) -37.2 -1.14 
Second trivalent cation hydroxide complex (MO+) -60.8 -1.14 
Third trivalent cation hydroxide complex (HMO2) -24 -2.28 
Fourth trivalent cation hydroxide complex (MO2

-) -34.5 -2.06 
First tetravalent cation hydroxide complex (MOH3+) -37.2 -1.14 
Second tetravalent cation hydroxide complex (MO2+) -60.8 -1.14 
Third tetravalent cation hydroxide complex (HMO2

+) -24 -2.28 
Fourth tetravalent cation hydroxide complex (MO2) -34.5 -2.06 
Fifth tetravalent cation hydroxide complex (HMO2

-) -24 -2.28 
Halide ions -28.2 0 
Monovalent oxyanions -62.4 1.32 
Monovalent acid oxyanions -37.7 1.32 
Divalent oxyanions -70.5 0.8 
Divalent acid oxyanions -51.5 0.8 
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It is apparent from Figure 1 that the Shock-Helgeson equations give a better fit to existing data. 
Where rare earth elements appear to be good surrogates for the actinides, the appropriate Shock-
Helgeson fits may be used to estimate heat capacity data for actinide trivalent cations. With 
respect to higher valences, the coefficients suggested by Shock et al (1997a) give a calculated 
correlation for simple tetravalent cations that appears to be a better fit than the extension of the 
Criss-Cobble relationship defined for cations. However, this still leaves the outstanding problem 
of calculating heat capacities for pentavalent and hexavalent cations. U, Pu and Np radionuclides 
are likely to be in these higher oxidation states in NTS waters. 
 
In Figure 2, the correlations are reproduced along with calculated heat capacity values for 
actinides, Am2+, Am3+, Pu3+, Np3+, U3+, U4+, Pu4+, Am4+, and Np4+ using the Shock-Helgeson 
correlations. For the ions Pu3+, U3+, U4+, and Pu4+, heat capacity data also are available and these 
are also plotted (data also reported in Table 7). There is a large spread in these values and they 
do not correspond consistently with the calculated values although there is partial agreement 
between some reported and calculated values. Based on these results it appears that using either 
the Criss-Cobble or Shock-Helgeson algorithms to calculate heat capacity data is unwarranted 
even at 25oC for trivalent and tetravalent actinides. Algorithms currently do not exist that have 
been tested against known data for pentavalent and hexavalent cations, the oxidation states most 
pertinent for Np, U, and Pu under NTS groundwater conditions. Applying present generalized 
algorithms for cations to these higher oxidation state cations is not recommended given that the 
generalized Criss-Cobble algorithms appear not to capture the variability of trends even for  
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Figure 2: Calculations of heat capacity values using Shock-Helgeson algorithms for Am, 
Pu, and U using available enthalpy data. Calculated values shown as white circles. Labels 
denote groups of 2+, 3+, and 4+ cations, heavy (HREE) and light (LREE) rare earth 
elements. For Pu and U, there are some tabulated heat capacity data also. These data are 
plotted for comparison. The HREE algorithm was used for 3+ ions except for Am which is 
considered to have analogs with LREE, Ce and Eu. 
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trivalent cations. The differences among the Shock-Helgeson coefficients for tetravalent cations 
and the variety of coefficient sets needed to define trends for trivalent cations suggest that 
attempts to estimate pentavalent and hexavalent trends, provided that entropy data could be 
obtained or estimated by other means, also is not a viable alternative until sufficient data become 
available to adequately test such estimates. To extend estimates made by these types of methods 
even further to higher temperatures would likely result in very high errors and erroneous 
conclusions regarding the impact of temperature. 
 
Note that only simple cations have been discussed above; extrapolation appears to be even more 
speculative for complex cations and anions. Tables 5 and 6, respectively, show the Criss-Cobble 
and Shock-Helgeson coefficients for calculating heat capacity data for complex cations and 
anions. The model fits for these algorithms can only be compared against much smaller data sets. 
Again, they only extend up to complexes with tetravalent cations.    
 
 
Table 7. Available thermodynamic data and calculated heat capacities for simple cations 
using the Shock-Helgeson family of coefficients shown in Table 4. The +/- columns list 
uncertainties in thermodynamic values. The number of significant figures reported is 
carried over from each reference. The heat capacities were calculated using the following 
equations: Am2+: divalent transition metal cations; Am3+: LREE trivalent; Pu3+, Np3+, U3+: 
HREE trivalent; Am4+, U4+, Pu4+, Np4+: tetravalent cations. 

Species Reference 
∆Gf

o       
(kJ/mol/K) 

∆Gf
o    

+/- 
∆Hf

o       
(kJ/mol/K)

∆Hf
o   

+/- 
Sf

o        
(J/mol/K)

Sf
o  

+/- 
Cp

o       
(J/mol K) 

Cp
o 

+/- 
Calc. Cp

o  
(J/mol K)

Am2+ 1 -376.8 15.2 -354.6 15.9 -1 15   30.8

Am3+ 2 -598.7 4.8 -616.7 1.5 -201 15   -265.3

Pu3+ 1 -579.0 2.7 -591.8 2.0 -184.5 6.2 -61*  -166.7
Np3+ 1 -512.9 5.7 -527.2 2.1 -193.6 20.3   -164.3
U3+ 1 -476.5 1.8 -489.1 3.7 -188.2 13.9 -150.0 50 -165.7
U4+ 3 -529.9 1.8 -591.2 3.3 -416.9 12.6 -48.0 15 0.9

