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EXECUTIVE SUMMARY 

 
This Technical Memorandum is composed of two parts.  The first part presents a review of 
thermodynamic data that may be used to undertake geochemical modelling using the “Pitzer” 
approach.  The second part describes the development and testing of a computer code for 
converting the “Pitzer” database “data0.ypf.R2”, which was produced by the Yucca Mountain 
Project (USDOE, 2007), from EQ3/6 format to PHREEQC format. 
 
Online literature searches were undertaken to identify literature containing “Pitzer” data.  After 
screening the very large number of references identified, 9 were found to have potentially 
relevant data and have been published since the release of “data0.ypf.R2” in 2006.   
 
The database “data0.ypf.R2” and its supporting documentation (USDOE, 2007) were also 
reviewed to identify any potential omissions of data.  It was concluded that: 

 Sufficient data are present in “data0.ypf.R2” to develop equilibrium 
groundwater/porewater speciation models that represent all the major constituents and 
several important minor constituents likely to occur in the aqueous phase at any sites 
that might be investigated by NWMO in the future.  It should, however, be noted that 
equilibrium is not attained for many reactions in low-temperature rock-water systems 
and that kinetic models rather than equilibrium models may be required. 

 Sufficient data are present in “data0.ypf.R2” to develop water/rock interaction models in 
which limestones, mudrocks and most sandstones could be represented reasonably 
well.  Notably, there are sufficient data to calculate reactions among important 
carbonate minerals and groundwater/porewater. 

 There are no data in “data0.ypf.R2” for anorthite, nor for most common ferro-magnesian 
minerals which are primary constituents of many igneous rocks (notably biotite, 
pyroxene, amphibole and olivine).  Depending upon the nature of any future sites to be 
investigated by NWMO, these absences of data might be significant.   

 There is no data present in “data0.ypf.R2” for pyrite. 

 There are no data present in “data0.ypf.R2” for high-Mg calcites and ankerite. 

 The absence of data for ankerite and for ferromagnesian minerals and pyrite will limit 
the ability of chemical models to realistically represent important redox-buffering 
reactions.   

 Many of the components of engineered barriers that might be proposed can be 
represented using the data within “data0.ypf.R2”.  However, C-S-H phases, which will 
occur in any cementitious components, and alteration products of cementitious 
components, notably ettringite, are not represented in “data0.ypf.R2”. 

 All the most important gaseous components that might be evolved in a repository, 
including CH4, CO2, H2, H2O and O2 can be represented using data in “data0.ypf.R2”. 

 Most of the radionuclides that may need to be considered by any future safety 
assessment are represented by the elements present in “data0.ypf.R2”.  However, there 
are some potentially significant omissions.  Most notably, the database was developed 
to support the development of a repository for HLW, so that certain nuclides that are 
relevant to ILW/LLW (Ag, Eu, Nb, Se, Sn) are not represented 

 
It was also determined that during the preparation of “data0.ypf.R2”, care was taken to ensure 
internal consistency among the included data as far as possible, although the database is not 
fully internally consistent.  Considerable effort would be required to add any additional data 
without producing further inconsistencies.   
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The “Pitzer” approach is used only to calculate the activities of aqueous species.  Therefore, 
relevant mineral data that are presently lacking could be obtained from conventional 
thermodynamic databases, provided that “data0.ypf.R2” contains data for the aqueous species 
produced by mineral dissolution.  However thorough checking would be needed to ensure that 
any such additional mineral data are consistent with those mineral data present already.  
Furthermore, in the case of redox-sensitive minerals, the reliability of the redox model in 
PHREEQC needs to be established. 
 
Notwithstanding the above limitations in the database, the large number of aqueous species 
represented and its thorough documentation and traceability mean that it is the best one 
presently available.   
 
No attempt was made to explore the applicability of the database to groundwaters that are likely 
to be of interest to NWMO. It should be noted that USDOE’s interest lies in modelling Cl-NO3 
dominated brines, which are derived from the deliquescence of salts from airborne particles in 
the drifts of Yucca Mountain.  The dataset may not be so well-validated for Cl-SO4 brines, such 
as those typically found in the Canadian sedimentary basins for example. 
 
The sections of the report concerning the software that has been developed to convert the 
EQ3/6 format database data0.ypf.R2 into PHREEQC format cover the software lifecycle, 
detailing the user requirements, functional specification, architectural design and testing of the 
code.  The converted database in PHREEQC format has been delivered but in the event that 
the conversion process needs to be redone following an update to the source database, a user 
guide is provided. 
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1. INTRODUCTION 
 
Conventional geochemical aqueous activity models, typically based on the “ion pairing and 
complexing approach”, are only suitable for aqueous solutions with ionic strength up to about 
0.8.  For solutions of higher salinity, an approach based on “specific-ion interactions” (also 
known as the “Pitzer approach”) will provide more accurate modelling results.   
 
Various thermodynamic databases that support the “Pitzer approach” have been compared 
(“pitzer.dat” which is distributed with PHREEQC versions 2.12 and higher, “thermo.pitzer”, 
“thermo_phrqpitz.dat”, and  “thermo_hmw.dat”, which are distributed with Geochemist’s 
Workbench Version 6.0, and “data0.ypf.R2”).  The “Pitzer” database “data0.ypf.R2”, which was 
developed for use with the chemical modelling code EQ3/6 as part of the Yucca Mountain 
project (USDOE, 2007), is concluded to contain the most elements of interest for the 
geochemical simulations that are likely to be undertaken by NWMO.  To enable this database 
to be used with the computer code PHREEQC (Parkhurst et al. 1999), which is NWMO’s 
preferred chemical modelling code, Quintessa has been contracted by NWMO to appropriately 
convert the format of “data0.ypf.R2”. 
 
As part of this work, NWMO has also requested Quintessa to review published “Pitzer data”.  
The aim of the review is to build confidence that the database “data0.ypf.R2” contains 
appropriate data.  In the event that inadequacies in this database are identified, a further aim is 
to recommend to NWMO additions to the data in “data0.ypf.R2”, or potentially deletions from or 
modifications to these data.   
 
Section 2 of this Technical Memorandum contains details of the literature review.  The 
development of the computer code for conversion from EQ3/6 to PHREEQC database formats 
in described in section 3.  Details of the software lifecycle (user requirements, functional 
specification, architectural design and testing of the code) are given.  The converted database 
in PHREEQC format has been delivered but in the event that the conversion process needs to 
be redone following an update to the source database, a user guide to running the software is 
also provided. 
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2. REVIEW OF PUBLISHED PITZER DATA 
 

2.1 APPROACH TO THE REVIEW 
 
The approach recognizes the fact that the database “data0.ypf.R2” has been produced under a 
strict Quality Assurance regime by the Sandia National Laboratories (USDOE, 2007).  Thus, the 
data already present within the database have been evaluated for relevance, accuracy and 
consistency far more thoroughly than is possible during the present review.  Without doing such 
a detailed evaluation, it would therefore be inappropriate to recommend replacing data already 
present in the database. Therefore, this review has concentrated on determining whether there 
are omissions in the data and / or whether there might be data that have been published since 
the release of “data0.ypf.R2” (dated September 28

th
 2006). 

 
The review involved the following activities: 

 conducting general on-line literature searches; 

 conducting targeted searches for literature from international radioactive waste 
management programmes; and 

 determining whether there are omissions from the data present within “data0.ypf.R2”, 
with a view to subsequently targeting literature searches towards these gaps. 

 
Since a large quantity of literature was identified (particularly by the general on-line literature 
searches), screening needed to be undertaken.  This screening involved the following steps: 

 references that are obviously inapplicable for geochemical investigations were excluded; 

 from the remaining references, those that are referred to in the database “data0.ypf.R2” 
were excluded; and 

 from the remaining references, those that were published before 2006 were excluded (it 
being assumed that these would have already been considered for inclusion in the 
database “data0.ypf.R2” by Yucca Mountain Project workers). 

 
Contact was also made with the database development team at Sandia National Laboratories.  
It was confirmed that there is presently no programme of work to update and / or improve the 
database. 
 
 
 

2.2 GENERAL ON-LINE LITERATURE SEARCHES 
 
The results of the general on-line literature search are given in Appendix A. 
 
The online searches identified a very large number of published articles, which may include 
either citations to Pitzer data or the derivation of Pitzer model activity coefficients. Searches on 
the Science Direct web site alone resulted in 700 articles being identified.  Screening according 
to the process described in Section 2 resulted in the following articles being identified: 
 

 Zheng, Z., Zhang, G., and Wan, J. 2008.  Reactive transport modeling of column 
experiments on the evolution of saline–alkaline waste solutions. Journal of Contaminant 
Hydrology, 97, 42-54. 

 Marion, G.M., Kargel, J.S., and  Catling, D.C. 2008.  Modeling ferrous–ferric iron 
chemistry with application to martian surface geochemistry. Geochimica et 
Cosmochimica Acta, 72, 242-266. 
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 Millero, F.J. and Pierrot, D. 2007. The activity coefficients of Fe(III) hydroxide complexes 
in NaCl and NaClO4 solutions. Geochimica et Cosmochimica Acta, 71, 4825-4833. 

 Tosca, N.J.,  Smirnov, A., and  McLennan, S.M. 2007. Application of the Pitzer ion 
interaction model to isopiestic data for the Fe2(SO4)3–H2SO4–H2O system at 298.15 
and 323.15 K Geochimica et Cosmochimica Acta, 71, 2680-2698. 

 Millero, F.,  Huang, F., Graham, T., and Pierrot, D. 2007. The dissociation of carbonic 
acid in NaCl solutions as a function of concentration and temperature Geochimica et 
Cosmochimica Acta, 71, 46-55. 

 Gledhill, D.K., and Morse, J.W.2006. Calcite solubility in Na–Ca–Mg–Cl brines. 
Chemical Geology, 233, 249-256. 

 
 

2.3 SEARCHES OF LITERATURE FROM INTERNATIONAL RADIOACTIVE WASTE 

PROGRAMMES 
 
The results of the on-line literature searches targeted at national programmes are given in 
Appendix B.  Once again these searches identified a very large number of references, several 
of which were also identified during the general searches described in Section 3.  However, 
screening according to the process described in Section 2 resulted in the following additional 
articles being identified: 
 

 Neck, V., Altmaier, M. and Fanghänel, Th. 2006. Ion interaction (SIT) coefficients for the 
Th4+ ion and trace activity coefficients in NaClO4, NaNO3 and NaCl solution 
determined by solvent extraction with TBP. Radiochimica Acta, 94, 501-507.  

 Thakura, P.,  Mathura, J.N.,  Moore, R.C. and Choppin, G.R.2007. Thermodynamics 
and dissociation constants of carboxylic acids at high ionic strength and temperature. 
Inorganica Chimica Acta, 360, 3671-3680.  

 
 

2.4 EVALUATION OF THE COMPLETENESS OF “data0.ypf.R2” 
 
It is not possible to judge precisely whether the database “data0.ypf.R2” is sufficiently complete 
to enable NWMO to undertake all the kinds of geochemical calculations that it might deem 
necessary during the course of its programme.  To make such a judgement requires knowledge 
that is presently unavailable, notably information about:  

 a particular repository site, including details of the lithologies, minerals and chemistry of 
groundwater/porewater present;  

 the waste inventory; and  

 engineered barrier systems to be used is also necessary.    
 
In the absence of this knowledge, the present review has determined whether the database 
contains data for:  

 the natural minerals and aqueous species most commonly found in groundwater and 
porewater; 

 the main kinds of engineered barriers that have been proposed internationally for 
application in deep geological repositories intended for radioactive wastes; 

 the main gaseous components likely to be generated in the a radioactive waste 
repository; and 

 the radioactive elements most typically occurring in radioactive wastes (including LLW, 
ILW, HLW and SFR). 
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The results of this database evaluation are shown in Tables 1 to 5.  
 
It is stressed that the purpose of this review is to determine whether there are obvious 
omissions from the data present.  It is not within the scope of the present project to evaluate 
whether or not the data that are included are sufficiently accurate.  Such an evaluation would 
require a thorough review of the underlying literature combined with the development and 
implementation of computer test cases, combined with an independent laboratory programme 
and potentially the use of natural analogues.  However, it should be noted that USDOE’s 
interest lies in modelling Cl-NO3 dominated brines, which are derived from the deliquescence of 
salts from airborne particles in the drifts of Yucca Mountain.  The dataset may not be so well-
validated for Cl-SO4 brines, such as those typically found in the Canadian sedimentary basins 
for example. 
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 Table 2.1: Representation of common natural minerals in thermodynamic database 

“data0.ypf.R2”  

Common Natural 

Minerals 

Representation in “data0.ypf.R2” 

Mineral Phase in 

“data0.ypf.R2” 
Formula of Mineral Phase in “data0.ypf.R2” 

Quartz Quartz SiO2 

Amorphous Silica SiO2(am) SiO2(am) 

Albite Albite NaAlSi3O8 

Anorthite Not represented 

K-feldspar K-Feldspar KAlSi3O8 

Kaolinite Kaolinite Al2Si2O5(OH)4 

Analcime Analcime Na.96Al.96Si2.04O6:H2O 

Chlorite 

Daphnite-14A Fe5AlAlSi3O10(OH)8 

Daphnite-7A Fe5AlAlSi3O10(OH)8 

Ripidolite-7A Mg3Fe2Al2Si3O10(OH)8 

Ripidolite-14A Mg3Fe2Al2Si3O10(OH)8 

Smectite 

Smectite-high-Fe-
Mg 

Ca.025Na.1K.2Fe++.5Fe+++.2Mg1.15Al1.25Si3.5H2O12 

Smectite-low-Fe-
Mg 

Ca.02Na.15K.2Fe++.29Fe+++.16Mg.9Al1.25Si3.75H2O1 

Many other 
“smectite phases” 

present: 
Beidellite series; Montmorillonite series; Saponite series 

Illite Illite K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2 

Biotite Not represented 

Hornblende Not represented 

Augite Not represented 

Olivine Not represented 

Calcite Calcite CaCO3 

Dolomite Dolomite CaMg(CO3)2 

Siderite Siderite FeCO3 

Hematite Hematite Fe2O3 

Magnetite Magnetite Fe3O4 

Ferrihydrite (representing 
Fe-oxyhydroxide) 

Fe(OH)2 Fe(OH)2 

Fe(OH)3 Fe(OH)3 

Goethite FeOOH 

Pyrite Not represented 

Fluorite Fluorite CaF2 

Apatite 
Fluorapatite Ca5(PO4)3F 

Hydroxylapatite Ca5(OH)(PO4)3 

Anhydrite Anhydrite CaSO4 

Gypsum Gypsum CaSO4:2H2O 

Barite Barite BaSO4 

Halite Halite NaCl 
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 Table 2.2: Representation of commonly proposed engineered barrier materials and 

their potential alteration products in thermodynamic database “data0.ypf.R2” 

Component of Possible 

Engineered Barrier (and 

Alteration Products) 

Representation in “data0.ypf.R2” 

Mineral Phase in 

“data0.ypf.R2” 
Formula of Mineral Phase in “data0.ypf.R2” 

Bentonite and Bentonite/Sand or Soil Mixtures 
Quartz Quartz SiO2 

Amorphous Silica SiO2(am) SiO2(am) 

