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ABSTRACT

Recent modifications to the EQ3/6 geochemical modeling software
package* [1-3] provide for the use of Pitzer's [4] equations to calculate
the activity coefficients of aqueous species and the activity of water.
These changes extend the range of solute concentrations over which the
codes can be used to dependably calculate eguilibria jn geochemical
systems, and permit the inclusion of ion pairs, complexes, and
undissociated acids and bases as explicit component species in tne Pitzer
model, Comparisons of calculations made by the EQ3NR and EQ6 computer
codes witnh experimental data canfir? that the modifications not only allow
the codes to accurately evaluate activity coefficients in concentrated
solstions, but also permit prediction of solubiiity 1imits of evaporite
minerals in hrinaes at 25°C and elevated temperatures. Calculaticns for a
few salts can be made at temoeratures up to ~300°C, but tne
temyeritars rang2 for most electrolytes is constrained by the availability
of raquisite data to values <100°C. The implementation of Pitzer's
equations in £Q3/6 allows application of these codes to problems involving
calzulation of geochemical equilibria in brines; such as evaluation of the
chesical environnent which might be antizipated for nuclear waste
canisters located in a salt repository.

INTRIDJCTION

Atcurate evaluation of activity coefficients is necessary in order to
relat2 the thermodynanic activities of electrolyte species used in
geochemnical calculations to their corresponding concentrations. Becadse
many naturally occurring agqueous solutions have ionic strengtns ton hign
to wmodel with the simple or extended Debye-Hickel equations commonly used
to calculate activity coefficients in dilute solutions 75,67, it is
necessary to appeal to a more saphisticated method for their evaluation.
Pitzer's [4, 7-12] algorithms for calculating the activity of water and
activity coefficients of aqueous species have been used previously by
Harvie and co-warkers [13-16] to accurately model geochemical processes
involving brines and evaporite minerals. This set of equations ang

*The £Q3/6 software package is conprised of a Family of conputer codes and
supporting data bases designed for calculation of the equilibrium
distribution of species in an aqueous solution and to model the
interaction of this fluid with mineral phases, a gas phase, or another
aqueous solution. The EQ3NR and EQ6 codes are the central features of
this software package. EQ3NR performs aqueous speciation and solubility
catculations [6], and EQ6 models reaction paths for aqueous geochemical
systems [2].



supporting data have been incorporated into the EQ3/6 geochemical
modeling software package [1,3] and greatly extend the range of ionic
strengths over which activity coefficients can be calculated accurately
by EQ3NR and EQ6. Cansequently, these cades can now be used to model i
geochemical processes which they were previously unabie to accurately
describe owing to the high ionic strengths of the solutions involved.
For example, in order to calculate the concentrations of the major
dissolved species in equilibrium with evaporite deposits or to reproduce
experimentally determined solubilities of such highly soluble mineral
phases as halite and svlvite, it is necessary to evaluate activity
coefficients in solutions with ionic strengths as high as ~6

[17-19]. The test runs outlined below not only document the ability of
EQ3/6 to approximate the activity coefficients of solute species and the
activity of water in high ijonic strength solutions, but also illustrate
sample solubility calculations for various evaporite minerals.
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Versions of the EQ3NR and EQ6 codes described in this paper represent
the first publicly available set of computer programs for geochemical
modeling which incorporate a fully general capability for using Pitzer's
equations to calculate activity coefficients.

Osmotic Coefficient and Activity Coefficient Calculations

Previously published [3] comparisons of the results of sample EQ3/6
celculations illustrate that the codes reproduce experimentally
determined osmotic coefficient* and mean mola) activity coefficient data,
and serve to assure that the coding is in accordance with the formulation
of these parameters as represented by Pitzer [4,7]. Secondly, agreement
between values computed by EQ3/6 and experimental data for the activity
coefficients of solutes in multicomponent systems and for the solubiliiy
of solids in mixed electrolytes ensures the validity of extending these
calculations into mc~e complex compositional systems.

To illustrate the first point, values of the mean molal activity
coefficients (y:) fcr agueous solutiors of MgSOg and Al1C13
calculated by EQ3/6 using Pitzer's [7] interaction parameters are plotted
as a function of molality together with experimentally determined values
of y+ in figure la and 1b. For both electrolytes, the agreement
between experimental and calculated values is quite good throughout the
range of avaitable data. Similar agreement between calculations and
measurements can be illustrated for the osmotic coefficient data [3].

*Tne osmotic coefficient (») is related to the activity of water (a,)
by the expression

@ = -(w/Im) 1n ay

where w is the number of moles of water in one kg of pure solvent

(w= 55.51) and Em represents the sum of the molalities of solute
species. In high ionic strength solutions the activity of water may
differ substantially from unity and must be explicitly included in mass
action expressions in order to accurately describe chemical equilibrium
relationships. ‘
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Because the activity coefficient behavior of MgS0y is notoriously
difficult to model [20] due to iis apparent large deviation from the
Debye-Hiickel 1imiting law even at low concentrations, the excellent fit
to the data provided by Pitzer's equations as calculated by EQ3NR is
particularly worth noting.