U4+ 2 -529.9 1.8 -591.2 3.3 -416.9 12.6 -220.0 50 0.9
U4+ 4     -416.7  2.4  0.9

Pu4+ 2 -478.0 2.7 -539.9 3.1 -414.5 10.2 -63*  1.6

Am4+ 1 -346.4 8.7 -406.0 6.0 -406.0 21.0     4.3
Np4+ 2 -492.0 5.6 -556.0 4.2 -426.4 12.4   -2.1

1 Guillaumont, et al. (2003) 
2 NEA Thermodynamic Database 
3 Grenthe et al. (1992) 
4 Wolery (personal communication) 
*Data from Lemire and Tremaine (1980) 
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3.3 Density Model 
 
The density model is based on the observation that the change of the ionization constant for 
water with temperature up to 1000oC can be successfully modeled by an equation of the form: 
 

log K = a + b/T + c/T2 + d/T3 + (e + f/T + g/T2) log ρ   (3-6) 
 
where ρ is the density of water. A modified and simplified form of this equation was shown to 
successfully predict solute properties to about 300oC: 
 

ln K = p1 + p2/T + (p3ln ρ)/T      (3-7) 
 
where p1, p2 and p3 are constants, independent of temperature and pressure (Anderson et al., 1991; 
Mesmer et al., 1988). Since K also can be expressed as dependent on thermodynamic parameters 
of free energy, enthalpy, heat capacity and entropy, the constants above also can be expressed in 
terms of those thermodynamic parameters: 
 

p1 = ln Kr + ∆Hr
o/RT – (∆CPr

o
 αr)/(RTr(δα/δT)Pr)   (3-8) 

 
p2 = -∆Hr

o/R + ((Tr αr + ln ρr)∆CPr 
o)/(RTr(δα/δT)Pr)   (3-9) 

 
p3 = -∆CPr 

o/(RTr(δα/δT)Pr)            (3-10) 
  
These equations require knowing Kr, ∆Hr

o, and ∆CPr
o for the reaction and looking up the values 

for the density and coefficient of thermal expansion for water, α, at the temperature of interest. In 
addition to K, other parameters can be calculated. For heat capacity at any temperature, the 
relation is: 
 
   ∆CP

o = ∆CPr
o (T(δα/δT)P/Tr(δα/δT) Pr)           (3-11) 

 
The predicted heat capacity values at higher temperatures given specified heat capacity values at 
a reference state of 25oC are shown in Figure 3. 
 
It is apparent from this figure that this model predicts that, when heat capacities at 25oC have low 
absolute values, the change with temperature also tends to be small. For these species, therefore, 
the temperature effect on the thermodynamic properties can be estimated to be small. In addition, 
over the temperature range from 25oC up to about 200oC, the trends are relatively flat with 
temperature, changing rapidly only above about 200oC. This would suggest that it is reasonable 
to estimate heat capacities as approximately constant with temperature over this temperature 
range. However, for the radionuclide ions and complexes of interest, there are few Cp

o values at 
the 25oC reference state to draw on, and so this method is of little relevance for this study, but 
would be of great help should reference values become available.   
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Figure 3: Calculation of heat capacity changes with temperature using the density model of 
Mesmer et al. (1988). The contours are labeled with values of heat capacities at 25oC.  
 
 
 
3.4 Isoelectric or Isocoulombic Reaction Extrapolation 
 
For any reaction involving aqueous ionic species in which there is no oxidation/reduction 
component, the enthalpy of reaction is conceptually divisible into electrostatic and 
nonelectrostatic components (Anderson and Crerar, 1993; Puigdomenech et al., 1997). The 
major parts are the electrostatic interactions among the charged ions and between the charged 
ions and the solvent. As the dielectric constant of water increases with increasing temperature, 
electrostatic interactions become the largest contributors to the heat capacity of reaction.  
 
Isoelectric or isocoulombic reactions are defined as those where the total amount of positive 
charge among the reactants equals the total amount of positive charge among the products, and 
the total amount of negative charge among reactants equals the total amount of negative charge 
among the products. In isoelectric reactions, the electrostatic contributions within the 
temperature component of enthalpy balance out, resulting in a small reaction heat capacity that is 
presumed to be close to constant with temperature. In fact, up to about 473 K (Puigdomenech et 
al., 1997), the integrated van’t Hoff expression (constant enthalpy of reaction, zero heat capacity 
of reaction) appears to be reliable to calculate the change in the equilibrium constant due to 
temperature: 
 

log10Ko(T)  =  log10Ko(To) + (∆rHo
m(To)/Rln(10)) (1/To – 1/T) (3-12) 

 
Up to about 623 K, the equation also must include the heat capacity term (Puigdomenech et al., 
1997): 
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log10Ko(T)  =  log10Ko(To) - (∆rHo

m(To)/Rln(10)) (1/T – 1/To) + 
 
(∆rCo 

p,m/Rln(10)) [(ln(T/To) + To(1/T – 1/To)] (3-13) 
 

To derive the Gibbs free energies for individual ions requires setting up these reactions with 
species such that the other reaction components may be subtracted. This requires that the 
equilibrium constants for these other compounds be well known at higher temperatures. Thus, 
the choice of species to use for writing isocoulombic reactions is also limited by the availability 
and quality of data for the other ions. 
 