Albite Albite NaAlSi3O8 

Anorthite Not represented 

K-feldspar K-Feldspar KAlSi3O8 

Kaolinite Kaolinite Al2Si2O5(OH)4 

Analcime Analcime Na.96Al.96Si2.04O6:H2O 

Chlorite 

Daphnite-14A Fe5AlAlSi3O10(OH)8 

Daphnite-7A Fe5AlAlSi3O10(OH)8 

Ripidolite-7A Mg3Fe2Al2Si3O10(OH)8 

Ripidolite-14A Mg3Fe2Al2Si3O10(OH)8 

Smectite 

Smectite-high-Fe-Mg Ca.025Na.1K.2Fe++.5Fe+++.2Mg1.15Al1.25Si3.5H2O12 

Smectite-low-Fe-Mg Ca.02Na.15K.2Fe++.29Fe+++.16Mg.9Al1.25Si3.75H2O1 

Other smectite phases Beidellite series; Montmorillonite series; Saponite series 

Illite Illite K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2 

Calcite Calcite CaCO3 

Dolomite Dolomite CaMg(CO3)2 

Zeolites Analcime Na.96Al.96Si2.04O6:H2O 

 Analcime-dehy Na.96Al.96Si2.04O6 

 Chabazite K0.6Na0.2Ca1.55Al3.8Si8.2O24:10.0H2O 

 Heulandite Ba.065Sr.175Ca.585K.132Na.383Al2.165Si6.835O18:6 

 Laumontite K0.2Na0.2Ca1.8Al4Si8.0O24:8.0H2O 

 Mesolite Na.676Ca.657Al1.99Si3.01O10:2.647H2O 

 Stilbite Ca1.019Na.136K.006Al2.18Si6.82O18:7.33H2O 

Cementitious Components  
Quartz Quartz SiO2 

Amorphous Silica SiO2(am) SiO2(am) 

Portlandite Portlandite Ca(OH)2 

Brucite Brucite Mg(OH)2 

Lime Lime CaO 

C-S-H Not represented 

Calcite Calcite CaCO3 

Ettringite Not represented 

Metalliferous Components 
Iron Iron Fe 

Siderite Siderite FeCO3 

Hematite Hematite Fe2O3 

Magnetite Magnetite Fe3O4 

Ferrihydrite (representing 
Fe-oxyhydroxide) 

Fe(OH)2 Fe(OH)2 

Fe(OH)3 Fe(OH)3 

Goethite FeOOH 

Pyrite Not represented 
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 Table 2.3: Aqueous species in database “data0.ypf.R2” corresponding to important 

groundwater/porewater components 

Common Groundwater 

Component 
Aqueous Species in “data0.ypf.R2” 

    

H+ (pH) H+   

Na Na+   

K K+   

Ca 
Ca++ CaCl2(aq) CaCO3(aq) 

CaB(OH)4+ CaCl+ CaOH+ 

Mg Mg++ MgHCO3+ MgB(OH)4+ 

 MgCO3(aq) MgOH+  

Cl Cl- ClO4-  

SO4 SO4-- HSO4-  

TIC CO2(aq) HCO3- CO3-- 

Fe 
Fe++ FeCl2+ FeCO3(aq) 
FeCl+ FeCl++ Fe(CO3)2-- 

SiO2 SiO2(aq) HSiO3-  

Al 
Al+++ AlF++ AlO2- 

AlF3(aq) AlF4- AlOH++ 
AlF2+ AlO+  

HS- HS-   

PO4 
PO4--- H2PO4- HPO4-- 

H3PO4(aq) HPO3--  

O2(aq) O2(aq)   

    

 
 

 Table 2.4: Representation in database “data0.ypf.R2” of important gas components 

that may be generated within a repository environment. 

Common Gas Component Potentially Occurring 

in a Repository and/or in Groundwater 
Gas in “data0.ypf.R2” 

CH4(g) CH4(g) 
CO2(g) CO2(g) 
H2(g) H2(g) 

H2O(g) H2O(g) 
O2(g) O2(g) 
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 Table 2.5: Representation in database “data0.ypf.R2” of potentially important 

constituents of a variety of radioactive wastes. 

Elements that are typically important constituents of LLW and/or ILW and/or HLW/SF: 

Those elements highlighted in yellow / underlined bold text are represented in 

“data0.ypf.R2” 

Ac Cr Np Te 

Ag Cs Pa Th 

Am Cu Pb Tl 

As Eu Pd U 

B Fe Po V 

Ba Gd Pu W 

Be H Ra Zn 

Bi Hg Rb Zr 

Br I Sb Benzenes 

C Li Sc Phenols 

Cd Mn Se Dioxins 

Ce Mo Sm Furans 

Cl N Sn EDTA 

Cm Nb Sr Nitrate 

Co Ni Tc PAH 
   PCB 

 
From Tables 1 to 5 several deductions can be made: 

 Sufficient data are present in “data0.ypf.R2” to develop groundwater/porewater 
speciation models that represent all the major constituents and several important minor 
constituents of the aqueous phases

1
.  

 Sufficient data are present in “data0.ypf.R2” to develop water/rock interaction models in 
which limestones, mudrocks and most sandstones could be represented reasonably 
well.  Notably, there are sufficient data to calculate reactions among important 
carbonate minerals and groundwater/porewater. 

 All the most important gaseous components that might be evolved in a repository can be 
represented using data in “data0.ypf.R2”. 

 Most of the radionuclides that may need to be considered by any future safety 
assessment are represented by the elements present in “data0.ypf.R2”.  However, there 
are many potentially significant omissions, such as Be, Nb, Sn, Pa, Ra, Se, Pd and Pb 
(see Table 2.5).. 

 There are no data in “data0.ypf.R2” for anorthite, nor for most common ferro-magnesian 
minerals which are primary constituents of many igneous rocks (notably biotite, 
pyroxene, amphibole and olivine). 

 There is no data present in “data0.ypf.R2” for pyrite. 

 There are no data present in “data0.ypf.R2” for high-Mg calcites and ankerite. 

 The absence of data for ankerite and for ferromagnesian minerals and pyrite will limit 
the ability of chemical models to realistically represent important redox-buffering 
reactions.   

                                                
1
 It should be noted that equilibrium is not attained for many reactions in low-temperature rock-water systems and 

that kinetic models rather than equilibrium models may be required. 
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 Many of the components of engineered barriers that might be proposed can be 
represented using the data within “data0.ypf.R2”.  However, C-S-H phases, which will 
occur in any cementitious components, and alteration products of cementitious 
components, notably ettringite, are not represented in “data0.ypf.R2”. 

 
It should be noted, that, notwithstanding the limitations concerning thermodynamic data for 
redox-sensitive minerals and aqueous species, the reliability of the redox model implemented in 
PHREEQC needs to be established. 
 
 
 
 
 

2.5 FUTURE WORK AND RECOMMENDATIONS 
 
It is significant that the online literature searches did not find any literature sources that could fill 
the gaps in data identified in Section 5.  It is expected that these data genuinely do not exist 
and that if NWMO wish to obtain them then an experimental programme may be required.  In 
the cases of cement components and alteration products of cement, even conventional 
databases generally lack data. 
 
The documentation supporting the database “data0.ypf.R2” (USDOE, 2007) has also been 
reviewed.  This review has revealed that in preparing the database, Sandia National 
Laboratories has taken considerable efforts to ensure, as far as possible, internal consistency 
of the data (although the database is not fully self-consistent).   This means that any additions 
to the database would need to be made with extreme care to avoid adding inconsistencies that 
did not exist in the previous version.  

 
In view of these considerations, the following future actions are recommended: 

 NWMO should review Tables 1 to 5 above and determine which (if any) of the absent 
data are likely to be most important in view of its future plans. 

 Based on the existing published literature and the requirements of NWMO, a list of 
possible data to add to the database will be compiled. 

 NWMO should contact the team at Sandia that is developing the database to determine 
whether or not Sandia’s team might be prepared to add these data following its own 
established procedures to maintain internal consistency (in the event that the Sandia 
team does not already have a plan to add these data). 

 If it is decided by NWMO that additional published data should be added and the team 
at Sandia cannot add them at the request of NWMO, then there are two courses of 
action: 

o the data can be added to the database as part of the present project, but without 
taking steps to ensure consistency (this would be a large task); 

o a separate project can be established to add the data, involving a formal 
programme of consistency checking. 

 
Neglecting any requirement to ensure internal consistency, the addition of new mineralogical 
data will be more straightforward than addition of data for aqueous species.  Provided that 
minerals to be added dissolve to give aqueous species that are already represented in the 
database, mineralogical data from conventional databases can be added. 
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Mineral phases of both Fe(II) and Fe(III) are in the solid phases database of “data0.ypf.R2”.  
Various aqueous species of both Fe

2+
 and Fe

3+
 are also in the database.  However, it is unclear 

whether the assortment has been selected as the most prominent species or whether these 
species are the only ones for which “Pitzer” parameters are available.  The database also has 
log K values for redox reactions (e.g. Fe

3+
 + e

-
 = Fe

2+
) for Fe, Mn, H2 and certain relevant 

radionuclides.  However, it is recommended that the reliability of the underlying model for redox 
reactions that is employed by PHREEQC should be evaluated and confirmed. 
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3. DEVELOPMENT OF A COMPUTER CODE FOR CONVERSION OF THERMODYNAMIC 

DATABASE FORMAT FROM EQ3/6 TO PHREEQC 
 
The database conversion software has been developed under Quintessa’s TickIT certified QA 
processes.  The key stages of the software lifecycle (compilation of user requirements, 
functional specification for the software, architectural design and testing) are described in the 
following subsections.  A user guide for the software is given in section 3.7.   
 
The software has been developed in C++ using the Microsoft Visual Studio 2005 development 
environment.  C++ was chosen as the development language because it allows some pre-
existing Quintessa  C++ libraries to be re-used in the development work, thus saving some 
development cost.  The code has been compiled for the Microsoft Windows platform and has 
been tested on Windows XP.  It has also been run on Windows Vista and the resulting output 
files are identical.  It should be a relatively simple matter to convert the code to run on Linux or 
a similar Unix platform if required. 
 

3.1 Background 
 
The Yucca Mountain EQ3/6 format database of Pitzer data (data0.ypf.R2) is described in the 
Yucca Mountain In-Drift Precipitates/Salts Model, Rev 03 (Yucca Mountain Project, 2007) which 
can be downloaded in PDF form from: 
 
 http://www.ocrwm.doe.gov/documents/amr/51033/index.htm 
 
The database file itself (data0.ypf.R2) can be viewed online at 
 
 http://www.lsnnet.gov/ 
 
(using LSN number DN2002384938).  The data on the web pages appears to have been 
obtained using optical character recognition software to read an original paper report, since 
links to image files containing the source data are available at the bottom of each page-sized 
section on the webpage. 
 
A plain text version of the database has been obtained by copying the entire viewable contents 
of the database web pages and pasting in to a text editor.  In doing this, the links to the image 
file source data are also copied, which introduces spurious text in to the text file.  A small helper 
application has been written to systematically remove these links to arrive at a database file that 
can be read into the EQ3/6 software.  This is described in section 3.1.1. 
 
Beginning with the plain text version of the database in EQ3/6 format (Wolery and Jarek, 2003), 
the primary role of the database conversion software is to read this file in to memory and be 
capable of outputting the data in a format that is compatible with PHREEQC (Parkhurst and 
Appelo, 1999). 
 

3.1.1 Tidying the downloaded database 

Figure 3.1 is a screenshot of the LSNET website showing how the data0.ypf.R2 file is displayed 
on line.  The areas highlighted in red show the links to the source image files for the preceding 

http://www.ocrwm.doe.gov/documents/amr/51033/index.htm
http://www.lsnnet.gov/
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letter page of data.  The data appears to have been obtained using optical character 
recognition software. 
 
When the entire contents of the web page is selected (corresponding to selecting all of the 
database data) and is copied and pasted into a text editor, the highlighted areas of text have 
the form shown in bold in Figure 3.2.  This spurious text interrupts the flow of the database file 
and must be removed before the file can be processed. 
 

 
 Figure 3.1 Image taken from the LSNET download site for data0.ypf.R2 
 
 

  Cphi: 

    a1 = -2.5721E-03 

    a2 = 0 

 

Click here for an image of the source material that generated the 

preceeding page of text. | Click here to view, download or print multiple 

images of the source material that generated this text. 

 

    a3 = 0. 

    a4 = 0. 

 Figure 3.2 Appearance of the website links after copying into a text editor (shown in 

bold). 
 
 
A small helper code has been developed to tidy the database file and remove these unwanted 
lines.  The code reads the source data (in file “data0.ypf.R2”) and produces an output file 
(“data0.ypf.R2.clean”) with the unwanted lines removed.  The code has been tested to not 
remove any wanted lines of text by comparing the input and output files using the UNIX diff 
command: 
 

diff data0.ypf.R2 data0.ypf.R2.clean > diffs_orig_to_clean.txt 
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The output of the diff command contains only the unwanted lines, demonstrating that these are 
the only differences between the files (i.e. the important lines of data remain unchanged). 
 
Further references to the file data0.ypf.R2 in this document relate to the “cleaned” version of 
the file. 
 

3.2 Changes that were necessary to make by hand 
 
The input EQ3/6 database is not guaranteed to be internally consistent with respect to 
PHREEQC’s use of the data.  For example formula names in the EQ3/6 database format are 
“just strings” and are not checked to be consistent with the list of elements.  However 
PHREEQC does rely on the internal consistency of such strings.   
 
Some of the data entries in data0.ypf.R2 are inconsistent in this way and it is necessary 
therefore to make some minor edits to the data by hand to ensure consistency.  These edits 
only affect strings in the database file and do not affect the quantitative data.  The edits that are 
necessary are summarised in the software user guide (section 3.7). 
 

3.3 User requirements 

The overall aim of the database conversion software is to read in an EQ3/6 format database file 
and export it in PHREEQC format.  It is difficult to ensure that the software will be able to read 
in all possible EQ3/6 database files since the detailed structure of the EQ3/6 database format is 
not published in a precise fashion in Wolery and Jarek (2003), for example precise details on 
allowed whitespace are not given.  Therefore the EQ3/6 structure has been inferred from 
data0.ypf.R2.  However it should be able to read in future database files with only minor 
modification to the code. 
 
The overall ambition for the database conversion software has been broken down into smaller 
user requirements in Table 3.1.  Breaking down the goal into smaller requirements allows 
functional specification and testing to be requirement-focussed and module-focussed when 
user requirements match capabilities provided by a discrete modular part of the code. 
 
 

 Table 3.1 User requirements for the database conversion software 

 User Requirement 

UR1 The software will be able to parse the source EQ3/6 format database 

file (data0.ypf.R2.clean). 

UR2 The software will perform conversion of the thermodynamic data to 

PHREEQC format. 

UR3 The software will perform conversion of the Pitzer data to PHREEQC 

format. 
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UR4 The software will convert the O2(g)-based redox formulation used in 

EQ3/6 to the e
-
 form used in PHREEQC. 

UR5 The software will be able to export the data to a PHREEQC format 

database file. 

 

3.4 Functional specification 

This section outlines how the user requirements given in 3.3 are addressed in the code.  The 
user requirements are addressed in the following subsections. 

3.4.1 UR1: Parsing EQ3/6 format 

The database is comprised of various blocks of text representing the various types of data, e.g. 
thermodynamic data for minerals, parameters in the Pitzer equation etc.  An example block of 
Pitzer data for the cation-anion pair Ca2+, Br- is shown in Figure 3.3.   
 
 

Ca++                       Br-  

  alpha(1) = 2.0  

  alpha(2) = 12.0  

  beta(0):  

    a1 = 0.3816  

    a2 = 0.  

    a3 = 0.  

    a4 = 0.  

  beta(1):  

    a1 = 1.6133  

    a2 = 0.  

    a3 = 0.  

    a4 = 0.  

  beta(2):  

    a1 = 0.  

    a2 = 0.  

    a3 = 0.  

    a4 = 0.  