In addition, it should be noted that activity coefficient values
calcutated by EQ3/6 using the recently added algorithms represent a
significant improvement over the capability of previous versions of the
codes which were limited to the use of an extended form of the
Debye-Hiickel equation (the B-dot equation [5]). The B-dot equation is
intended to be used only for estimating ys: in relatively dilute
solutions, however, and is not 1ikely to dependably model y, at
high jonic strengths [5,6]. The deviation of activity coefficient values
calculated by the B-dot equation from experimental values at moderate
concentrations is illustrated by the dashed curve in Fiqure 1-b. 1In
fact, in some cases, this ec.ation predicts values which diverge from the
data even in quite dilute solutions.
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Mean molal activity coefficients {y:) of MgSO, (a)

and A1C15 (b) at 25°C as functions of molality. The

solid curves represent values calculated by £Q3/6, and the
symhols represent experimental data [271,26]. The dashed
curve represents values calculated by £Q3/6 using the B-dot
equation (see text).

Figure

Pitzer's equations can also be used to accurately predict activity
coefficients in more complicated compositional systems. For example,
mean molal activity coefficients of HC1 (y+_Hci) in the quaternary
system HC1-NaC1-KC1-Hp0 have been measured Using the electromotive
force method [24]. Representative data from this work together with
values calculated by EQ3NR are listed in Table 1. As shown in this
table, the maximum difference between the experimental and calculated
1og v+ values is 7.2x}0‘4, which represents less than about 0.5%



of the associated experimental value. In most cases the agreement is
considerably petter than this limit. Similarly accurate approximations
of y+ for HC1 can be demonstrated for the system HC1-NH4C1-KC1-Hp0

[3], and are implicitly illustrated for other solutes by the fit of
calculated solubility limits to experimental data discussed below.

Table 1. Mean mplal activity coefficients of HC1 at 25°C in the guaternary
system HC1-NaC1-KC1-Hp0. Values of log y#,HC1 in this
table are separated into two columns which represent experimental
data [24] and values calculated using EQ3/6. Tne column labeled
4 log y+ represents the absolute value of the differences
between the experimental and calculated values [3].

MHC1 MNaCl mKCl 109 v+ HQ) b 10g vy
experimental calculated
0.79956 0.05011 0.75033 -0.10145 -0.10114 0.00031
0.59972 0.10007 0.30021 -0.11245 -0.11192 0.00053
0.29979 0.17505 0.52516 -0.12819 -0.12792 0.00027
0.09977 0.22506 0.67517 -0.13865 -0.13846 0.00019
0.05000 0.23750 0.71250 -0.14135 -0.14106 0.00029
0.01000 0.24750 0.74520 -0.14314 -0.14315 0.00001
0.79992 0.10004 0.10304 -0.09969 -0.09957 0.00012
0.59913 0.20043 0.20043 -0.10894 -0.10887 0.00007
0.30035 0.34983 0.24983 -0.12279 -0.12254 0.00025
0.10062 0.44969 0.44969 -0.13229 -0.13157 0.00072
0.05000 0.47500 0.47500 -0,13443 -0.13384 0.00062
0.01000 0.49500 0.49500 -0.13604 -0.13553 0.00041

The capability of EQ3/6 to calculate the thermodynamic properties of
a brine at elevated temperatures and to model the interaction of such a
solution with evaporite minerals is demanstrated by the following
example. Results of EQ6 runs defining the solubility limits as a
function of composition in the ternary system NaCl-KC1-H20 at 40°C are
shown in figure 2. The solid curves in this figure represent the
computed equilibrium solubility limits of halite and sylivite as
indicated, whereas the dashed portions of the curves represent metastable
extensions.

Recently [13] Pitzer's equations have been used to quantitatively
describe equilibrium solubilities of evaporite minerals in concentrated
solutions in an eight component system (Nap0, K20, Mg0, Ca0, COp, HpSOs,
HCI, HoD). Harvie et al. [13] also include a compilation of
thermogynamic data for mineral pnases in this system and a set of
interaction parameters for Pitzer's equations which explicitly includes
several ion pairs and_ agueous complexes (i.e. MgOH*, HCO3,

H507, CaCO03, and MgCOE. When these parameters are inserted

into the appropriate £Q3/6 data files, resulting solubility calculations
parallel the impressively accurate results of Harvie et al. [13]. An
example of EQ3/6 calculations using this data set is shown in figure 3
where the computed and measured solubility of qypsum (CaS04-2H20) is
plotted as a function of dissolved NaCl. As can be seen from this figure,
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Figure 2. Solubility limits of halite and sylvite in the system

NaC1-KCi-HoQ at 40°C. Experimentally determined
solubilities [23] are represented by filled circles.
Values calculated by EQ6 are represented by the solid
CUrves.

the calculated values (represented by the curve)} closely approximate the
experimental determinations (designated by the symbols) over a wide range
of solution compositions. Even at concentrations of NaCl approaching
halite (NaCl) saturation, the deviation of the curve from the data is
relatively minaor.

Examples of EQ3/6 applications for which the brine modifications
described above are necessary include modeling the composition of aqueous
solutions which might be anticipated in the near-field environment of a
nuclear waste canister in a salt repository or the formation of both
marine and non-marine evaporite deposits.
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