 
4 ANALOG SPECIES 
 
The trivalent actinides and lanthanides form chemical compounds and aqueous species that have 
similar chemical properties, including coordination chemistry and complex formation, but 
excluding redox behavior (Choppin and Rizkalla, 1994). Systematic trends in the thermodynamic 
data and equilibrium constants of the lanthanides and actinides often correlate with trends in 
ionic radius across the element groups.  Nd(III), Cm(III), and Eu(III) are often used as analogs 
for Am(III) because of the similarity in ionic size. There are pronounced similarities and trends 
in most of the chemical properties of the actinide elements in the oxidation states +4, +5 and +6. 
These correlations were used to estimate thermodynamic data for aqueous species of pentavalent 
and hexavalent U, Np and Pu (Lemire et al., 2001) and for tetravalent actinides (Neck and Kim, 
2001). The benefit of using these analogs is captured in the data included in the tables below that 
include values from Lemire et al. (2001), the subsequent NEA review by Guillaumont et al. 
(2003) and the NEA Thermodynamic Database (NEA-TDB) online 
http://www.nea.fr/html/dbtdb/).   
 
The NEA review uses the oxidation state analogy principle as a justification for including 
experimental data for Cm(III) when evaluating thermodynamic data for aqueous Am(III) 
complexes (Guillaumont et al., 2003). Cm(III) data often are more accurate than data for Am(III) 
and there is a large amount of data on  complex formation reactions of Cm(III) available from 
spectroscopic data obtained by time-resolved laser fluorescence spectroscopy (TRLFS). Based 
on their evaluations of literature data, they determined that differences in the activity coefficients 
and ion interaction coefficients of Am(III), Cm(III), Nd(III) and Eu(III) species are negligible 
and the differences in the formation constants of analogous aqueous complexes are in most cases 
smaller than experimental uncertainties.   
 
 
5 SUMMARY OF RADIONUCLIDE SPECIATION WITH TEMPERATURE BASED 

ON AVAILABLE DATA 
 
 
5.1 Neptunium 
 
Guillaumont et al. (2003) examined new EXAFS data for Np that appeared after those discussed 
by Lemire et al. (2001). However, these results are not consistent with respect to hydration and 
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coordination numbers and the values vary greatly from those obtained in previous studies. 
Guillaumont et al. (2003) concluded that the values published in the review by Lemire et al. 
(2001) should be retained. However, neither Lemire et al. (2001) nor Guillaumont et al. (2003) 
mention any reason for dropping the heat capacity values proposed by Lemire and Tremaine 
(1980) for Np4+ and Np3+. They have been retained herein. Kasuba and Runde (1999) also 
evaluated thermodynamic data for Np complexes. Values they list are the same as those listed 
herein, within the uncertainty limits. A summary of thermodynamic data is listed in Table 8.  
 
Table 8 shows the pertinent data for calculating isocoulombic speciation reactions as a function 
of temperature for reactions that involve Np and that would be relevant to NTS-type waters.2 
Enthalpy data at 25oC necessary for temperature extrapolation using equations 3-12 or 3-13 are 
not available for two of the complexes, Np(OH)4

0  and NpO2CO3
-. For the Np4+/NpO2

+ redox 
reaction, we have heat capacity data for all species, so can compare the impact of using either 
equation. For NpO2OH0 and other complexes, we must use the equation that ignores heat 
capacity.  The resulting calculations are shown in Table 9. It is important firstly to compare the 
log K values at 25oC calculated using updated thermodynamic data to those used in the previous 
Cheshire HST simulations (Pawloski et al., 2001). In some cases, there is more discrepancy 
between the old and new log K values at 25oC than between the 25oC value and values calculated 
for higher temperatures. Thus, it appears that the temperature effect at least in some cases is less 
than or comparable to the uncertainty in the values at 25oC. The increase of log K with 
temperature is found for the reaction involving NpO2OH0 where the high enthalpy value 
produces a 3 order-of-magnitude change in K from 25 to 150oC.  A similar effect is observed for 
NpO2(OH)2

-.  This is consistent with the idea that the relative stability of complexes with low 
charge will increase with temperature and that disproportionation of water will increase with 
temperature, favoring radionuclide hydrolysis.  Interestingly, the log K for NpO2(CO3)3

5- 
decreases slightly with temperature.  This is consistent with the decrease in the dielectric 
constant of water with temperature, favoring lower-charged species. 
 
 

                                                 
2 Relevant reactions in this report refer primarily to carbonate complexes, hydroxide complexes, 
or redox reactions.  These reactions were cited in Pawloski et al. (2001) as most relevant under 
NTS groundwater conditions. 
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Table 8: Thermodynamic data for species and isocoulombic reactions involving Np. Data 
are from Guillaumont et al. (2003) except for heat capacity of Np4+which is from Lemire 
and Tremaine (1980). The number of significant figures reported is carried over from each 
reference. 

Speciation Reactions Involving ∆Go    ∆Ho   ∆So   ∆Cp
o   

Np used in Pawloski et al. (2001) kJ/mol +/- kJ/mol +/- J/mol K +/- J/mol K +/- 
Np4+ + 0.25O2(g) + 1.5H2O = NpO2