  Cphi:  

    a1 = -2.5721E-03  

    a2 = 0.  

    a3 = 0.  

    a4 = 0.  

* Source: Calculated from data in 91Pit (p. 105; 25C values only)  

* [Some2-1Salts25C_TJW.xls] 

 Figure 3.3 Example EQ3/6 data block (Pitzer Cation-Anion data) 
 
 
The data is made up of blocks of repeated "patterns".   A convenient way to code a parser for 
the data is therefore to use a "regular expression"-based parser.  Regular expression parsers 
allow patterns to be defined in code and allow strings to be tested against the defined patterns 
to see if they match.  Quintessa has a pre-existing C++ module for parsing regular expressions 
(referred to as Quintessa::Parsing::Regexp::RegexpTokeniser) that was developed under the 
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TickIT QA system (Benbow, 2007).  This module is be used to perform the low-level line 
parsing in the code. 
 
Since the EQ3/6 database format is composed of separate blocks of data, the code is 
constructed so that each data block is represented by a separate class.  For example there are 
separate classes to represent the Pitzer data and the different types of species in the database 
(basis species, auxiliary basis species, aqueous species, solid species, and so on).  Each block 
of data that is read will be stored in a separate instance of the relevant class. 
 
This approach allows encapsulation of capabilities.  Each class is responsible for reading its 
particular type of input block.  Where a common data type exists between classes (e.g. Log K 
values appear in auxiliary basis species, aqueous species, solids and so on) a core capability is 
implemented to avoid duplication. 

3.4.2 UR2: Thermodynamic data conversion 

PHREEQC and EQ3/6 use a different convention for representing temperature dependent log K 
data.  In EQ3/6 the data is stored as point values at given temperatures (0°C, 25°C, 60°C, 
100°C at 1bar; 150°C, 200°C, 250°C, and 300°C for pressures along the liquid water-water 
vapour curve) and the EQ3/6 code then interpolates between these values to obtain the log K 
required for the simulated conditions.  In contrast, PHREEQC calculates a log K value for the 
particular temperature of a simulation directly, using either an enthalpy value and the widely 
used van t’Hoff Equation (Atkins and De Paula, 2006), or an analytical expression of the form  

where T  is the temperature in Kelvin.  This latter approach will be adopted to represent the 
converted EQ3/6 data since the enthalpy values are not available in the EQ3/6 database. 
 
We can pose the problem of thermodynamic data conversion in a mathematical sense as 

follows.  Given the set   niLTP ii ,,1:,   representing the point-wise values, iL , of 

K10log  at the temperature points iT , we seek to find values for the coefficients 51 ,, AA   such 

that  
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is a “best fit” to the set of data points P , in the sense that   ii LTf   for ni ,,1 .  It is in 

general impossible for  iTf  to equal iL  for ni ,,1  because there are only five degrees of 

freedom in the formulation of  Tf  but usually more datapoints (i.e. n is typically eight for each 

species in the EQ3/6 database format).  However the computed curve should pass close to all 
of the data points. 
 
There are several ways of defining “best fit”.  The standard approach to solving such problems 
is to construct the “least squares solution” (see e.g. Strang, 1988), which minimises the 
functional 
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n

i

ii LTfAAg
1

2

51 ,, . (3) 

This problem can be formulated as a matrix problem by constructing the matrix M , whose 
thi  

row, iM , is given by  

   2

10 /1 , log , /1 ,  , 1 iiiii TTTTM  .  

Then, writing the vectors A and L  as 

  TAAAAAa 54321  ,  ,  ,  ,    

and 

  TLLl n1  ,  ,    

respectively allows (3) to be reformulated as 

  
2

51 ,, lMaAAg  . (4) 

Here   denotes the usual vector “2-norm”.  It is easy to show that g is minimised when 

 lMMaM TT  . (5) 

Although the formulation in (5), which is called the normal equation for the minimisation problem 
(4), concerns only a 5x5 matrix, standard approaches to solving this problem can be unstable.  

Problems can arise because the “condition number” of the matrix MM T
 can be large, which 

can cause standard matrix inversion routines to become unstable.   Instead it is better to solve 
(4) directly using an approach tailored directly to solving least squares problems.  Such an 
approach is the LSQR method (Paige and Saunders, 1982).  This approach is typically used to 

solve the least squares problem (4) when the matrix M  is sparse (containing mostly zero 
entries) but can also be applied to small full matrix problems.  In the code we implement the 
LSQR algorithm as described in Benbow (1999). 
 
As an example, consider the H2O dissociation equation 
 
 H2O = OH

-
 + H

+
 

 
In data0.ymp.R2, the log K point values for this reaction are as given in Table 3.2.  The values 

computed for the coefficients 51 ,, AA   using the LSQR approach described above are shown 

in Table 3.3.  Also shown are the values of the coefficients that are listed in database that 
accompanies the online PHREEQC manual 
(http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/html/final-90.html#pgfId-264595).  
The data is plotted in Figure 3.4.  The converted data clearly approximates the EQ3/6 data 
points well, and agrees closely with the published PHREEQC data for all but the highest 
temperature data. 
 
The close agreement between the PHREEQC curves might not have been expected from 
simply looking at the values that are given for the coefficients in Table 3.3.  The best fit should 

http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/html/final-90.html#pgfId-264595
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in fact be unique, but the fact that the condition number of MM T
 is very large (indicating that 

the matrix is close to being singular) implies that alternative values for the coefficients 51 ,, AA   

will be able to closely match the best fit. 
 
A similar plot is shown for the Log K of gypsum in Figure 3.5.  Again the computed coefficients 
match the EQ3/6 data well but the curve given in the online PHREEQC manual is quite 
different.  This is not surprising as the PHREEQC database that accompanies the online 
manual was developed from different underlying datasets.  The key feature of both figures is 
that the computed coefficients in the analytical form approximate the EQ3/6 data points well. 
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 Table 3.2 Log K for the H2O dissociation reaction given in data0.ymp.R2 
 

T (C) 0 25 60 100 150 200 250 300 

Log K -14.9398 -13.9951 -13.0272 -12.2551 -11.6308 -11.2836 -11.1675 -11.3002 

 
 
 

 Table 3.3 Values of the coefficients in the analytic expression, converted from the 

EQ3/6 data and from the online PHREEQC manual. 
 

 A1 A2 A3 A4 A5 

Converted -67.5047 -0.0306179 -1990.13 28.0036 -32.4111 

Online PHREEQC manual -283.971 -0.05069842 13323 102.24447 -1119669 

 
 
 

 
 Figure 3.4 Log K for OH

-
 + H

+
 = H2O.  EQ3/6 data (from data0.ypf.R2) (points), 

converted PHREEQC data (blue curve) and PHREQC data from the PHREEQC online 

manual (red curve) 
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 Figure 3.5 Log K for Gypsum.  EQ3/6 data (from data0.ypf.R2) (points), converted 

PHREEQC data (blue curve) and PHREQC data from the PHREEQC online manual (red 

curve) 
 
Note that for some species in the database, log K data is only given for a subset of the 
specified temperatures. Instances where no log K data is known are variously marked in 
data0.ypf.R2 with the “flag value” of 500, or the string “No_Data”.  These “no data” values must 
be noted when parsing the data so that they are ignored when outputting the log K values in 
PHREEQC format. 
 

3.4.3 UR3: Pitzer data conversion 

 
The following explanation of the “Pitzer parameters” to be converted is based largely on the 
description of “data0.ypf.R2” given in USDOE (2007). 
 
As a solution becomes more concentrated electrostatic interactions between dissolved chemical 
species become increasingly significant because the average distance between the species in 
the solution decreases.  A result is that there is an increasing departure from ideal behaviour.   
For solutions of relatively low salinity (with ionic strengths up to about 0.8), these departures 
can be modelled simply as a function of ionic strength, solvent properties and ionic size, as in 
the well-known Debye-Hückel approach: 
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where i is the activity coefficient of the ith ion, A and B are temperature-dependent parameters 

that depend on solvent properties, zi is the charge on the ith ion, 
o

ia is a parameter depending 

upon the size of the hydrated ion and I is the ionic strength, which is given by: 
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where mi is the molality of the ith ion. 
 
However, at higher concentrations specific interactions between the solutes become more 
significant and consequently the Debye-Hückel approach becomes increasingly inaccurate. 
Therefore, Pitzer extended the Debye-Hückel model of ionic solutions to take these ion-specific 
interactions into account. To do this, a set of ion-interaction coefficients are combined within a 
series of semi-empirical equations. 
 
In Pitzer’s model departures from ideality are represented by the excess Gibbs Free Energy, 

EXG .  This excess Gibbs Free Energy is the difference or “excess” in the Gibbs Free Energy 

between a real solution and an ideal solution defined on the molality composition scale.  Pitzer 

related 
EXG  to long-range electrostatic forces between ions, short-range specific interactions 

between pairs of ions, and short-range specific interactions between ion triplets.  The overall 
equation is as follows: 
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where R  is the universal gas constant (8.314 J mol
-1
 K

-1
), T  is the absolute temperature in 

Kelvin, ww is the mass of water in the solution in kilograms,  If G
represents the total 

contribution of long-range electrostatic forces between ions,  Iij  represents the short-range 

specific interactions between pairs of ions i  and j , in  is the number of moles of ion i , jn  is 

the number of moles of ion j , ijk  represents the short-range specific interactions between 

triplets of ions i , j , and k , and kn  is the number of moles of ion k . It should be noted that 

 If G
and  Iij  are functions of the ionic strength I . 

 
Pitzer re-wrote Equation (6) so that for a binary solution containing a cation  M and an anion X, 

the short-range ionic interactions are represented in terms of empirical coefficients 

MXB (a 

function of ionic strength), and 

MXC  ( a function of temperature and pressure, but independent 

of ionic strength): 

      '''
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and 
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where a prime indicates the derivative of a function with respect to ionic strength (e.g. 

IMXMX  /'  ), M is the number of cations formed by dissociation of one molecule of the 



 - 21-   

solute, and X  is the number of anions formed by dissociation of one molecule of the solute.  

The superscript   denotes that the coefficients correspond to the case when the first term on 

the right of equation (6) is determined using the Debye-Hückel osmotic function. 
 

Pitzer represented the ionic strength-dependence of 

MXB by:  

         I

MX

I

MXMXMX eeIB 21 210   
 . (9) 

Usually, the last term in this expression is included only when modelling the thermodynamic 
properties of divalent metal sulphates and other high-valence electrolytes that show significant 
association at low ionic strengths. When strong electrolytes are being modelled, the term is set 
to zero. 
 

The empirical parameters 
)0(

MX , 
)1(

MX , 
)2(

MX  and 

MXC are together termed “Pitzer parameters”.  

In equation (9), the exponential coefficient 1  is usually fixed at 0.21  for strong electrolytes. 

However, for divalent metal sulphates and other 2:2 type electrolytes its value is usually fixed at 

4.11  .  The value of 2  for 2:2 type electrolytes is usually fixed at 0.122  at 25.0°C 

(298.15 K). This value is either used at all other temperatures or is assumed to vary with 

temperature as  kA2 , where k  is a constant and A  is the Debye-Hückel limiting law slope 

for the osmotic coefficient. 
 
Additional parameters that are used in the equations developed by Pitzer are as follows:  

1. Parameters termed “ ” and “ ” are used to extend the above equations to model 

mixed electrolytes. 

2. Parameters termed “  ”, “ ” and “  ” are used to model interactions with neutral 

species. 

The “ ” and “  ” parameters above are the   and   in equation (6), which are used explicitly 

in the formulation involving neutral species (i.e., rather than the “Pitzer parameters” given 

above). The parameter   was defined by Pitzer and is a linear combination of “  ” parameter 

values; its derivation is beyond the scope of this technical note (for more details, see Pitzer, 
1991). 
 
On page I-16 of (USDOE, 2007) in equation Eq. I-58, it is claimed that the data values for the 
Pitzer coefficients in the EQ3/6 are used to parameterise the equation 

   2
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aT  , (10) 

where T  is the temperature in Kelvin (it is explicitly stated that 0
~a  in equation 10 “equals a1 in 

the data0.ypf.R2 database”).  Hence according to USDOE (2007), the EQ3/6 database value a1 

corresponds to 0
~a , a2 corresponds to 1

~a  and so on.  The “tilde notation” has been added here 

to allow us to distinguish the alternative form of the equations presented next.  The quadratic 
term in (10) is not used in the EQ3/6 v8.0 code, thus the coefficients to each temperature 

dependent form comprises four values, a1, …, a4 (equal to 30
~,,~ aa   in (10)). 
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However page 18 of the EQ3/6 v8.0 manual (Wolery and Jarek, 2003) states that the 
temperature function implemented in EQ3/6 is of the form 

      22
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where K 15.298RT .  By equating terms in (10) and (11) it is apparent that ii aa ~  for 

4,,1i  but that 
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Equation (11) is also the form of the temperature dependence that has been implemented in 
PHREEQC (additionally PHREEQC does include the quadratic term and so is parameterised by 
five values).  This is documented in the release note for v2.14.3 of PHREEQC (available at 
http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/RELEASE.2697.TXT).   
 
Thus, assuming that equation (10) is correct, i.e. that USDOE (2007) is correct and that , to 

convert the EQ3/6 data given by 30
~,,~ aa    it is necessary to set ii aa ~  for 3,,1i , set 

04 a  (recalling that the EQ3/6 data does not include this term) and set 0a  using equation 

(12). 
 
However converting the EQ3/6 data using this process does not produce a reasonable match 
with the published pitzer.dat database that accompanies the PHREEQC distribution.  Data 
blocks appearing in data0.ypf.R2 and pitzer.dat for the Na

+
 Cl

-
 cation-anion pair are shown in 

Figure 3.6 and Figure 3.7.  The resulting temperature dependent formulation of the Pitzer 
beta(0) coefficient is shown in Figure 3.8.  It is clear that the match between the curves is poor 
when the EQ3/6 data is converted according to the USDOE (2007) formulation (using equation 
(12)).  The match between the data sets when assuming the formulation given by Wolery and 
Jarek (2003) is much better and there is only disagreement between the two curves for high 
temperatures. 
 
This would tend to suggest that the Pitzer data in the EQ3/6 database data0.ypf.R2 has been 
entered assuming the formulation of Wolery and Janek (2003) and that the formulation given in 
USDOE (2007) is somewhat misleading.  When converting the Pitzer data to PHREEQC format 
we will work on this assumption, which means that the data does not actually require 
“conversion” but simply needs reformatting to be compatible with PHREEQC input. 
 
It is suggested that before the reformatted database is used on an actual project, the validity of 
taking the formulation of Wolery and Jarek (2003) to be correct, is confirmed with the workers 
at Sandia. 

http://wwwbrr.cr.usgs.gov/projects/GWC_coupled/phreeqc/RELEASE.2697.TXT
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Na+                       Cl- 

  alpha(1) = 2.0 

  alpha(2) = 12.0 

  beta(0): 

    a1 = 7.45618073E-02 

    a2 = -4.70789056E+02 

    a3 = -1.85114134E+00 

    a4 = 1.65564633E-03 

  beta(1): 

    a1 = 2.75240690E-01 

    a2 = -5.21117635E+02 

    a3 = -2.88035999E+00 

    a4 = 4.71462791E-03 

  beta(2): 

    a1 = 0 

    a2 = 0 

    a3 = 0 

    a4 = 0 

  Cphi: 

    a1 = 1.53693372E-03 

    a2 = 4.80725476E+01 

    a3 = 1.74679979E-01 

    a4 = -1.56268596E-04 

 Figure 3.6 Pitzer data for the Na
+
 Cl

-
 cation-anion pair in the EQ3/6 database 

data0.ypf.R2. 
 