+ + 3H+ -60.2 6.6 224.3 -64.4 

NpO2
+ + H2O = NpO2OH0 + H+ 64.5 64.8 1.0   

Np4+ + 4H2O = Np(OH)4
0 + 4H+ 47.6       

NpO2
+ + HCO3

- = NpO2CO3
- + H+ 30.7       

Relevant Species Available in the 
Literature         

Np4+ -491.8 5.6 -556.0 4.2 -426.4 12.4 -60.0 

O2 0 0 205.2 29.4 

H2O -237.2 -285.8 69.9 75.4 

NpO2
+ -907.8 5.6 -978.2 4.6 -45.9 10.7 -4.0 25.0

HCO3
- -586.9 -689.9 98.5 -35.4 

NpO2CO3
- -1464.0 5.7      

NpO2OH0 -1080.4 6.9 -1199.2 19.2 25.0 60  

Np(OH)4
0    -1392.9 8.4   

NpO2(OH)2
- -1247.3 6.3 -1431.2 30.5 40.0 100.0  

NpO2(CO3)2
3- -2000.9 5.7   

NpO2(CO3)3
5- -2522.9 5.7-3017.1 6.9 -135.1 20.5  
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Table 9: Calculated log K values using Equations 3-12 and 3-13 above. See text for 
discussion. Data used in calculations are shown in Table 8.1 

Speciation Reactions Log K values (oC)  

Involving Np 0 25 50 60 75 100 150 200 250 300 Notes 
Np4+ + 0.25O2(g) + 1.5H2O 
= NpO2

+ + 3H+ 10.43 10.55 10.63 10.65 10.68 10.70 10.71 10.67 10.60 10.52
Cp = 

Cpo (25oC)
 Same as above 10.44 10.55 10.64 10.67 10.71 10.78 10.89 10.98 11.04 11.10 Cp = 0 
NpO2

+ + H2O = NpO2OH0 
+ H+ -12.34 -11.31 -10.43-10.11 -9.68 -9.03 -7.95 -7.11 -6.43 -5.86 Cp = 0 
Np4+ + 4H2O = Np(OH)4

0 
+ 4H+  -8.33         
NpO2

+ + 2 H2O   = 
NpO2(OH)2

- + 2 H+ 
 -25.58 -23.63  -22.05-21.51  -20.76 -19.68-18.01-16.85-16.07-15.65 Cp = 0 
NpO2

+ + HCO3
- = 

NpO2CO3
- + H+  -5.38         

NpO2
+ + 2 HCO3

- =  
NpO2(CO3)2

3- + 2 H+  
  

-14.14
         

NpO2
+ + 3 HCO3

-  =  
NpO2(CO3)3

5- + 3 H+  
 -26.10 -25.50 -25.14-25.05 -24.95 -24.86-24.95-25.30-25.92-26.89 Cp = 0 

1.  Reactions written as isocoulombic reactions to calculate log K but, if necessary, converted to a more consistent 
format in this table. 
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Figure 4: Plot of the temperature dependence of log K for the two Np speciation reactions 
included in the Cheshire HST model. For the Np4+ to NpO2

+ reaction, both Eqs. 3-12 (solid 
line) and 3-13 (dashed line) were used.  For the NpO2

+ to NpO2OHo reaction, Eq. 3-12 was 
used.  
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5.2 Plutonium 
 
Lemire et al. (2001) had included data, which Guillaumont et al. (2003) now reject, to calculate 
free energy values for hydrolysis of tetravalent Pu. The rejection is based on the fact that the total 
Pu concentration in those experiments exceeded the solubility of PuO2(am). 
 
Few data are available for plutonium species relevant under NTS groundwater conditions. 
Isocoulombic reactions were constructed for those species where there were sufficient data to 
calculate log K values at higher temperatures. A large change with temperature was calculated 
for the reaction involving Pu(OH)4

o and PuO2OH o, consistent with the increased hydrolysis of 
water.  Only a small increase in log K was predicted for the PuO2CO3

- reaction. However, a 
significant decrease in log K was predicted for the PuO2(CO3)3

5- species, consistent with the 
results for NpO2(CO3)3

5− and owing to the reduced dielectric constant of water with temperature.   
 
 
Table 10: Thermodynamic data for species and isocoulombic reactions involving Pu. Data 
are from Guillaumont, et al. (2003) except for enthalpy data for Pu(OH)4(aq) and 
PuO2(OH)(aq) which are from Lemire et al. (2001). The number of significant figures 
reported is carried over from each reference. 

Radionuclide Speciation Reactions 
used in Pawloski et al. (2001) ∆Go

r    ∆Ho
r   ∆So

r   ∆Cp
o   

Involving Plutonium kJ/mol +/- kJ/mol +/- J/mol K +/- J/mol K +/- 
Pu4+ + 4H2O = Pu(OH)4

o + 4H+ 48.7  110.7      

PuO2
+ + HCO3

-  = PuO2CO3
- + H+ 29.8     

PuO2
2+ + 2HCO3

-  = PuO2(CO3)2
2- + 

2H+ 34.2 2.4  -106.0 
Relevant Species Available in the 
Literature                 
Pu4+ -478.0 2.7 -539.9 3.1 -414.5 10.2 -63.0 

HCO3
- -587.0 -689.9 98.5  -35.4 

H2O -237.2 -285.8 69.9  75.4 

PuO2CO3
- -1409.8 3.0      

PuO2(CO3)2
2- -1902.1 4.1 -2199.5 7.7 19.6 27. 7  

PuO2(CO3)3
5- -2465.0 6.1 -2954.9 12.3 -116.4 45.0  

PuO2
+ -852.6 2.9 -910.1 8.9 1.5 30.0  

PuO2
2+ -762.4 2.8 -822.0 6.6 -71.2 22.1  

Pu(OH)4(aq) -1378.0 3.9 -1572.5     

PuO2OH(aq) -1034.3 -1131.3     
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Table 11: Calculated log K values using Equations 3-12 above. See text for discussion. Data 
used in calculations are shown in Table 10.1 

Radionuclide Speciation 
Reactions log K (oC) Notes 

Involving Plutonium 0 25 50 60 75 100 150 200 250 300   
Pu4+ + 4H2O = Pu(OH)4

o + 
4H+ -10.30 -8.53 -7.03 -6.49 -5.74 -4.63 -2.80 -1.35 -0.19 0.78 Cp = 0

PuO2
+ + H2O = PuO2OHo + H+ -10.76 -9.72 -8.85 -8.53 -8.10 -7.45 -6.38 -5.54 -4.86 -4.29 Cp = 0

PuO2
+ + HCO3

-  = PuO2CO3
- + 

H+  -5.22          
PuO2

2+ + 2HCO3
-  = 

PuO2(CO3)2
2- + 2H+ -6.02 -5.99 -5.95 -5.94 -5.93 -5.90 -5.86 -5.83 -5.80 -5.78 Cp = 0

PuO2
+ + 3 HCO3

-  =  
PuO2(CO3)3

5- + 3 H+  
 -26.48 -25.97-25.70 -25.63 -25.57-25.54-25.73-26.16-26.84-27.86 Cp = 0

1. Reactions written as isocoulombic reactions to calculate log K but, if necessary, converted to a more consistent 
format in this table. 
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Figure 5: Plot of the temperature dependence of log K for two Pu speciation reactions. 
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5.3 Uranium 
 
According to Guillaumont et al. (2003) and substantiated by the literature search undertaken as 
part of this study, there are no new experimental thermodynamic data for uranium species 
beyond those already included in the NEA-TDB. However, Guillaumont et al. (2003) do include 
discussion of the issue also raised by these authors and others regarding the suitability of the 
Criss-Cobble method for cations at oxidation states of 3+ and above. Lemire and Tremaine 
(1980) had used the Criss-Cobble relations to estimate the partial molar heat capacities of the U3+ 
and U4+ ions, and these were used in the NEA-TDB (Grenthe et al., 1992). These values are: 
 

Cp (U3+) = − (64 ± 22) J/mol/K (T = 298 to 473 K), 
 Cp (U4+) = − (48 ± 15) J/mol/K (T = 298 to 473 K). 
 
The Shock and Helgeson (1988) estimation methods based on the revised Helgeson–Kirkham–
Flowers (HKF) equations of state for aqueous ions result in calculation of: 
 

Co
p (U3+, 298.15 K) = – 152.3 J/mol/K  

Co
p (U4+, 298.15 K) = 0.8 J/mol/K  

 
The latter value was based on the experimental result Co

m p (Th4+, 298.15 K) = − (1 ± 11) 
J/mol/K by Morss and McCue (1976) which has since been revised to = − (224 ± 5) J/mol/K 
(Hovey, 1997). In light of this new data and several other considerations, Guillaumont et al. 
(2003) adopted new values of: 
 

Co
p (U3+, 298.15 K) = − (150 ± 50) J/mol/K 

Co
p (U4+, 298.15 K) = − (220 ± 50) J/mol/K. 

 
They note that the large uncertainties are due partly to the fact that the comparison between 
average values for the temperature range 298.15 to 473 K with values at 298.15 K is not strictly 
correct and suggest that the selected heat capacity values not be used at temperatures above 373 
K. Note however, that while the 3+ value appears to fit well with predictions and the trends for 
other trivalent data, the fit of heat capacity value for the 4+ species fits poorly compared to other 
data and the general trend for tetravalent cations (Figure 2).  
 
Only some selected equilibrium constants have been updated recently. For U(IV), the hydrolysis 
of U4+ has been reviewed according to the behavior of the other aqueous actinide (IV) ions. New 
equilibrium constants have been selected by Guillaumont et al. (2003).  
 
These changes in thermodynamic values result in relatively small changes in the equilibrium 
constants at 25oC from the values used in Pawloski et al. (2001). For isocoulombic reactions, the 
calculations of the temperature effect are shown in Table 13 and plotted in Figure 6. Tables 12 
and 13 also include several reactions that were not included in GIMRT simulations of Pawloski 
et al. (2001) based on the fact that the UOH3+ and U(OH)4

o species are not predicted to be 
dominant at the pH range of NTS groundwater at 25oC. However, because these species had data 
available for temperature extrapolations, and the pH effect on species dominance will shift with 
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temperature, they are included here. Nevertheless, the number of species that can be extrapolated 
to temperature is not sufficient to create meaningful pH-Eh stability diagrams.  Qualitatively, we 
find that the behavior of U(VI) species is similar to Np(V) and Pu(V):  complexed species with 
low charge tend to be favored with increasing temperature. 
 
 
Table 12: Thermodynamic data for species and isocoulombic reactions involving U. Data 
are from Guillaumont, et al. (2003). The number of significant figures reported is carried 
over from each reference. 
Radionuclide Speciation Reactions ∆Go    ∆Ho   ∆So   ∆Cp

o   
Used in Pawloski et al. (2001) 

Involving Uranium kJ/mol +/- kJ/mol +/- J/mol K +/- J/mol K +/- 
U4+ + H2O = UOH3+ + H+ 3.12 46.910 147.026   

U4+ + 4H2O = U(OH)4
o + 4H+ 57.28 109.913 177.203 123.558 

UO2
2+ + 2HCO3

- = UO2(CO3)2
2- + 2H+ 23.27 47.906 83.147   

UO2
2+ +  2H+ = U4+ + 0.5O2(g) + H2O 185.51 141.970 -146.196 -172.350 

Relevant Species Available in the 
Literature                 
U4+ -529.86 1.765 -591.200 3.300 -416.895 12.553 -220.000 50.000