 

PITZER 

-B0 

  Na+       Cl-       0.0765     -777.03     -4.4706        0.008946   -

3.3158E-6 

… 

-B1                                               

  Na+       Cl-       0.2664        0           0           6.1608E-5   

1.0715E-6 

… 

-C0 

  Na+       Cl-       0.00127     33.317      0.09421    -4.655E-5 

… 

 Figure 3.7 Pitzer data for the Na
+
 Cl

-
 cation-anion pair in the PHREEQC database 

pitzer.dat 
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 Figure 3.8 TOP - Plots of  T  for Pitzer beta(0) coefficient for the Na
+
-Cl

-
 pair using 

the EQ3/6 data in data0.ypf.R2 using the conversion approach of equation (8) based on 

the USDOE(2007) formulation in Eq. I-58 (blue dots), and based on the Wolery and Jarek 

(2003) formulation (red dots).  Also shown is the analogous data for Na
+
-Cl

-
 published in 

the PHREEQC pitzer.dat database (red open triangles).  BOTTOM – zoomed version 

focussing on the Wolery and Jarek (2003) and pitzer.dat curves. 
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3.4.4 UR4: Converting redox equations from O2(g) form to e
-
 form 

By convention, EQ3/6 format databases use the O2(g) basis species to balance redox reactions, 
whereas PHREEQC databases use the balancing electron (pe) concept.  For example the 
equilibrium reaction between Fe

2+
 and Fe

3+
 is written in data0.ypf.R2 as 

 

 
2(g)

2

2

3 O 0.25  H  Fe  OH 0.5Fe  
. 

 
The same reaction is written in the standard PHREEQC phreeqc.dat database as 
  

 
-32 e  Fe Fe  
. 

 
The database conversion software must be able to convert from the former to latter form of the 
equation.  The equations are linked by the equilibrium reactions 
 

 2(g)2(aq) OO  , and 

 O2H  4e  4H  O 2

-

2(aq)  
. 

 
The first reaction represents the equilibrium between O2 in the gaseous and aqueous phases 
and is represented in the data0.ypf.R2 database by the following block: 
 

+-------------------------------------------------------------------- 

O2(aq) 

      charge =    0.0 

**** 

      1 element(s): 

       2.0000 O 

**** 

      2 species in reaction: 

     -1.0000 O2(aq)                       1.0000 O2(g) 

* 

**** logK grid [0-25-60-100C @1bar; 150-200-250-300C @Psat-H2O]: 

          2.6567     2.8983   3.0633   3.1076 

          3.0354     2.8742   2.6488   2.3537 

* Source: data0.ymp.R2 

+-------------------------------------------------------------------- 

 
Log K data for the second reaction was obtained from the supcrt92 code (Johnson et al., 1992) 
using the dprons96 database and is shown in Table 3.4. 
 
 

 Table 3.4 Log K for the e
-
 reaction given by supcrt92. 

 

T (C) 0 25 60 100 150 200 250 300 

Log K 93.7058 86.0039 77.1114 68.9891 60.9559 54.5988 49.3856 45.0928 
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To convert to “e
-
 form”, first a basis swap is performed to replace O2(g) with O2(aq) and then a 

second basis swap is performed to replace O2(aq) with e
-
.  The log K values for the reaction have 

to be updated accordingly after each basis swap. 
 

3.4.5 UR5: Export to PHREEQC format 

An overview of the changes that are necessary when converting from EQ3/6 format to 
PHREEQC format databases is given in the below.   
 

Inclusion of O(0), O(-2), H(0) and H(1) master species 
 
Standard EQ3/6 databases include the master species O(0), O(-2), H(0) and H(1) representing 
different valence states of O and H.  These species are not included in the data0.ypf.R2 EQ3/6 
database, so they must be added to the output PHREEQC database by the code.  To do this it 
is simply required to append the following block to the SOLUTION_MASTER_SPECIES section 
of the output database: 
 

# element species alk gfw_formula element_gfw 

O(-2) H2O  0.0 0.0 

H(1) H+  -1. 0.0 

O(0) O2  0.0 O 

H(0) H2  0.0 H 

 
Since the EQ3/6 database does not include an e

-
 master species, the code must also add the 

following entry to the SOLUTION_MASTER_SPECIES block: 
 

# element species alk gfw_formula element_gfw 

E  e-  0.0 0 0  

 
 
 

Restructuring equilibrium reaction blocks 
 
Both the database “data0.ypf.R2” and the database “pitzer.dat” contain similar representations 
of chemical equilibria. That is, in both databases, each chemical equilibrium reaction is 
represented by a chemical equation.  However, the formats of this information differ between 
the databases 
. 

For example, the equilibrium reaction 
  3

2

3 HCOHCO  is represented in the EQ3/6 

database data0.ypf.R2 by the block: 
 

+-------------------------------------------------------------------- 

CO3-- 

      charge = -2.0 

**** 

      2 element(s): 

       1.0000 C              3.0000 O 

**** 

    3 species in reaction: 

   -1.0000 CO3--                        -1.0000   H+ 

    1.0000 HCO3- 



 - 27-   

* 

**** logK grid [0-25-60-100C @1.0132bar; 150-200-250-300C @Psat-H2O]: 

         10.6241    10.3288  10.1304   10.0836 

         10.2003    10.4648  10.8707   11.4638 

* Source: data0.ymp.R2 

+-------------------------------------------------------------------- 

 
The corresponding block in the PHEEQC database “pitzer.dat” is: 
 

CO3-2 + H+ = HCO3- 

        log_k           10.3393 

        delta_h -3.561  kcal 

        -analytic    107.8975    0.032528495151.79  -38.92561     563713.9 

 
As can be seen, the EQ3/6 database represents a chemical reaction simply by a list of species, 
each of which is preceded by a stoichiometry coefficient, reactants having negative coefficients 
and products having positive coefficients (see the list beneath “3 species in reaction in the 
example above).  In contrast, a PHREEQC-formatted database actually shows a reaction in a 
more conventional form.  Therefore, conversion of the “data0.ypf.R2” database will involve re-
casting the chemical equations between these forms. 
 
Also note that the EQ3/6 database explicitly states the charge of the aqueous species.  In the 
PHREEQC database this information is not given explicitly but is instead inferred implicitly from 
the species name (see below). The same is true of the composition of the species in terms of 
the stoichiometry of the elements. 
 
For some species in the database, log K data is only given for a subset of the specified 
temperatures. Instances where no log K data is known are variously marked in data0.ypf.R2 
with the “flag value” of 500, or the string “No_Data”.  These “no data” values must be noted 
when parsing the data so that they are ignored when outputting the log K values in PHREEQC 
format. 
 
 
 

Reordering and scaling of equilibrium reactions for solid species 
 
In some instances in the data0.ypf.R2 database the chemical equation for the solid species is 
not written with respect to a unit stoichiometry in the solid phase.  For example, the reaction for 
UO2.6667 is written as  
 
 2 UO2.6667 + 8 H

+
 = 0.6667 O2(g) + 2 U

4+
 + 4 H2O 

 
PHREEQC expects a unit (-1) stoichiometry in the solid phase, so these equations must be 

recast and the log K values must be updated accordingly.  If 1  is the stoichiometry of the 

solid phase (in the above example 2 ), then  

 

KKunit log/1log  , 

 

where unitK  is the equilibrium constant for the equation when rewritten to have unit (-1) 

stoichiometry in the solid phase. 
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Reordering and scaling of equilibrium reactions for aqueous species 
 
PHREEQC expects a unit (1) stoichiometry for all aqueous solution species equilibrium 
reactions, whereas EQ3/6 treats these in the same way as solids; the solution species generally 
have stoichiometry -1 (i.e. PHREEQC formulates dissolution reactions as dissociations and 
aqueous species reactions as associations, whereas EQ3/6 formulates both as dissociations).  
Hence it will usually be necessary to reverse the sign of log K when converting these reactions 
(and possibly scale if the stoichiometry of the secondary species in EQ3/6 is not -1, in a similar 
fashion to that for solids, but remembering to reverse the sign of log K). 
 

Name mangling for aqueous species 
 
The names of many species are written differently in each database. PHREEQC attaches more 
significance to the name and uses it to check the chemical balance and charge balance of the 
equations and hence expects the species names (when appearing as formulas) to appear in a 
precise fashion.  Hence it is necessary to convert from the EQ3/6 naming convention to 
PHREEQC.    
 
The approach to renaming aqueous species is to remove the charge indicator (e.g. “--“ or “+”) 
and replace with a PHREEQC style charge indicator (e.g. “-2” or “+1”), using the charge value 
stored in the database for the species. 
 
 

Formula mangling for solid species 
 
In PHREEQC the name of a solid species is used to refer to the species in the input file while 
the formula is written in the equilibrium equation and is used for checking charge and chemical 
balance.  In data0.ypf.R2, solid species are generally named in the conventional way (e.g. 
“calcite”), with the formula (e.g. CaCO3) being given as an optional second term on the first line 
of the solid species input block.  However, some solid species use the formula as the name 
(e.g. ZrO2), with nothing present in the formula field.  Also for some species the name and 
formula entries appear in reverse order (e.g. baddeleyite).  Furthermore, some of the formulas 
given for solid species are not chemically balanced with respect to their representative equation 
(e.g. chabazite).   
 
For this reason, when converting solid species to PHREEQC format, the name field will be 
copied directly from data0.ypf.R2 name field, but the formula will be determined by 
concatenating the “elements” block in the EQ3/6 database.  This is used in EQ3/6 to ensure 
internal consistency and so is more reliable than the formula field, which appears to only be 
used for display purposes.  The only potential problem with this approach is that it can lead to 
some non-standard expressions for common formulas (e.g. it results in CCaO3 for calcite, since 
the elements in the calcite entry in data0.ypf.R2 are entered in this order).  Since the name of 
the solid is separate from the formula though, this is not a great problem for the PHREEQC 
database since “calcite” can still be used to refer to the mineral by name in the PHREEQC input 
file. 
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Summary 
 
To summarise these points, in the sections relating to equilibrium reactions in the generated 
PHREEQC database: 
 

 The EQ3/6 equilibrium blocks will be restructured as PHREEQC format blocks and 
reactions will be reordered and scaled to have stoichiometries of the species as required 
by PHREEQC. 

 For solids, the name field will be the same as the corresponding name in the EQ3/6 
database (which is sometimes represented by a genuine name, e.g. “calcite”, and 
sometimes by a formula, e.g. “ZrO2”); 

The formula for each solid will be derived from the “elements” block for each solid (and can 
result in unconventionally formatted formulas, like CCaO3. 

3.5 Architectural design 

The architectural design of the main code components is described in the following sections. 

3.5.1 General approach to parsing and storing data 

The EQ3/6 database file structure is composed of various blocks.  The approach taken to 
parsing is to construct a separate parser for each type of block.  Each block parser is derived 
from the EQ3/6BlockParser base class.  This implements some core functionality (e.g. parsing 
comment lines, which can appear in any type of block).  Each block parser has a collection of 
associated data types for storing the parsed data.  Figure 3.9 shows the design for 
EQ3/6AuxBasisBlock, which parses blocks describing auxiliary basis species and stores the 
data in the EQ3/6DataStructures::AuxBasis class.  The data structures used to store the 
thermodynamic data are described in more detail in section 3.5.2. 
 
An exception to this general approach is the EQ3/6PitzerBlockParser (section 3.5.3).  The 
Pitzer data is composed of several closely related blocks of data, so one parser has been 
written to handle all the Pitzer block types and store the various types of data, with a separate 
data structure being used for each.  The data structures for the Pitzer data are described in 
more detail in section 3.5.3. 
 
A central class, EQ3/6DB, manages the parsing and data storage process and owns an 
instance of each of the block parsers.  This class is called to parse the database file, with a call 
to InitialiseFromFile().  It sequentially calls upon each of the specialised block parser classes to 
parse the individual blocks and store the data.  It also contains methods for data access (e.g. 
“find methods” for each of the species classes). 
 
Note that the EQ3/6DB class also has a “WriteAsEQ3/6()” method.  This method is a legacy 
method from testing, when it was initially planned to export a “new” version of the input EQ3/6 
database.  However problems were encountered due to the precise formatting of whitespace 
and column spacing for data in the EQ3/6 format, which was not precisely enough described in 
the EQ3/6 documentation to allow this action to be completed.  At present, the EQ3/6 format 
that is written out matches the input format except for differences in whitespace. 
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 Figure 3.9 General approach to parsing – illustrated for basis species parsing 

3.5.2 Data structures for storing EQ3/6 thermodynamic data 

Thermodynamic data in the data0.ymp.R2 file is specified for the following types of chemical 
species: elements, basis species, auxiliary basis species, aqueous species, solid species and 
gaseous species.  Placeholder blocks are present for liquids and solid solution species, 
although these blocks are empty in the data0.ypf.R2 database. 
 
The data structures that are used to store the thermodynamic data are shown in Figure 3.10.  A 
hierarchical structure is used so that all species can derive from a common base class.  This 
allows mixed collections of species to be stored together by storing pointers to base class 
objects.  Such mixed collections are required, for example, when storing the components that 
make up a reaction formula.  For an auxiliary basis species, the reaction is written to include the 
auxiliary basis species itself plus the basis species that appear in the reaction, so it is not 
sufficient to store a collection of basis species when specifying the reaction.  Of course the 
reaction could be split in to basis and non-basis parts and these can be stored in separate 
collections, but this approach is less flexible. 
 
Each Basis species stores a vector of component Elements, and each ComplexSpecies stores 
a vector of component Elements and a vector of component BasicSpecies.  Pointers to these 
objects are set up as the database is parsed.  This allows all “cross-referencing” in the 
thermodynamic data to be checked for consistency as the data is parsed. 
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 Figure 3.10 Class Structure for storing EQ3/6 thermodynamic data.  Classes shaded in 

yellow correspond directly to EQ3/6 data blocks 
 
Log K data is stored as a vector of doubles.  For some species in data0.ypf.R2, log K data is 
not given for some of the temperature values.  This is variously marked in data0.ypf.R2 with the 
“flag value” of 500, or the string “No_Data”.  Internally in the log K vector, when a “no data” 
value is encountered a “FLT_MAX” is stored as the corresponding value of Log K.  The value is 
tested when performing log K conversion to PHREEQC format to ensure that “no data” values 
are not used. 
 

3.5.3 Data structures for storing EQ3/6 Pitzer data 

The Pitzer data is composed of several closely related blocks of data.  One parser, 
EQ3/6PitzerBlocks, has been written to handle all the Pitzer block types and store the various 
types of data.  Separate data structures for each block of Pitzer data are implemented and are 
shown in Figure 3.11. 
 
Each of the basic data structures stores the interaction data for a single Pitzer interaction 
(between either a pair of ions or a triple).  Each structure contains both a string representation 
of the species involved in the Pitzer interaction and a pointer to the actual species.  A 
BasicSpecies pointer is used since this is a base class for all of the relevant aqueous species 
(Figure 3.10).  These pointers are set during the Finalise() method on EQ3/6PitzerBlocks.  This 
method is called after the complete set of data has been read from the database (section 
3.5.1).  This is because the Pitzer data is actually the first set of data that is present in 
data0.ypf.R2 and appears before any of the aqueous species are actually introduced.  Hence 
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the pointers to the data structures representing the species cannot be set until the species data 
has itself been read. 
 
 

 
 

 Figure 3.11 Data structures for parsing and storing Pitzer data 
 
 
 

3.5.4 Writing to PHREEQC format 
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The PhreeqcWriter class is responsible for constructing the PHREEQC format output database.  
It does this by interrogating the EQ3/6 data structures that were populated during the input 
parsing process, and reformatting the data as described in sections 3.4.2 to 3.4.5.  The input 
data is passed to PhreeqcWriter with a call to SetEQ3/6DB(), which passes a pointer to the 
instance of EQ3/6DB (section 3.5.1) that holds the data.  Separate methods are implemented 
on PhreeqcWriter for writing each of the relevant PHREEQC data blocks 
(MASTER_SOLUTION_SPECIES, SOLUTION_SPECIES, PITZER and PHASES). 
 
The associated class AnalyticLogKConvertor is responsible for converting the “pointwise” log K 
data in the EQ3/6 format to the analytic form in PHREEQC.  The implementation will only 
attempt a conversion if 5 (or the maximum of 8) log K data values are specified in the EQ3/6 
database.  If less than 5 values are given, only the log K values at 25°C is reported.  The 
conversion algorithm, as described in section 3.4.2 can actually perform the fitting process 
when less than 5 data values are given, but the danger of extrapolating outside of the given 
temperature range means that it is safer not to do so. 
 
The AnalyticLogKConvertor class has a static “SetLogStream()” method, which, when set, 
causes all the converted data, together with the corresponding input data, to be reported to a 
log file so that the accuracy of the conversion process can be checked (see section 3.6.2). 
 

3.5.5 “Main” 
 
The main entry point to the code is quite simple.  After handling the command line input, it 
creates an instance of EQ3/6DB (section 3.5.1) and calls InitialiseFromFile() to parse the EQ3/6 
format file.  It then passes a log stream to the AnalyticLogKConvertor (section 3.5.4) for it to 
write its data for checking and finally creates an instance of PhreeqcWriter (section 3.5.4) and 
calls the Write() method. 
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 Figure 3.12 PhreeqcWriter and related classes 
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3.6 Testing 
 
Testing of the software will be done in 3 stages: 

1. The PHREEQC output database will be tested for compatibility with PHREEQC (thus 

verifying that the format of the output is consistent with PHREEQC). 

2. The conversion of log K data to analytical form will be tested for goodness of fit. 

3. The “geochemical validity” of the converted dataset is tested by performing geochemical 

modelling investigations that are designed to test all features of the converted dataset 

(i.e. thermodynamic and Pitzer data). 

These three tests are described in the following subsections. 
 
 

3.6.1 Test1: Compatibility with PHREEQC 
 
The output database was loaded in to PHREEQC (version 2.15.0-2697) by modifying the 
standard “ex2.phrq” input file to use the converted database rather than the default PHREEQC 
database.  A copy of the first 20 lines of the log file that results from running the case is shown 
below.  The lines indicating usage of the converted database file are shown in bold.  The case 
runs successfully.  No test of the “geochemical validity” of the results is considered here 
(although the results do appear sensible and only differ marginally from those obtained with the 
default database) since that aspect of testing is covered by test 3. 
 
 

WARNING: Database file from DATABASE keyword is used; command line argument 

ignored. 

   Input file: C:\DOCUME~1\sjb\LOCALS~1\Temp\phrq0000.tmp 

  Output file: Z:\Code\PitzerParser\Data\ex2.out 

Database file: Z:\Code\PitzerParser\Data\data0.ypf.R2.clean.edit.dat 

 

------------------ 

Reading data base. 

------------------ 

 

 SOLUTION_MASTER_SPECIES 

 SOLUTION_SPECIES 

 PITZER 

 PHASES 

------------------------------------ 

Reading input data for simulation 1. 

------------------------------------ 

 

 DATABASE Z:\Code\PitzerParser\Data\data0.ypf.R2.clean.edit.dat 

 TITLE Example 2.--Temperature dependence of solubility 

                   of gypsum and anhydrite 

... 

... 

... 
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3.6.2 Test 2: Checking log K data interpolation routines for analytical form 

In the EQ3/6 database, the log K data for solid, gaseous and aqueous species is given as point 
data at a fixed set of temperatures.  PHREEQC uses the analytical form  

   ,loglog
2

5

104

3

2110
T

A
TA

T

A
TAATfK    

to represent the temperature dependence of log K values.  The details of the interpolation 
algorithm are given in section 3.4.2.   
 
To allow the accuracy of the conversion process to be checked, the log K data values and the 
analytical solution are written to a separate output file during the database conversion process.  
The name of this file is the same as the output database file, but appended with “_check”. 
 
A secondary application has been developed for testing purposes that reads in the log K point 
data and the coefficients for the analytical form from this file and computes an error measure 
for the curve fitting process (recall from section 3.4.2 that it is impossible to exactly pass 
through all data points with the analytical form since there are insufficient degrees of freedom).  
The error measure that is computed is 
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,  

where  iTf  is the evaluation of the analytical form at the temperature data point iT  and iL  is 

the corresponding log K data value at iT .  This measure attempts to capture the relative error 

at each data point. 
 
For species that involve O2(g) and hence require basis swaps to convert to “e

-
 form” (see section 

3.4.4), the values of iL  are those after basis swapping has taken place. 

 
It is difficult to construct an error measure that evaluates the fit for all species.  The form as 

written above suffers when values of iL  are close to zero, where the iL  in the denominator 

tends to “amplify” errors.  However it is an adequate measure for the current purposes. 
 
The error measure was computed for all of the log K data fits in data0.ypf.R2, which comprises 

308 log K data sets in all.  A 5% error tolerance was considered (i.e. 05.0e  was taken as the 

“pass” criteria).  Of the 308 datasets, 15 were found to not pass with this tolerance.  These 
species are listed in Table 3.5.  The 293 datasets that pass the test are considered to be a 
good match. 
 
The datasets that fail the error tolerance check all contain log K data that passes close to or 
through zero at some temperature, and these values bias the computed errors.  This can be 
seen in Figure 3.13-
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Figure 3.16 which show the log K data and the analytical curves for these 15 datasets.  The 
goodness of fit is evident. 
 
Given that 293 datasets pass the error tolerance criterion and that the remaining 15 datasets 
have been inspected to ensure that a good match is obtained, it is concluded that the curve 
fitting routines are performing adequately. 
 

 Table 3.5 Log K datasets that do not pass the 05.0e  error tolerance 

 

Species e  

Albite 0.19 

Calcite 0.05 

Huntite 54.23
2
 

K-Feldspar 0.05 

KAl(SO4)2 0.19 

Kieserite 0.25 

Labile_Salt 0.09 

Maximum_Microcline 0.05 

Mesolite 0.07 

Na2SO4(Sol-3) 0.17 

Natrolite 0.19 

Pyrophyllite 0.14 

Lawrencite 0.16 

NpOCl2 0.13 

H2(g) 0.79 

 
 

                                                
2
 The large “error” for huntite is due to a very small value of Log K (2×10

-4
) at 150°C biasing the error estimate.  As 

can be seen from Figure 3.13, the fit for huntite is adequate and the error estimate is misleading. 
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 Figure 3.13 Log K data interpolation for albite, calcite, huntite and K-Feldspar 
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 Figure 3.14 Log K data interpolation for KAl(SO4)2, Kieserite, Labile_Salt and Maximum_Microcline 
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 Figure 3.15 Log K data interpolation for Mesolite, Na2SO4(Sol-3), Natrolite, Pyrophyllite 
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 Figure 3.16 Log K data interpolation for Lawrencite, NpOCl2 and H2(g) 

  

 

 

 



 - 42-   

3.6.3 Test 3: Geochemical validity of the PHREEQC dataset 

Testing of the geochemical validity of the output PHREEQC dataset has been undertaken in 
two phases. In the first, a small database comprising a small subset of the Yucca mountain 
EQ3/6 database was constructed to test the conversion of thermodynamic data from the EQ3/6 
database ‘data0.ypf.R2’ into PHREEQC format for the thermodynamic system (C-Ca-Si-H-O).  
In the second phase of testing, models were produced using both EQ3 (original ‘data0.ypf.R2’ 
database) and PHREEQC (converted data0.ypf.R2’ database). These test case models require 
the use of both log K values and activity coefficients.  
 

Testing - Phase 1 
Testing of the geochemical validity of the output PHREEQC dataset has been undertaken in 
two phases. In the first, a small database comprising a small subset of the Yucca mountain 
EQ3/6 database was constructed to test the conversion of thermodynamic data from the EQ3/6 
database ‘data0.ypf.R2’ into PHREEQC format for the thermodynamic system (C-Ca-Si-H-O). 
Substances included in this database include the minerals quartz and calcite along with relevant 
aqueous and gaseous species. These data allow simple thermodynamic calculations to be 
undertaken, for example they could be used to calculate concentrations of Ca or Si species for 
specified quartz and calcite saturation indices at a given  f  CO2(g).  A summary of log K values 
for key reactions in the system C-Ca-Si-H-O were extracted from the original EQ3/6 database 
and the newly produced PHREEQC database (Table 3.6). It is clear from Table 3.6 that log K 
values for these reactions are identical.  
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 Table 3.6 log K values (25°C, 1 bar) for key reactions in the system Ca-C-H-O-Si extracted 
from the  original EQ3/6 database ‘data0.ypf.R2’ and that produced by the conversion 
software for PHREEQC. 
 

     

Reaction  log K (25C, 1bar) log K (25C, 1bar) 

  EQ3/6 PHREEQC  

Minerals   

CaCO3 (calcite) +  H+  =  Ca2+  + HCO3- 1.8187 1.8187 

SiO2  (quartz) =  SiO2(aq) -3.7501 -3.7501 
    
Aqueous Species   

HCO3
- + Ca2+  =  CaCO3 + H+ -7.0017 -7.0017 

H2O + Ca2+  =  CaOH+ + H+ -12.83 -12.83 

HCO3
- + H+  =  CO2(aq) + H2O 6.3447 6.3447 

HCO3
-  =  CO3

2- + H+ -10.3288 -10.3288 

SiO2(aq) + H2O  =  HSiO3
- + H+ -9.8419 -9.8419 

H2O  =  OH- + H+ -13.9951 -13.9951 

    

Gases   
H2O(g)  =   H2O(l)    1.4999 1.4999 

CO2(g) + H2O  =   H+ + HCO3
-    -7.8136 -7.8136 

    

   
   
   

 
 

Testing - Phase 2 
In the second phase of testing, models were produced using both EQ3 (original ‘data0.ypf.R2’ 
database) and PHREEQC (converted data0.ypf.R2’ database). These test case models require 
the use of both log K values and activity coefficients.  
 

Phase 2 - Test Case 1: Equilibrium Solubility of Calcite and Quartz. 
 
Test case 1 model was devised to calculate aqueous species concentrations in the system   
Ca-C-H-O-Si, where calcite and quartz are in equilibrium with water at a temperature of 25°C 
and a total pressure of 1 bar. Input files were produced for both EQ3 and PHREEQC, whereby 
saturation indices of calcite and quartz were set at 0 (i.e. equilibrium solubility), with a fixed 
carbon dioxide fugacity that corresponds to the atmosphere (log f CO2(g) = -3.5). Input files 
specified that charge balance was to be attained by pH adjustment. Output files that include 
input parameters are provided in appendix 5.  Redox conditions were specified by fixing pe at a 
value of 4 units. In EQ3, the ‘NBS’ pH scale was selected rather than ‘mesmer’ or ‘internal’ for 
all test cases.    
 
The output data are summarized in Table 3.7. Output pH values are broadly similar for both 
EQ3 and PHREEQC runs (8.26 and 8.29 respectively). EQ3 and PHREEQC both produced 
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similar values for solution ionic strength (1.44e-3 and 1.48e-3, respectively). Calculated 
aqueous species concentrations are broadly similar (differences ranging from 1.3 to 12.8%) as 
are activities of aqueous species (differences between log activities being < 0.6% for all but one 
species).   
 
Although one might expect some minor differences between output data produced by the two 
codes, those observed for aqueous species concentrations are slightly different. The relevance 
of such differences would depend upon the certainty required for a given modelling application. 
and may be due, at least in part, to differences in the ‘architecture’ of the codes. However,  the 
differences between output produced by EQ3 and PHREEQC may also be due to differences in 
how aqueous species activities are converted to concentrations (and vice-versa). Although both 
the original EQ3 and new PHREEQC database include the same thermodynamic data and 
Pitzer interaction parameters, for some species of interest, Pitzer interaction parameters are 
missing. EQ3 output files for this system state that Pitzer interaction parameters are lacking for 
the following species: H2(aq), CaCO3(aq), CaOH

+
, HSiO3 

-
.  The PHREEQC user manual 

(Parkhurst and Appelo, 1999) states that the Davies equation is the default model for 
calculating activity coefficients, unless Debye-Hückel coefficients are specified. It may be the 
case therefore, that PHREEQC is defaulting to the Davies equation for producing activity 
coefficients where Pitzer interaction parameters are not available in the database. It is 
presumed that this would not be the case for EQ3. Further work (which is beyond the scope of 
this report) would be required to test this working hypothesis.  
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 Table 3.7 Data summary for Test Case 1 (calcite and quartz equilibrium solubility) 

Test Case 1       

  EQ3  PHREEQC   

Input      

T(°C) 25 25   

pe 4 4   

pH charge balance charge balance   

P(bars) 1 1   

log f CO2(g) -3.5 -3.5   

Saturated phases: calcite, quartz    

 

Output solution 

properties     

pH 8.264 8.288   

pe 4.000 4.000   

activity of H2O 1.000 1.000   

Ionic Strength (molal) 1.444E-03 1.476E-03   

Ouput species conc EQ3 PHREEQC Difference 

species molality molality % 

HCO3
-
      9.314E-04 9.518E-04 2.14 

Ca
2+  

 4.783E-04 4.888E-04 2.15 

SiO2(aq)   1.778E-04 1.693E-04 -5.01 

CO2(aq)    1.074E-05 1.088E-05 1.29 

CO3
2-  

   9.169E-06 9.418E-06 2.64 

CaCO3(aq)  6.562E-06 7.523E-06 12.78 

HSiO3
- 
    4.906E-06 4.987E-06 1.62 

CaOH
+    

  1.134E-08 1.233E-08 8.01 

 

Output species activities EQ3 PHREEQC Difference 

species log activity  log activity % 

HCO3
-
      -3.050 -3.041 -0.27 

Ca
2+  

 -3.395 -3.386 -0.26 

SiO2(aq)   -3.750 -3.771 0.55 

CO2(aq)    -4.969 -4.963 -0.12 

CO3
2-  

   -5.115 -5.105 -0.20 

CaCO3(aq)  -5.183 -5.124 -1.15 

HSiO3
- 
    -5.328 -5.322 -0.12 

CaOH
+    

  -7.965 -7.928 -0.46 
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Phase 2 - Test Case 2: Well Water Speciation. 
 
In test case 2, EQ3 and PHREEQC input files were produced in order to ‘speciate’ an aqueous 
solution for which there are measured solute concentrations. In this case, the J13 Well water 
composition that has been studied for the Yucca Mountain Project was used (USDOE, 2007).  
Reported input solute concentrations are summarized in Table 3.8.  
 
It should be noted that for PHREEQC, input solute concentrations were specified as elements 
as opposed to basis aqueous species (compare Appendix 5 input data to examples in the 
PHREEQC manual). For both EQ3 and PHREEQC, input files were set so that pH was adjusted 
to balance charge, pe was set at 4 units (i.e. the PHREEQC default value was also applied to 
EQ3 run) and log f CO2(g) was set at a value of -3.5. Temperature was set at 31°C (thereby 
necessitating the use of PHREEQC ‘analytical’ terms) and pressure was 1 bar.  
 