O2 0 0 205.152 29.378 

H2O -237.18 -285.830 69.923 75.361 

HCO3
- -586.94 -689.933 98.450 -35.397 

UO2
2+ -952.55 1.747 -1019.000 1.500 -98.200 3.000 42.400 3.000

UOH3+ -763.92 1.798 -830.12 9.54 -199.946 32.521  

UO2OH+ -1159.7 2.2 -1261.4 15.1 17.0 50.0  

UO2(OH)2(aq) -1357.5 1.8   

UO2(OH)3
- -1548.4 3.0   

UO2CO3(aq) -1537.2 1.8 -1689.2 2.5 58.9 7.4  

UO2(CO3)2
2- -2103.16 1.982 -2350.960 4.301 181.846 13.999  

UO2(CO3)3
4- -2660.91 2.116 -3083.890 4.430 38.446 14.411  

U(OH)4
0 -1421.31 8.189 -1624.61 11.073 40.000 25.000 205.000 80.000
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Table 13: Calculated log K values using Equations 3-12 and 3-13 above. See text for 
discussion. Data used in calculations are shown in Table 12.1  

Radionuclide Speciation 
Reactions log K (oC)  

Involving Uranium 0 25 50 60 75 100 150 200 250 300 Notes 
U4+ + H2O = UOH3+ + H+ -1.299 -0.547 0.089 0.316 0.633 1.104 1.880 2.492 2.987 3.395 Cp = 0 

UO2
2+ + H2O = UO2OH+ + H+ -5.96 -5.26 -4.67 -4.46 -4.17 -3.73 -3.01 -2.45 -1.99 -1.61  

UO2
2+ + 2H2O = UO2(OH)2

0 + 
2H+ 

-12.16
 

UO2
2+ + 3H2O = UO2(OH)3

- + 
3H+ 

-20.27
 

U4+ + 4H2O = U(OH)4
o + 4H+ -11.795 -10.033 -8.543 -8.010 -7.268 -6.163 -4.345 -2.912 -1.752 -0.795 Cp = 0 

Same as above -11.769 -10.033 -8.523 -7.972 -7.194 -6.012 -3.992 -2.319 -0.899 0.326
Cp = 0 

Cpo (25oC) 
UO2

2+ + HCO3
- = UO2CO3

0 + 
H+ -0.67 -0.40 -0.10 0.02 0.21 0.52 1.14 1.78 2.46 3.25 Cp = 0 
UO2

2+ + 2HCO3
- = 

UO2(CO3)2
2- + 2H+ -4.844 -4.076 -3.427 -3.194 -2.871 -2.389 -1.597 -0.972 -0.467 -0.050 Cp = 0 

UO2
2+ + 3HCO3

- = 
UO2(CO3)3

4- + 3H+ -9.32 -9.19 -9.16 -9.16 -9.18 -9.24 -9.46 -9.78 -10.20 -10.77 Cp = 0 
UO2

2+ +  2H+ = U4+ + 0.5O2(g) 

+ H2O -34.770 -32.494 -30.570 -29.882 -28.923 -27.496 -25.148 -23.297 -21.799 -20.563 Cp = 0 

Same as above -34.806 -32.494 -30.599 -29.935 -29.026 -27.707 -25.641 -24.124 -22.989 -22.127
Cp = 

Cpo (25oC)
1. Reactions written as isocoulombic reactions to calculate log K but, if necessary, converted to a more consistent 
format in this table. 
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Figure 6: Plot of the temperature dependence of log K for selected U speciation reactions. 
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5.4 Americium 
 
The Cheshire HST model simulations (Pawloski et al., 2001) included 4 americium species, 
AmCO3

+, Am(CO3)2
-, Am(OH)2

+, and AmOH2+ within which Am is in the 3+ state.  
Guillaumont et al. (2003) have selected some new data for Am hydroxides based on both the 
studies already discussed in Silva et al. (1995) and the large amount of new experimental data for 
Am(III) and Cm(III) hydroxide complexes. These new data result in shifts in the equilibrium 
constants at 25oC for the two Am-hydroxide complexes used in Cheshire HST simulations as 
shown in Table 14. Unfortunately, these new studies did not result in any enthalpy, entropy or 
heat capacity data for these species, so calculation of higher temperature reaction constants is not 
possible based on currently accepted algorithms. The data of Wruck and Palmer (1997), which 
included equilibrium values for AmCO3

+ at temperatures of 25, 50 and 75oC using pulsed laser 
photoacoustic spectroscopy, are included in the Guillaumont et al. (2003) assessment. When the 
Wruck and Palmer (1997) value is corrected to zero ionic strength at 25oC, it is in the lower part 
of the range of values determined by other studies (log Ko ranging from 7.3-10). Guillaumont et 
al. (2003) concluded that log K = 7.8 ± 0.3 was a reasonable value. The values of Wruck et al. 
(1997) for log K for AmCO3

+ are 6.26 ± 0.12 (25oC), 6.68 ± 0.12 (50oC) and 7.54 ± 0.43 (75oC); 
these are not corrected to zero ionic strength. They also calculated an enthalpy of reaction of 11 
kJ/mol, larger than anticipated by comparison with the Eu-carbonate complex (Wruck et al., 
1999). The Wruck et al. (1999) enthalpy value was not included in the NEA-TDB, but has been 
used to calculate an enthalpy value for the associated reaction shown in Table 14. However, even 
with its inclusion, we do not have sufficient data to use present algorithms to extend the log K 
values to temperatures above 75oC.   
 