Model outputs are summarized in Table 3.9. Output pH values are clearly very similar (8.60 
units for EQ3 and 8.61 units for PHREEQC). Calculated ionic strengths are also similar as are 
species concentrations and (in broader terms) mineral saturation indices. Differences between 
aqueous species concentrations calculated by EQ3 and PHREEQC (expressed as % values) 
generally increase with decreasing concentration.  As with test case 1, there are some 
differences in output which may warrant further consideration of possible differences between 
the two codes, especially with regard to the methods of activity coefficient calculation. EQ3 
output files report that for this model, a number of Pitzer interaction values are missing, 
including those for the following aqueous species: H2(aq), HS

-
, NO2

-
, SO3

2-
, AlOH

2+
, AlO

+
, 

HAlO2(aq), AlF
++

, AlF3(aq), AlF4-, CaCO3(aq), CaOH
+
, CaSO4(aq), HSiO3

-
, MgCO3(aq), MgHCO3

+
, 

NH3(aq).  
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 Table 3.8 Solute concentrations for J13 well water speciation (Test Case 2, data taken from 
DOE, 2007). 

Analyte  Concentration   

 mg/l mol/kg 

Al 0.028 1.038E-06 

Ca 13.000 3.244E-04 

Mg 2.010 8.270E-05 

Na 45.800 1.992E-03 

K 5.040 1.289E-04 

Si 28.500 1.015E-03 

NO3 8.780 1.416E-04 

Cl 7.140 2.014E-04 

F 2.180 1.147E-04 

SO4 18.400 1.915E-04 

pH 7   

 
 
 

 Table 3.9 Data Summary for Test Case 2 (J13 Well water speciation) 

Test Case 2     

  EQ3  PHREEQC   

Input     

pe 4.00 4.00   

T(°C) 31 31   

pH charge balance charge balance   

P(bar) 1 1   

log f CO2(g) -3.5 -3.5   

      

Output solution 

properties     

pH 8.595 8.611   

pe 4.000 4.000   

log f O2(g) -31.016 -30.960   

activity of H2O 1.000 1.000   

Ionic Strength (molal) 3.504E-03 3.497E-03   

      

Ouput species conc EQ3 PHREEQC Difference 

  molal molal  (%) 

Na
+     

             1.992E-03 1.992E-03 -0.02 

HCO3
-  
              1.875E-03 1.871E-03 -0.21 

SiO2(aq)             9.439E-04 9.410E-04 -0.31 
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Ca
2+ 

                3.023E-04 3.006E-04 -0.57 

Cl
- 
                 2.014E-04 2.014E-04 0.00 

SO4
2-
                1.897E-04 1.895E-04 -0.10 

NO2
-
                 1.403E-04 1.402E-04 -0.05 

K
+  

                 1.289E-04 1.289E-04 -0.01 

F
-
                   1.148E-04 1.147E-04 -0.04 

Mg
2+    

             7.913E-05 7.886E-05 -0.35 

HSiO3
-  
             7.103E-05 7.387E-05 3.84 

CO3
2-
                4.748E-05 4.639E-05 -2.36 

CaCO3(aq)            2.019E-05 2.167E-05 6.85 

CO2(aq)              9.157E-06 9.291E-06 1.44 

MgCO3(aq)            2.232E-06 2.420E-06 7.76 

CaSO4(aq)            1.848E-06 2.040E-06 9.40 

MgHCO3
+     

         1.247E-06 1.331E-06 6.33 

NO3
-  
               1.176E-06 1.261E-06 6.73 

AlO2
-
                1.031E-06 1.031E-06 0.01 

NH4
+
                 1.245E-07 9.845E-08 -26.49 

MgOH
+ 
               8.681E-08 9.164E-08 5.27 

NH3(aq)              3.976E-08 3.265E-08 -21.76 

CaOH            2.643E-08 2.743E-08 3.66 

CaCl
+   

             8.286E-09 8.245E-09 -0.49 

HAlO2(aq)            6.859E-09 6.615E-09 -3.68 

HSO4
- 
               4.410E-11 4.527E-11 2.58 

AlO
+   

              1.284E-11 1.194E-11 -7.56 

AlF3(aq)             1.884E-13 1.629E-13 -15.67 

AlF2
+ 
               1.493E-13 1.291E-13 -15.61 

AlOH
2+  

             1.738E-14 1.558E-14 -11.52 

AlF4
- 
               1.085E-14 9.379E-15 -15.64 

      

Output Mineral Saturation Indices    

Albite                    2.46 2.54 3.03 

Amesite-7A                1.70 1.80 5.37 

Amesite-14A               10.04 10.23 1.84 

Analcime                  1.70 1.76 3.56 

Analcime-dehy             -4.52 -4.47 -1.23 

Anhydrite                 -3.10 -3.10 0.05 

Antigorite(am)            -1.03 -0.94 -9.71 
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Aragonite                 0.30 0.33 9.65 

Artinite                  -4.62 -4.54 -1.78 

Beidellite-Mg             6.04 6.12 1.26 

Beidellite-Ca             6.09 6.17 1.29 

Beidellite-K              5.64 5.72 1.39 

Beidellite-Na             5.71 5.79 1.36 

Beidellite-H              4.78 4.86 1.58 

Boehmite                  0.08 0.08 2.80 

Calcite                   0.47 0.44 -6.37 

Celadonite                6.34 6.48 2.13 

Chabazite                 21.60 21.83 1.04 

Cristobalite(alpha)       0.10 0.12 16.52 

Dawsonite                 -0.88 -0.90 2.27 

Dolomite                  1.51 1.59 4.82 

Epsomite                  -6.13 -6.08 -0.79 

Erionite                  22.93 23.28 1.51 

Fluorite                  -1.58 -1.53 -3.23 

Gibbsite                  0.51 0.50 -2.44 

Gypsum                    -2.95 -2.97 0.78 

Hemihydrate               -3.62 -3.64 0.60 

Hexahydrite               -6.37 -6.32 -0.87 

Huntite                   -2.65 -2.50 -6.20 

Illite                    6.76 6.85 1.30 

K-Feldspar                4.22 4.29 1.70 

Kalicinite                -6.96 -6.96 0.05 

Kaolinite                 5.07 5.11 0.75 

Lansfordite               -3.22 -3.21 -0.44 

Laumontite                22.30 22.53 1.01 

Leonhardtite              -6.95 -6.90 -0.71 

Magnesite                 -0.52 -0.48 -8.81 

Maximum_Microcline        4.22 4.30 1.93 

Mesolite                  7.86 7.96 1.26 

Montmorillonite-H         4.95 5.05 1.91 

Montmorillonite-Na        5.88 5.98 1.65 

Montmorillonite-K         5.81 5.91 1.68 

Montmorillonite-Ca        6.26 6.36 1.56 

Montmorillonite-Mg        6.21 6.32 1.69 

Mordenite                 3.14 3.26 3.74 

Nahcolite                 -4.85 -4.83 -0.43 

Natrolite                 1.97 2.07 5.03 

Nesquehonite              -3.24 -3.56 8.90 

Pentahydrite              -6.59 -6.54 -0.83 

Phillipsite               21.83 22.14 1.41 
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Pyrophyllite              4.78 4.85 1.54 

Quartz                    0.65 0.67 3.73 

Saponite-H                5.29 5.49 3.62 

Saponite-Na               6.22 6.42 3.13 

Saponite-K                6.15 6.35 3.17 

Saponite-Ca               6.60 6.80 2.96 

Saponite-Mg               6.55 6.76 3.10 

Scolecite                 6.49 6.59 1.45 

Sellaite                  -2.72 -2.67 -1.96 

Sepiolite                 3.82 4.19 8.93 

Sepiolite(am)             -3.30 -3.72 11.28 

Palygorskite              1.92 1.97 2.54 

SiO2(am)                  -0.38 -0.35 -9.08 

Stellerite                27.29 27.64 1.28 

Stilbite                  11.18 11.36 1.59 

Talc                      5.29 5.49 3.66 

Villiaumite               -6.44 -6.42 -0.37 

Brucite                   -4.13 -4.10 -0.78 

 

 
 
Phase 2 - Test Case 3: Dead Sea Speciation.  
 
In test case 3, EQ3 and PHREEQC input files were written to ‘speciate’ a brine (and therefore a 
solution with much higher ionic strength than those in previous test cases).  In this test case, 
solute concentrations measured in water from the Dead Sea were used (as reported in the EQ3 
user-guide, Wolery, 1992). The input solute concentrations and solution properties are provided 
in Table 3.10. In this case input pH was set at 7 with log f O2(g) = -0.7 (atmospheric). 
Temperature was set at 25°C (total pressure 1 bar). The fugacity of CO2(g) was not set. 
 
In general, the output data are in reasonably good agreement (Table 5.4). As with test case 2, 
differences between aqueous species concentrations calculated by EQ3 and PHREEQC 
(expressed as % values) generally increase with decreasing concentration.  
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 Table 3.10 Data Summary for Test Case 3 (Dead Sea speciation) 

        

Test Case 3     

  EQ3  PHREEQC   

Input      

log f O2(g) -0.70 -0.70   

T(°C) 25 25   

pH 7 (NBS) 7   

P(bar) 1 1   

      

Input (basis solute 

conc) mmolal mmolal   

Na 1.752E+03 1.752E+03   

K 1.739E+02 1.739E+02   

Mg 1.555E+03 1.555E+03   

Ca 4.274E+02 4.274E+02   

Cl 5.810E+03 5.810E+03   

C 3.920E+00 3.920E+00   

S 6.300E+00 6.300E+00   

      

Output (solution properties)    

pH 7.000 7.000   

pe 13.664 13.663   

log f CO2(g) -3.994 -3.900   

activity of H2O 0.750 0.752   

Ionic Strength (molal) 7.828 7.827   

      

Ouput species conc EQ3 PHREEQC Difference 

      

  molal molal % 

Cl
- 
         5.809E+00 5.809E+00 0.01 

Na
+
          1.752E+00 1.752E+00 0.01 

Mg
2+ 

        1.551E+00 1.551E+00 -0.01 

Ca
2+        

 4.239E-01 4.235E-01 -0.09 

K
+  

         1.739E-01 1.739E-01 0.00 

SO4
2-     

   4.038E-03 3.782E-03 -6.78 

MgHCO3
+  

    3.600E-03 3.648E-03 1.32 

CaSO4(aq)    2.262E-03 2.518E-03 10.18 

CaCl
+     

   1.198E-03 1.366E-03 12.31 

MgOH
+
        3.235E-04 2.692E-04 -20.19 
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MgCO3(aq)    1.256E-04 1.042E-04 -20.51 

HCO3
-  
      9.756E-05 9.251E-05 -5.45 

CO3
2-    

    5.526E-05 3.918E-05 -41.04 

CaCO3(aq)    4.100E-05 3.494E-05 -17.33 

CaOH
+
        4.571E-06 3.804E-06 -20.17 

CO2(aq)      9.584E-07 1.195E-06 19.80 

HSO4
- 

       2.048E-10 2.607E-10 21.45 

CaCl2(aq)    1.142E-15 1.195E-15 4.40 

      

Output Mineral Saturation Indices    

      

Anhydrite          0.02 0.02 -17.20 

Antarcticite       -3.31 -3.29 -0.68 

Aragonite          0.62 0.56 -10.95 

Arcanite           -4.31 -4.33 0.37 

Artinite           -1.45 -1.69 14.11 

Bischofite         -2.75 -2.69 -2.13 

Bloedite           -5.00 -5.02 0.47 

CaCl2:2H2O         -6.84 -6.82 -0.31 

CaCl2:4H2O         -4.73 -4.71 -0.50 

Calcite            0.80 0.67 -18.77 

Carnallite         -2.76 -2.69 -2.68 

Dolomite           3.55 3.41 -4.10 

Epsomite           -2.37 -2.32 -1.95 

Gaylussite         -5.74 -5.93 3.21 

Glaserite          -7.05 -7.08 0.47 

Glauberite         -2.49 -2.46 -1.41 

Gypsum             -0.03 -0.05 47.90 

Halite             -0.37 -0.35 -4.49 

Hemihydrate        -0.58 -0.60 3.15 

Hexahydrite        -2.54 -2.50 -1.62 

Huntite            2.66 2.36 -12.70 

Hydromagnesite     -2.43 -2.90 16.27 

Kainite            -3.79 -3.80 0.36 

Kalicinite         -5.85 -5.86 0.25 

Kieserite          -3.56 -3.53 -0.92 

Lansfordite        -2.02 -2.11 4.39 

Leonhardtite       -2.93 -2.89 -1.24 

Leonite            -6.09 -6.12 0.52 

Magnesite          1.16 1.08 -6.96 

MgCl2:4H2O         -5.46 -5.40 -1.04 
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MgOHCl             -7.19 -7.25 0.81 

Mirabilite         -3.41 -3.58 4.65 

Na2CO3:7H2O        -7.23 -7.32 1.29 

Na2SO4(Sol-3)      -3.34 -3.31 -0.83 

Na4Ca(SO4)3:2H2O   -5.64 -5.67 0.59 

Nahcolite          -3.50 -3.49 -0.16 

Natron             -7.24 -7.33 1.28 

Nesquehonite       -1.92 -2.36 18.57 

Oxychloride-Mg     -2.65 -2.91 8.81 

Pentahydrite       -2.66 -2.62 -1.50 

Pentasalt          -3.16 -2.55 -23.73 

Periclase          -6.08 -6.25 2.73 

Picromerite        -5.99 -6.01 0.34 

Pirssonite         -5.54 -5.73 3.28 

Polyhalite         -4.66 -4.69 0.54 

Sylvite            -1.06 -1.05 -0.66 

Syngenite          -3.26 -3.19 -2.34 

Thenardite         -3.13 -3.15 0.74 

Brucite            -1.97 -2.14 7.99 

        

 
 
 

Test Cases - Summary 

 

In summary, test case models run using EQ3 (using original ‘data0.ypf.R2’ database) and 
PHREEQC (using the converted ‘data0.ypf.R2’ database) produce output data that are in good 
to reasonable agreement, for systems with commonly-occurring solutes. Further work would be 
required to investigate the extent to which differences in output were due to differences in code 
‘architecture’ and/or the ways in which the codes generate activity coefficients where there is a 
lack of Pitzer interaction parameters in the database being used.  It should perhaps be noted 
that the documentation accompanying both codes provides minimal documentation regarding 
the treatment of Pitzer parameters and so further investigation of this type may be difficult. 
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3.7 User guide 

Converted database files are bundled with the application so there is no need to re-run the 
code.  However, should the data0.ypf.R2 database be updated and there is a need to rerun the 
code, the following instructions can be followed. 
 
The code has been compiled for the Microsoft Windows platform.  It is a command line 
application and runs in a command prompt.  For ease of input, it is simplest to locate the input 
database and the applications CleanUpEQ3/6.exe, PitzerParser.exe and AnalyticChecker.exe 
in the same directory. 
 
It is assumed that the input database is called data0.ypf.R2.  Replace all occurrences of this 
name in the commands that follow if a different input database name is used. 
 

1. Tidy the input database 
 
Firstly, the CleanUpEQ3/6.exe application should be run to tidy up the spurious characters that 
result from copying and pasting the database from the lsnnet website (see section 3.1.1).  This 
is run as using the command 
 
 CleanUpEQ3/6.exe data0.ypf.R2 
 
This will write an output file data0.ypf.R2.clean in which the spurious characters have been 
removed. 

 

2. Make any necessary edits to the input database to ensure internal consistency 

 
The input EQ3/6 database is not guaranteed to be internally consistent with respect to 
PHREEQC’s use of the data.  For example formula names in the EQ3/6 database format are 
“just strings” and are not checked to be consistent with the list of elements.  However this will 
cause errors when the PHREEQC format database resulting from step 3 is used with 
PHREEQC, which relies on internal consistency of such strings. 
 