Table 14: Thermodynamic data for Am species. Data are from Guillaumont, et al. (2003) 
with the exception of the enthalpy value for the reaction involving AmCO3

+, which was 
derived from Wruck et al. (1999). The number of significant figures reported is carried 
over from each reference. 

Radionuclide Speciation Reactions ∆Go    ∆Ho   ∆So   ∆Cp
o    

Used in Pawloski et al. (2001) Involving 
Americium kJ/mol +/- kJ/mol +/- J/mol K +/- J/mol K +/-

Log K 
(25oC)

Am3+ + 2H2O = Am(OH)2
+ + 2H+ 86.274       -15.112

Am3+ + H2O = AmOH2+ + H+ 41.139       -7.206
Am3+ + 2HCO3

- = Am(CO3)2
- + 2H+ 44.447        -7.785

Am3+ + HCO3
- = AmCO3

+ + H+ 13.376  25.7      -2.343
Relevant Species Available in the 
Literature                 

 

Am3+ -598.698 4.754 -616.7 1.5 -201 15   

Am(OH)2
+ -986.787 6.211       

Am(CO3)2
-  -1728.131 5.911       

H2O -237.181 -285.830 69.923 75.361  

HCO3
- -586.940 -689.933 98.450 -35.397  

AmOH2+ -794.74 5.546       

AmCO3
+ -1172.262 5.289       
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6 IMPLICATIONS FOR MOBILITY OF RADIONUCLIDES 
 
In general, where data are available to calculate higher temperature values, the log K values for 
the complexation reactions increase with increasing temperature. Because increased aqueous 
complexation may enhance mobility (particularly in the case of carbonate complexation) by 
allowing species to stay in solution, radionuclide transport may be enhanced with increasing 
temperature. By using constant log K values, the mobility may, in fact, be underestimated.  
However, many other competing effects need to be taken into account to evaluate the effect of 
temperature on radionuclide mobility, as described below.  
 
Many of the complexation reactions involve H+ ions and reactant species such as carbonate or 
bicarbonate which participate in association reactions that also shift with temperature. The 
temperature effect on pH and on the association reactions of the complex anions may act to 
offset or magnify the effect of the increase in the log K of radionuclide complexes. We can use a 
hypothetical simplified example to test the net effect of these changes. In this simplified 
example, we assume that activities are equivalent to concentrations, that is, activity coefficients 
are equal to one, and discount the effect of temperature in changing the free ion concentrations 
apart from the change created by the association reaction of interest.  
 
For a carbonate complex reaction such as: 
 

UO2
2+ + 2HCO3

- = UO2(CO3)2
2- + 2H+     (3-14) 

 
the concentration of the complex is given by: 
 
  [UO2(CO3)2

2-] = K*[UO2
2+][HCO3

-]2/[H+]     (3-15) 
 
From Table 13, at 25oC, log K  = -4.076 and at 100oC log K = -2.389. The change in temperature 
also affects the dissociation reaction for carbonate: 
 

HCO3
- = H+ + CO3

2-        (3-16) 
 

The log K for that reaction changes from –10.33 to –10.14 with a temperature change from 25 to 
100oC. It also affects the neutrality point for water: 
 

H2O = H+ + OH-        (3-17) 
 

changing the log K from –14 to –12.265, and the point of neutral pH from 7 to 6.1; if we assume 
a correlative shift in the pH for the Cheshire groundwater, a pH of 8.2 (typical of NTS water) 
shifts to 7.3. Assuming a constant concentration of [UO2

2+], the temperature increase to 100oC 
produces a 6-fold increase in the amount of UO2(CO3)2

2- complex formed. In this case, this is a 
much smaller effect when compared to the 48-fold change in the K for the UO2(CO3)2

2- complex. 
While this is a greatly oversimplified example, it shows that the interdependence of the solution 
chemistry needs to be considered in detail before the net effect of changes in any one reaction 
parameter can be made reliably. 
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It has been suggested that formation of colloids and sorption are two other very important 
processes controlling radionuclide mobility. In this context, it is important to note that many of 
the accepted models for sorption that include temperature dependence commonly represent 
sorption as complexation reactions with ions on mineral surfaces (Glynn, 2003; Missana et al., 
2003; Moll et al., 1997; Waite et al., 1994; Wang et al., 2001a, b). Surface complexation 
modeling studies have been constrained by lack of the same thermodynamic data encountered in 
this study. As was done in the Cheshire HST simulations (Pawloski et al., 2001), data available 
at 25oC are typically used regardless of the temperature conditions of the model (e.g., Glynn, 
2003).  
 
By extension, if the effect of temperature is to increase aqueous complexation, it may also 
impact surface complexation with mineral surfaces or colloid surfaces, resulting in reduced or 
enhanced radionuclide mobility. Furthermore, the effectiveness of surface complexation in 
trapping or retarding radionuclide migration depends on the availability of mineral surfaces 
along the flow path and the relative rates of sorption of radionuclides and competing species. 
Estimating these reliably is probably a much greater source of potential error than the use of 
25oC thermodynamic data to model complexation at higher temperatures. In addition, some 
reactive transport models do not conserve charge when surface complexation reactions are 
included. This omission introduces additional unknown error to modeling results. 
 