Only string data is edited; quantitative data is unaffected.  The list of necessary edits for the 
data0.ypf.R2 file are as follows: 
 
Line 7,867: a newline character appears in the middle of a comment line, which forces the 
second half of the comment to appear as erroneous EQ3/6 input.  The newline character must 
be deleted. 
 
Line 12,730: The formula for dolomite is given as “Camg(CO3)2” rather than “CaMg(CO3)2”, 
which causes a data consistency error in PHREEQC.  This must be corrected. 
 
Line 13,091: The formula for huntite is given as “Camg3(CO3)4” rather than “CaMg3(CO3)4”, 
which causes a data consistency error in PHREEQC.  This must be corrected. 
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Line 15,039: The name of the “Soda Niter” species contains a space.  This is not allowed.  The 
species should be renamed “Soda_Niter” (or similar).  It must also be edited in the equilibrium 
formula block on line 15,046. 
 
Line 17,062: The formula for “Ni4CrO4(OH)6” is written as “NiCrO4*3Ni(OH)2”.  The ‘*’ 
character causes a parsing error in PHREEQC.  The ‘*’ should be removed. 
 
Line 19,537:  The name and formula for baddeleyite appear in the wrong order so that 
“baddeleyite” appears as the formula.  PHREEQC cannot use this name to check consistency, 
which causes a PHREEQC parsing error.  The name and formula should be reversed and the 
name (baddeleyite) should appear in the equilibrium reaction block on line 19,545 in place of 
ZrO2. 
 
These edits have been made to the database file data0.ypf.R2.clean.edit.  Each of the edits is 
preceded with a comment starting with “**quintessa**” so that these edits can be found quickly. 
 
 

3. Convert the database to PHREQC format 
 
The tidied and edited database can be converted to PHREEQC format by issuing the command 
 
 PitzerParser.exe [--comments on] data0.ypf.R2.clean.edit 
 
The optional “--comments on” forces the conversion software to copy the comments that were 
present in the EQ3/6 database in to the PHREEQC output database. 
 
The name of the PHREEQC output database file is the same as the input database named but 
with “.dat” appended to the name. 
 

4. Test the converted database in PHREEQC and make any necessary edits 

 
The resulting PHREEQC database file should be tested for PHREEQC compatibility using one 
of the standard PHREEQC example files.  Running any PHREEQC file (with the newly created 
database) will force the database to be parsed and checked for consistency by PHREEQC. 
 
If PHREEQC reports any errors in the new database file, they are most likely to be caused by 
internal inconsistency of the data.  Either the source EQ3/6 database file can be edited and 
then reconverted by performing steps 2 and 3 again, or the newly created database can be 
edited for PHREEQC compatibility.  It is suggested that the former approach is better since it 
results in consistent EQ3/6 and PHREEQC database files. 
 

5. Check the errors in the analytic log K conversion 
 
The conversion process 3 will also result in a file containing the source log K data (in EQ3/6 
“pointwise form”) and the coefficients of the analytical form used in PHREEQC (see section 
3.6.2).  This file will have the same name as the output PHREEQC database, appended with 
“_check”.  The errors in the interpolation of the analytical form at the data points can be 
computed using the AnalyticChecker.exe code.  This computes the errors at the supplied log K 
data points and forms a least squares error.  The code is run as follows: 
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 AnalyticChecker.exe data0.ypf.R2.clean.edit.dat_check 
 
The code will report to the console any species for which the computed least squares error is 
greater than 5%.  As noted in section 3.6.2, this should not be taken to be an indication of 
failure of the conversion process since the error estimate is biased for species whose log K 
values pass through or close to zero.  Instead, the log K data for the list of species reported 
should be investigated by plotting the analytical form (e.g. in a spreadsheet application) and 
comparing with the pointwise log K data. 
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4. CONCLUSIONS 
 
The main purpose of the work described in this report was to convert the “Pitzer” database file 
data0.ypf.R2 (USDOE, 2007) from a format for use with the geochemical modelling code EQ3/6 
version 8.0 (Wolery and Jarek, 2003) to a format  suitable for use with the computer code 
PHREEQC (Parkhurst and Appelo, 1999).  Subsidiary goals were to identify gaps in the 
database and to to determine whether or not there exist any additional thermodynamic data that 
could fill these gaps. 
 
Online literature searches did not find any literature sources that could improve the database.  It 
is expected that absent data genuinely do not exist and that if NWMO wish to obtain them then 
an experimental programme may be required.  In the cases of cement components and 
alteration products of cement, even conventional databases generally lack data. Any additions 
to the database would need to be made with extreme care to avoid adding inconsistencies that 
did not exist in the previous version of the database.  

 
In view of these considerations, the following future actions are recommended: 

 NWMO should determine which (if any) of the absent data are likely to be most 
important in view of its future plans. 

 Based on the existing published literature and the requirements of NWMO, a list of 
possible data to add to the database should be compiled. 

 NWMO should contact the team at Sandia that is developing the database to determine 
whether or not Sandia’s team might be prepared to add these data following its own 
established procedures to maintain internal consistency. 

 If it is decided by NWMO that additional published data should be added and the team 
at Sandia cannot add them at the request of NWMO, then there are two courses of 
action: 

o the data can be added to the database, but without taking steps to ensure 
consistency (this would be a large task); 

o a separate project can be established to add the data, involving a formal 
programme of consistency checking. 

 
Neglecting any requirement to ensure internal consistency, the addition of new mineralogical 
data will be more straightforward than addition of data for aqueous species.  Provided that 
minerals to be added dissolve to give aqueous species that are already represented in the 
database, mineralogical data from conventional databases can be added. 
 
Mineral phases of both Fe(II) and Fe(III) are in the solid phases database of “data0.ypf.R2”.  
Various aqueous species of both Fe

2+
 and Fe

3+
 are also in the database.  However, it is unclear 

whether the assortment has been selected as the most prominent species or whether these 
species are the only ones for which “Pitzer” parameters are available.  The database also has 
log K values for redox reactions (e.g. Fe

3+
 + e

-
 = Fe

2+
) for Fe, Mn, H2 and certain relevant 

radionuclides.  However, it is recommended that the reliability of the underlying model for redox 
reactions that is employed by PHREEQC should be evaluated and confirmed. 
 
To undertake the conversion a specialized computer code has been written.  This code has 
been tested using several problems designed to establish that the converted database, when 
used with PHREEQC, produces similar results to the original database when used with EQ3/6.  
The test results built confidence that the conversion software works properly.  However, it is 
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noted that these test problems were not intended to determine the validity of the underlying 
database or thermodynamic models that are implemented within PHREEQC and EQ3/6.  There 
remains a need in particular to determine the validity of the representation of redox reactions in 
both codes. 
 
The work identified an inconsistency between the polynomial expressions used to represent the 
temperature dependence of Pitzer coefficients in USDOE (2007) and the EQ3/6 v 8.0 manual 
(Wolery and Jarek, 2003).  Test calculations suggest that the latter source is in fact correct and 
consequently the form of the temperature dependence reported there was used in the 
conversion software.  However, before the converted database is used it is recommended that 
the database developers from Sandia are asked to confirm that this is conclusion is correct. 
 
Slightly different aqueous species concentrations are calculated for certain test cases by EQ3 
and PHREEQC using the data0.ypf.R2 database. The relevance of such differences would 
depend upon the certainty required for a given modelling application and may be due, at least in 
part, to differences in the ‘architecture’ of the codes. However, another cause may be 
differences in how aqueous species activities are converted to concentrations (and vice-versa). 
Although both the original EQ3-formatted database and converted PHREEQC-formatted 
database include the same thermodynamic data and Pitzer interaction parameters, for some 
species of interest, Pitzer interaction parameters are missing. It is thought likely that in these 
cases the two codes calculate the activity coefficients using different approaches (the Davies 
equation in the case of PHREEQC and a Debye-Huckel equation in the case of EQ3). Further 
work (which is beyond the scope of this report) would be required to test this hypothesis. 
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APPENDIX A:  GENERAL LITERATURE SEARCH 
 
Literature Database Searches 
 

(1)Science Direct 

Search terms: ‘Pitzer’ (title, abstract or keyword)  

Search Date: 22/05/08 

Number of articles found: 600 

Articles chosen on basis of title/abstract with relevance for geochemical systems 
 
Zuoping Zheng, Guoxiang Zhang, Jiamin Wan 
Reactive transport modeling of column experiments on the evolution of saline–alkaline waste solutions 
Journal of Contaminant Hydrology, Volume 97, Issues 1-2, 4 April 2008, Pages 42-54 
 
Giles M. Marion, Jeffrey S. Kargel, David C. Catling 
Modeling ferrous–ferric iron chemistry with application to martian surface geochemistry 
Geochimica et Cosmochimica Acta, Volume 72, Issue 1, 1 January 2008, Pages 242-266 
 
Frank J. Millero, Denis Pierrot 
The activity coefficients of Fe(III) hydroxide complexes in NaCl and NaClO4 solutions 
Geochimica et Cosmochimica Acta, Volume 71, Issue 20, 15 October 2007, Pages 4825-4833 
 
Nicholas J. Tosca, Alexander Smirnov, Scott M. McLennan 
Application of the Pitzer ion interaction model to isopiestic data for the Fe2(SO4)3–H2SO4–H2O system 
at 298.15 and 323.15 K 
Geochimica et Cosmochimica Acta, Volume 71, Issue 11, 1 June 2007, Pages 2680-2698 
 
Frank Millero, Fen Huang, Taylor Graham, Denis Pierrot 
The dissociation of carbonic acid in NaCl solutions as a function of concentration and temperature 
Geochimica et Cosmochimica Acta, Volume 71, Issue 1, 1 January 2007, Pages 46-55 
 
Dwight K. Gledhill, John W. Morse 
Calcite solubility in Na–Ca–Mg–Cl brines 
Chemical Geology, Volume 233, Issues 3-4, 15 October 2006, Pages 249-256 
 
Hongkun Zhao, Cao Tang, Wenlin Xu, Yaqong Wang, Liuqing Yang Calculation and correlation of the 
Na2SO4–NaCl–H2O2–H2O system at the temperature 288.15 K using the extended Pitzer model. 
Calphad, Volume 29, Issue 2, June 2005, Pages 97-102 
 
 
Frank J. Millero, Denis Pierrot 
The apparent molal heat capacity, enthalpy, and free energy of seawater fit to the Pitzer equations 
Marine Chemistry, Volume 94, Issues 1-4, 1 March 2005, Pages 81-99 
 
Christomir Christov 
Pitzer ion-interaction parameters for Fe(II) and Fe(III) in the quinary {Na + K + Mg + Cl + SO4 + H2O} 
system at T=298.15 K 
The Journal of Chemical Thermodynamics, Volume 36, Issue 3, March 2004, Pages 223-235 
 
Giles M. Marion, David C. Catling, Jeffrey S. Kargel 
Modeling aqueous ferrous iron chemistry at low temperatures with application to Mars 
Geochimica et Cosmochimica Acta, Volume 67, Issue 22, 15 November 2003, Pages 4251-4266 
 
Joseph A. Rard, Ananda M. Wijesinghe 
Conversion of parameters between different variants of Pitzer’s ion-interaction model, both with and 
without ionic strength dependent higher-order terms 
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The Journal of Chemical Thermodynamics, Volume 35, Issue 3, March 2003, Pages 439-473 
 
** Christomir Christov 
Thermodynamic study of the K---Mg---Al---Cl---SO4---H2O system at the temperature 298.15 K 
Calphad, Volume 25, Issue 3, September 2001, Pages 445-454 
 
Giles M Marion 
Carbonate mineral solubility at low temperatures in the Na-K-Mg-Ca-H-Cl-SO4-OH-HCO3-CO3-CO2-H2O 
system 
Geochimica et Cosmochimica Acta, Volume 65, Issue 12, 15 June 2001, Pages 1883-1896 
 
J. Bevan Ott, Juliana Boerio-Goates 
Coefficients for Pitzer's Equations 
Chemical Thermodynamics: Advanced Applications, 2000, Pages 409-427 
 
Erich Königsberger, Lan-Chi Königsberger, Heinz Gamsjäger Low-temperature thermodynamic model for 
the system Na2CO3−MgCO3−CaCO3−H2O 
Geochimica et Cosmochimica Acta, Volume 63, Issues 19-20, October 1999, Pages 3105-3119 
 
** Frank J. Millero, Wensheng Yao, Jennifer Aicher 
The speciation of Fe(II) and Fe(III) in natural waters 
Marine Chemistry, Volume 50, Issues 1-4, August 1995, Pages 21-39 
 
Kevin H. Johannesson, Klaus J. Stetzenbach, Vernon F. Hodge 
Speciation of the rare earth element neodymium in groundwaters of the Nevada Test Site and Yucca 
Mountain and implications for actinide solubility 
Applied Geochemistry, Volume 10, Issue 5, September 1995, Pages 565-572 
 
Koichi Iwamoto, Takayuki Takamatu, Yukiko Nishimura, Yasuo Suzuki 
Mean molal activity coefficients of rare earth halides in aqueous solutions at 25.0 °C 
Journal of Alloys and Compounds, Volume 225, Issues 1-2, 15 July 1995, Pages 271-273 
 
Shiliang He, John W. Morse 
Prediction of halite, gypsum, and anhydrite solubility in natural brines under subsurface conditions 
Computers & Geosciences, Volume 19, Issue 1, January 1993, Pages 1-22 
 
David J. Wesolowski 
Aluminum speciation and equilibria in aqueous solution: I. The solubility of gibbsite in the system Na-K-Cl-
OH-Al(OH)4 from 0 to 100°C 
Geochimica et Cosmochimica Acta, Volume 56, Issue 3, March 1992, Pages 1065-1091 
 
Donald A. Palmer, David J. Wesolowski 
Aluminum speciation and equilibria in aqueous solution: II. The solubility of gibbsite in acidic sodium 
chloride solutions from 30 to 70°C 
Geochimica et Cosmochimica Acta, Volume 56, Issue 3, March 1992, Pages 1093-1111 
 
Simon L. Clegg, Peter Brimblecombe 
The solubility and activity coefficient of oxygen in salt solutions and brines 
Geochimica et Cosmochimica Acta, Volume 54, Issue 12, December 1990, Pages 3315-3328 
 
E. J. Reardon 
An ion interaction model for the determination of chemical equilibria in cement/water systems 
Cement and Concrete Research, Volume 20, Issue 2, March 1990, Pages 175-192 
 
** Roberto T. Pabalan, Kenneth S. Pitzer  
Thermodynamics of NaOH(aq) in hydrothermal solutions 
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Geochimica et Cosmochimica Acta, Volume 51, Issue 4, April 1987, Pages 829-837 
 
Frank. J. Millero, Robert H. Byrne 
Use of Pitzer's equations to determine the media effect on the formation of lead chloro complexes 
Geochimica et Cosmochimica Acta, Volume 48, Issue 5, May 1984, Pages 1145-1150 
 
Frank J. Millero 
The estimation of the pK*HA of acids in seawater using the Pitzer equations 
Geochimica et Cosmochimica Acta, Volume 47, Issue 12, December 1983, Pages 2121-2129 
 
Charles E. Harvie, John H. Weare 
The prediction of mineral solubilities in natural waters: the Na---K---Mg---Ca---Cl---SO4---H2O system 
from zero to high concentration at 25° C 
Geochimica et Cosmochimica Acta, Volume 44, Issue 7, July 1980, Pages 981-997 
 

(2)Science Direct 

Search terms: ‘Pitzer’ (title, abstract or keyword)  