Colloid formation (< 1 micron particles) will act to enhance radionuclide mobility by creating 
mobile solid particles. These particles may consist of solid radionuclide phases—mineral oxides 
or hydroxides, or they may be other mineral phases, such as carbonates, hydroxides or silicates, 
that contain radionuclides as coprecipitated or surface-sorbed trace phases. For example, low 
levels of Pu originally from the Benham underground nuclear test were detected in groundwater 
from two different aquifers collected from wells 1.3 km downgradient of the test site. Greater 
than 90% of the Pu and other radionuclides were associated with naturally occurring colloids 
in the groundwater. The colloids consisted mainly of clays (illite, smectite), zeolite (mordenite, 
clinoptilolite/heulandite), and cristobalite (SiO2) (Kersting et al., 1999; Kersting and Reimus, 
2003). The potential for colloids to transport radionuclides is affected by numerous criteria (e.g., 
Ryan and Elimelech, 1996; Stumm and Morgan, 1981): 
 

1) colloids must exist and be stable (not agglomerate or settle out of suspension), 
2) radionuclides must have a high sorption affinity for the colloids, 
3) colloids must be transported by the groundwater, 
4) degree of irreversibility of sorption onto colloids, 
5) formation potential for intrinsic radionuclide colloids. 
 

Because of this complex scenario, it is difficult to determine the direction of the impact of 
temperature increase on colloidal formation or transport. The stability of colloids, for example, 
partly depends on rates of collisions and settling, and both of these processes are temperature- 
dependent. The precipitation potentials or saturation states of specific radionuclide solid phases, 
of other colloid-forming minerals, and the stabilities of sorbed radionuclide surface complexes 
also depend on temperature. Modeling these processes is constrained by lack of some of the 
same thermodynamic data that limits the ability to extrapolate aqueous complexation to higher 
temperatures. 
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7 CONCLUSIONS AND RECOMMENDATIONS 
 
In the absence of more thermodynamic data and/or algorithms tested for pentavalent and 
hexavalent cations, and for the types of anionic complexes pertinent to the conditions at 
Cheshire, and in consideration of the magnitude of errors produced by this approach relative to 
errors from omission of other processes in current models (e.g., colloidal sorption), use of 25oC 
log K values appears to be the best available option for modeling radionuclide aqueous 
speciation for Cheshire. For some reactions involving tetravalent and trivalent cations, the 
Shock-Helgeson algorithm appears to give reliable estimates for heat capacities. For 
complexation reactions that could be written as isocoulombic reactions, if enthalpy data are 
available for all species, log K values at higher temperatures can be calculated assuming heat 
capacities of reaction are zero. For these few reactions where extrapolations can be made with 
confidence, it appears that the changes in K with temperature are only large (orders of magnitude 
over the temperature range from 0 to 300oC) for a few of them, those characterized by high 
enthalpies of reaction. However, it is also important to note that any mobility increase from 
increased aqueous complexation caused by an increase in temperature may be decreased by 
concurrent increased surface complexation of radionuclides on mineral surfaces, but conversely 
may be increased by enhanced surface sorption onto mobile colloids.   
 
Complexation reactions often involve H+ and reactant species such as carbonate which exhibit 
their own temperature-dependent speciation.  Thus, an increasing radionuclide complexation log 
K may be enhanced or diminished by temperature effects on pH and carbonate speciation. In 
addition, sorption processes that involve surface complexation may also change with increasing 
temperature, and these reactions might enhance or negate the mobility effects of any increase in 
aqueous complexation with temperature. While increasing temperature may increase 
complexation, it also may reduce or increase ligand concentrations through shifts in speciation. 
Similarly, higher temperatures may favor or reduce sorption and/or co-precipitation in mineral 
phases. Consequently, the net effect on radionuclide mobility of increasing temperature depends 
on the effects of temperature on a number of geochemical processes. Thus, it is difficult to make 
even qualitative assumptions about the direction much less the magnitude of temperature effects 
on radionuclide mobility. Until sufficient data become available in the literature to precisely 
capture the effects of temperature on radionuclide complexation, it appears unwarranted to invest 
in complex estimation techniques based on extrapolations from the few available data. Any 
future work to obtain the necessary thermodynamic data to constrain the temperature effect 
should focus on reactions involving species and complexes that are likely to be characterized by 
high enthalpies. For Cheshire, carbonate complexes are likely to be the most important.   
 
In the context of field-scale transport modeling, it is also apparent that using 25oC complexation 
data for all temperatures is presently the best transport modeling alternative for the Cheshire 
HST. The model error associated with using 25oC complexation constants is likely small relative 
to many other assumptions made in the modeling. High temperatures are located primarily in the 
glass zone of underground nuclear tests.  The volume of the glass zone is very small when 
compared to the region encompassed by the 1000-year transport path of most radionuclides.  
Furthermore, high temperatures in the glass zone are transient and are not likely to be present 
over the entire 1000-year HST modeling timeframe. Thus, spatially and temporally within the 
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models, the overall effect of neglecting complexation temperature dependence on the results of 
long-term and long-distance reactive transport modeling will be small. However, this is not to 
imply that temperature gradients are unimportant over the far-field region or over long-time 
frames. Temperature gradients will control radionuclide transport through many physical as well 
as chemical effects, including thermal buoyancy effects, convection, solubility and species 
concentration gradients, all of which will impact the thermodynamic drive and kinetics of 
complex formation, sorption, colloidal transport, ion exchange and many other reactions. Given 
the nonlinearity of the system, it remains difficult to predict either the magnitude or direction of 
the impact of neglecting temperature effects on log K values on the source term, release rates, 
and long-term and long-range mobility.     
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