Search Date: 22/05/08 

Number of articles found: 10 

ALL ARTICLES ARE GIVEN 
 
Frank J. Millero, Denis Pierrot 
The activity coefficients of Fe(III) hydroxide complexes in NaCl and NaClO4 solutions 
Geochimica et Cosmochimica Acta, Volume 71, Issue 20, 15 October 2007, Pages 4825-4833 
  
Frank J. Millero, Denis Pierrot 
The apparent molal heat capacity, enthalpy, and free energy of seawater fit to the Pitzer equations 
Marine Chemistry, Volume 94, Issues 1-4, 1 March 2005, Pages 81-99 
  
** M. Altmaier, V. Metz, V. Neck, R. Müller, Th. Fanghänel   
Solid-liquid equilibria of Mg(OH)2(cr) and Mg2(OH)3Cl•4H2O(cr) in the system Mg-Na-H-OH-Cl-H2O at 
25°C. Geochimica et Cosmochimica Acta, Volume 67, Issue 19, 1 October 2003, Pages 3595-3601 
 
Siobhan F. E. Boerlage, Maria D. Kennedy, Ingrida Bremere, Geert Jan Witkamp, Jan Peter Van der 
Hoek, Jan C. Schippers   
The scaling potential of barium sulphate in reverse osmosis systems 
Journal of Membrane Science, Volume 197, Issues 1-2, 15 March 2002, Pages 251-268 
 
 
Anil Kumar  
Aqueous guanidinium salts: Part II. Isopiestic osmotic coefficients of guanidinium sulphate and viscosity 
and surface tension of guanidinium chloride, bromide, acetate, perchlorate and sulphate solutions at 
298.15 K.  
Fluid Phase Equilibria, Volume 180, Issues 1-2, 15 April 2001, Pages 195-204 
Frank Millero 
The activity coefficients of non-electrolytes in seawater 
Marine Chemistry, Volume 70, Issues 1-3, May 2000, Pages 5-22 
  
Frank J. Millero, David J. Hawke 
Ionic interactions of divalent metals in natural waters 
Marine Chemistry, Volume 40, Issues 1-2, November 1992, Pages 19-48 
 
J. Peter Hershey, Tinka Plese, Frank J. Millero 
The pK1* for the dissociation of H2S in various ionic media 
Geochimica et Cosmochimica Acta, Volume 52, Issue 8, August 1988, Pages 2047-2051 
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Frank J. Millero, J. Peter Hershey, Marino Fernandez 
The pK* of TRISH+ in Na-K-Mg-Ca-Cl-SO4 brines—pH scales 
Geochimica et Cosmochimica Acta, Volume 51, Issue 3, March 1987, Pages 707-711 
   
Frank J. Millero   
The estimation of the pK*HA of acids in seawater using the Pitzer equations 
Geochimica et Cosmochimica Acta, Volume 47, Issue 12, December 1983, Pages 2121-2129 
 

 

(3) Google Scholar 

Search term ‘Pitzer coefficients’ 

Search Date: 22/05/08 

Articles chosen on basis of title/abstract with relevance for geochemical systems, articles already 

presented in searches 1 and 2 are not duplicated.  
 
FJ Millero, D Pierrot 
A Chemical Equilibrium Model for Natural Waters 
Aquatic Geochemistry 4: 153–199, © 1998 Kluwer Academic Publishers. 
 
Frank Millero 
The activity coefficients of non-electrolytes in seawater 
Marine Chemistry 
Volume 70, Issues 1-3, May 2000, Pages 5-22 
 
** HR Corti, JJ De Pablo, JM Prausnitz 
Phase Equilibria for Aqueous Systems Containlng Salts and Carbon Dioxide.  
Application of Pitzer's Theory for Electrolyte Solutions 
J. Phys. Chem. 1990, 94, 7876-7880  
 
** M. Altmaier, V. Metz, V. Neck, R. Müller, Th. Fanghänel  
Solid-liquid equilibria of Mg(OH)2(cr) and Mg2(OH)3Cl·4H2O(cr) in the system Mg-Na-H-OH-Cl-H2O at 
25°C 
Geochimica et Cosmochimica Acta 
Volume 67, Issue 19, 1 October 2003, Pages 3595-3601 
 
A. Przepiera1, M. Wisniewski1, W. Dabrowski1 and M. Jablonski1 
Enthalpy of solution and effect of temperature on activity coefficients in MSO4−H2SO4−H2O system 
Journal of Thermal Analysis and Calorimetry 40 (3) 1139-1143 

 

 

Pitzer Data Compilations (cited by Langmuir, 1997).  
 
Pitzer, K.S. (1987) Thermodynamic model for aqueous solutions of liquid-like density. In thermodynamic 
modeling of geological materials: minerals, fluids and melts, ed. I.S.E Carmichael and H.P. Eugster, 
Reviews in Mineralogy 17, pp 47-142. Min. Soc. Am.  
 
Weare, J.H. (1987) Models of mineral solubility in concentrated brines with application to field 
observations. In Thermodynamic modeling of geological materials: minerals, fluids and melts. Reviews in 
mineralogy 17, 143-176.  
 
Plummer, L.N., Parkhurst, D.L., Fleming, G.W. and Dunkle S.A. (1988) A computer program (PHRQPITZ) 
incorporating Pitzer’s equations for calculation of geochemical reactions in brines. US Geological Survey.  
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APPENDIX B:  LITERATURE SEARCH TARGETED AT INTERNATIONAL PROGRAMMES 

 
The following scientific literature databases were searched between 22/05/08 and 29/05/08: 
 

Sciencedirect (www.sciencedirect.com) 
Google Scholar (www.google.com) 

 
Search terms (Science Direct) included: 
 

Pitzer 
WIPP Pitzer/Groundwater/Solute 
 

Search terms (Google Scholar) included:  
 
Pitzer (+/coefficients) 
Pitzer + Grambow/Warnecke/Fanghane//JI Kim/Konnecke/RN Roy/D Rai 

 
Articles that may contain Pitzer coefficients for species of interest were then identified. A thorough 
examination of these references would be required in order to determine their relevance.  

 
 

Results (references marked with * are cited in the ‘data0.ypf.R2’ database; references in italics 

have been published since the publication of the ‘data0.ypf.R2’ database) 
 

*Altmaier, M.,  Metz, V., Neck, V., Müller, R. and Fanghänel, Th. 2003. Solid-liquid equilibria of 
Mg(OH)2(cr) and Mg2(OH)3Cl·4H2O(cr) in the system Mg-Na-H-OH-Cl-H2O at 25°C. Geochimica et 
Cosmochimica Acta 67 (19), 3595-3601.  
 
Boerlage,S.F.E., Kennedy, M.D., Bremere, I.,  Jan Witkamp, G.,  Van der Hoek, J.P., Schippers, J.C. 
2002. The scaling potential of barium sulphate in reverse osmosis systems. Journal of Membrane Science 
197, (1-2), 251-268.  
 
Borkowski, M., Choppin, G.R. and Moore, R.C. 2000. Thermodynamic modeling of metal-ligand 
interactions in high ionic strength NaCl solutions: the Co

2+-
oxalate system. Radiochimica Acta 88, 599. 

 
Borkowski, M.,  Choppin,G.R. and Moore, R.C. 2003. Thermodynamic modeling of metal–ligand 
interactions in high ionic strength NaCl solutions: the Ni

2+
-oxalate system 

Radiochim. Acta  91, 169-172.  
 
Borkowski, MJ., Moore, R.C., Bronikowski, M.G., Chen, J., Pokrovsky O.S., Xia, Y. and Choppin, G.R. 
2001. Thermodynamic modeling of actinide complexation with oxalate at high ionic strength. Journal of 
Radioanalytical and Nuclear Chemistry, 248 (2) 467-471.  
 
Borkowski, M.,

 
Choppin, G.R., Moore, R.C. and Free, S.J. 2000. Thermodynamic modeling of metal-ligand 

interactions in high ionic strength NaCl solutions: the Co
2+

-citrate and Ni
2+

-citrate systems 
Inorganica Chimica Acta  298 (2) 141-145. 
 
*Christov, C. 2001. Thermodynamic study of the K---Mg---Al---Cl---SO4---H2O system at the temperature 
298.15 K. Calphad, 25, 3, 445-454. 
 
Christov, C. 2004. Pitzer ion-interaction parameters for Fe(II) and Fe(III) in the quinary {Na + K + Mg + Cl 
+ SO4 + H2O} system at T=298.15 K. The Journal of Chemical Thermodynamics 36 (3), 223-235. 
 
Choppin, G.R. and Rai, D. 2000. Research program to determine redox reactions and their effects on 
speciation and mobility of plutonium in DOE wastes. US Department of Energy Report DOE/ER/14734; 
Project Number 54893.  

http://www.sciencedirect.com/
http://www.google.com/
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(http://www.osti.gov/energycitations/servlets/purl/775432-gYvbVV/webviewable/775432.PDF) 
 
Choppin, G.R. and Chen, J.F. 1995. Complexation of Am(III) by oxalate in NaClO4 media 
Sandia National Labs SAND--95-2007C; CONF-950946—5 
(http://www.osti.gov/bridge/servlets/purl/102412-nVF0CM/webviewable/102412.pdf) 
 
Clegg,S.L. and Brimblecombe, P. 1990. The solubility and activity coefficient of oxygen in salt solutions 
and brines. Geochimica et Cosmochimica Acta,  54, 3315-3328. 
 
*Corti, H.R.,  De Pablo, J.J., and Prausnitz, J.M. 1990. Phase Equilibria for Aqueous Systems Containlng 
Salts and Carbon Dioxide. Application of Pitzer's Theory for Electrolyte Solutions. Journal of Physical 
Chemistry 94, 7876-7880.   
 
*Fanghänel, Th., Neck, V. and Kim, J.I.  1995. Thermodynamics of neptunium(V) in concentrated salt 
solutions: II. Ion interaction (Pitzer) parameters for Np(V) hydrolysis species and carbonate complexes. 
Radiochimica Acta, 69(1995) S.169-76 (38470).  
 
Fanghänel, Th., Kim, J.I.,  Klenze, R. and Kat, Y. 1995. Formation of Cm(III) chloride complexes in CaCl2 
solutions. Journal of Alloys and Compounds, 225, (1-2), 308-311. 
 
Fanghänel, Th.,  Neck, V. and Kim, J.I. 1996. The ion product of H2O, dissociation constants of H2CO3 
and pitzer parameters in the system Na

+
/H

+
/OH

−
/HCO3

−
/CO3

2-
/ClO4

−
/H2O at 25°C. Journal of Solution 

Chemistry 25, (4), 327-343.  
 
*Fanghänel., Th. and Kim, J.I. 1998. Spectroscopic evaluation of thermodynamics of trivalent actinides in 
brines. Journal of Alloys and Compounds 271-273, 728-737.  
 
Fanghänel, Th., Könnecke,, Th., Weger, H.,  Paviet-Hartmann, P., Neck, V. and Kim, J.I. 1999. 
Thermodynamics of Cm(III) in Concentrated Salt Solutions: Carbonate Complexation in NaCl Solution at 
25°C. Journal of Solution Chemistry, 28, 447-462.  
 
*Felmy, A.R., Rai,D.,  Sterner, S.M., Mason,M.J.,  Hess, N.J.  and Conradson,

 
S.D. 1997. Thermodynamic 

models for highly charged aqueous species: solubility of Th(IV) hydrous oxide in concentrated NaHCO3 
and Na2CO3 solutions. Journal of Solution Chemistry 6 (3), 233-248.  
 
Felmy, A.R., Onishi, L.M.,  Foster, N.S., Rustad, J.R., Rai, D. and  Mason, M.J. 2000. An aqueous 
thermodynamic model for the Pb

2+
–Na

+
–K

+
–Ca

2+
–Mg

2+
–H

+
–Cl

−
–SO4

2−
–H2O system to high concentration: 

application to WIPP brines. Geochimica et Cosmochimica Acta,  64, 3615-3628.  
 
Fukushi, K., Iwamoto, K., Kobayashi, K., and Suzuki, Y. 1994. Mean molal activity coefficients of aqueous 
rare earth bromides at 25°C. Journal of Alloys and Compounds, 207-208, 468-472.  
 
Gledhill, D.K. and Morse, J.W. 2006. Calcite solubility in Na–Ca–Mg–Cl brines. Chemical Geology, 233, 
249-256. 
 
Harvie, C.E. and Weare, J.H. 1980. The prediction of mineral solubilities in natural waters: the Na-K-Mg--
Ca—C

l
-SO4--H2O system from zero to high concentration at 25° C. Geochimica et Cosmochimica Acta, 

44, 981-997.  
 
He, S. and Morse, J.W. 1993. Prediction of halite, gypsum, and anhydrite solubility in natural brines under 
subsurface conditions. Computers & Geosciences, 19, 1-22. 
 
Hershey, J.P., Plese, T., and Millero, F.J. 1988. The pK1* for the dissociation of H2S in various ionic 
media. Geochimica et Cosmochimica Acta, 52, 2047-2051.  
 

http://www.osti.gov/energycitations/servlets/purl/775432-gYvbVV/webviewable/775432.PDF
http://www.osti.gov/bridge/servlets/purl/102412-nVF0CM/webviewable/102412.pdf
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Hobart, D.E., Bruton, C.J., Millero, F.J.,  Chou,I-M., Trauth, K.M. and  Anderson, D.R. 1996. Estimates of 
the solubilities of waste element radionuclides in waste isolation pilot plant brines: a report by the expert 
panel on the source term. Sandia Report 96-0098 
(http://www.osti.gov/bridge/servlets/purl/373829-Hdf1QI/webviewable/373829.PDF) 
 
Hongkun, Z., Tang, C., Xu, W.,  Wang, Y., and Yang, L. 2005. Calculation and correlation of the Na2SO4–
NaCl–H2O2–H2O system at the temperature 288.15 K using the extended Pitzer model. Calphad 29 (2) 
97-102.  
 
Iwamoto, K., Takamatu, T.,  Nishimura, Y. and Suzuki, Y. 1995. Mean molal activity coefficients of rare 
earth halides in aqueous solutions at 25.0 °C. Journal of Alloys and Compounds, 225, 271-273. 
 
Johannesson, K.H., Stetzenbach, K.J. and Hodge, V.F. 1995. Speciation of the rare earth element 
neodymium in groundwaters of the Nevada Test Site and Yucca Mountain and implications for actinide 
solubility. Applied Geochemistry, 10, 565-572. 
 
*Königsberger, E., Königsberger, L-C., Gamsjäger, H., 1999. Low-temperature thermodynamic model for 
the system Na2CO3−MgCO3−CaCO3−H2O. Geochimica et Cosmochimica Acta, 63, 3105-3119. 
 

*Könnecke, Th., Neck, V., FanghÄnel, Th. and Kim, J.I. 1997. Activity coefficients and pitzer parameters in 
the systems Na

+
/Cs

+
/Cl

-
/TcO4-  or ClO4-  /H2O at 25°C Journal of Solution Chemistry, 26, 561-577.  

 
Kumar, A. 2001. Aqueous guanidinium salts: Part II. Isopiestic osmotic coefficients of guanidinium 
sulphate and viscosity and surface tension of guanidinium chloride, bromide, acetate, perchlorate and 
sulphate solutions at 298.15 K. Fluid Phase Equilibria, 180, 195-204.  
 
Marion, G.M. 2001. Carbonate mineral solubility at low temperatures in the Na-K-Mg-Ca-H-Cl-SO4-OH-
HCO3-CO3-CO2-H2O system. Geochimica et Cosmochimica Acta, 65, 1883-1896.  
 
Marion, G.M., Catling, D.C. and Kargel J.S. 2003. Modeling aqueous ferrous iron chemistry at low 
temperatures with application to Mars. Geochimica et Cosmochimica Acta, 67, 4251-4266. 
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