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Comprehensive Understanding of chemical transport in respomhe to fluid _ -  flow and 

diffusion in geologic processes requires thermodynamic and transport properties of a wide 

variety of aqueous species at the temperature and pressure of interest, as well as mass 

transfer computer codes that provide simultaneously for fluid flow, diffusion, dispersion, 

homogeneous chemical reactions, and mineral solubilities. As a result of research carried 

out with support from DOE in prior years of this grant, considerable progress has been 

made in developing computer codes to calculate advective-dispersive-diffusional transport 

at both high and low pressures and temperatures (Lichtner, 1985, 1986, 1988; Lichtner 

processes. Such calculations should lead to improved understanding of these processes and 

facilitate enhanced development and production of energy resources. s % 
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were generated as functions of pressure, temperature, and the density of H20 (Oelkers 

and Helgeson 1990). 
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ons and diffusive mass 

OF TEMPERATURE TO 350 C 

Witherspoon, 1968; Sahores 

and Wakeham, 1974, 1975; Tyn 

equation (Kirkwood and Riseman, 1948) was used to predict the tracer diffusion 





n incorporated into the 

ard partial molal thermo- 

dynamic properties of a large number of aqueous species over wide ranges of pressure and 

temperature. In addition, the SUPCRT code has undergone extensive modification to 

rove its user interface, computational efficiency, and adaptability to diverse hardware 

and operating systems. The current SUPCRT 91 data file contains parameters to compute 

the thermodynamic properties of 135 minerals, 15 gases, and 451 inorganic and organic 

aqueous species at temperatures from 0' to 1OOO' C and pressures from 1 to 5000 bars. 

All of the thermodynamic properties in the SUPCRT 91 data file are internally consistent 

with one another and docu d in the literature. SUPCRT 91 is currently being distri- 

buted worldwide in response to requests from more than 60 scientific laboratories. 

3. ACTIVITY COEFFICIENTS OF NEUTRAL AND CHARG AQUEOUS SPECIES IN 

ssures where the 

ide solutions in 

complexes (Tn) to be a linear function of effective ionic strength ( I ) ,  which is consistent 

with both the Setchefiow (1892) and Hiickel (1925) equations (Helgeson et al. 1981). 
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Accordingly, supercritical c e data for five electrolytes were regressed using the 

Huckel, Setchefiow, sky (1938) equations for the molality scale of concentra- 

tion, together with the law of mass action and values of the limiting equivalent conduc- 

tances of the electrolytes taken from Oelkers and Helgeson (1989) for the temperatures and 

pressures of the experiments to generate simultaneously the logarithms of dissociation con- 

stants (log K1) and Setchefiow coe ts ( b7,J for the neutral 1: 1 complexes. The result- 

ing values of log Kl  are in close nt with corresponding values originally reported 

by Marshall and coworkers. Ho regression calculations also indicate that b,,,, 

and thus the activity coefficient species in concentrated electrolyte solutions 

increase dramatically with increasing te ecreasing pressure, which opposes 

the effect on ion pair formation of the acc ase in log Kl .  This contrasting 

b7,m for NaCl are plotted as a 

species calculations using the 

ut provision for the formation of 

Equations to compute the activity coefficient of NaCl consistent with the revised HKF 

(Helgeson, Kirkham, and Flowers, 1981) equations of state for the standard partial molal 



and Helgeson, 1988; Shock and 

on, 1988; Shock et 91) were also developed with support from DOE 

1990). The requisite equation of state 

mental heat capacity, volume, 

t calculation of 

O C and pressures from 1 to 5000 bars. 

The equations and parameters can be used together with the geochemical approximation 

(Helgeson et al., 1981) and the effective electrostatic radii of ions (Shock et al., 1991) to 

predict the activity coefficients of a wide variety of aqueous species in NaC1-dominated 

hydrothermal solutions at high pressures and 

4. TRIPLE ION FORMATION IN SUPERCRITICAL AQUEOUS SOLUTIONS OF SIN- 

GLE ELECTROLYTES 

The thermodynamic behav 

significant role in various industrial and 

mineral solubilities, solvent owth, and the formation of 



logarithms of the calculated second stepwise dissociation constants (log K2) for 14 alkali 

etal halide triple ions typically decrease at 500 bars from -0.0 at 400' to - -3.0 at 700' 

C, but they increase with increasing pressure. This behavior is illustrated in Fig. 4, where 

ulations indicate that triple ions may 

cal aqueous electrolyte solutions at 

tures and low pressures where many geochemical processes occur. Furthermore, by anal- 

ogy with the behavior of electrolytes in low dielectric constant solvents at low temperatures 
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openhafer and Kraus, 1951; Young and Kraus, 

(Gillan, 1983; Pitzer and 

s, higher order complexes 

quentially pre 

tions of single ele oncentration in concentrated supercritic 

ALTERATION ZONES 

for describing advective and diffusional tran- 

sport of chemically r latively small 

quence, with a few not- 

appellen, 1990, Dewers 

quantitative description 

During FYs 88-91, a diffusional analog of Lichtner’s quasi-stationary state approach 

was used to generate a computer code called NEWCRANK to compute diffusional mass 

transfer accompanying kinetically controlled homogeneous and heterogeneous reactions 



rical algorithm incorpo 

onent electrolyte solution 

1968; Rose and Burt, 1979). T 

1990), Shock et al (1989, 1991), and S sky et al., (1991), together with rate con- 

the generation, evolution, and 

function of time and distance 

of hydrothermal ns with minerals in the system Na20-K20-A120,-Si02-HCl-~0 

0" C and 1 kb. A schematic illustration of the finite difference grid used to compute 

the growth of the hydrothermal alteration zones in this system is shown in Fig. 6. The 



olume percent quartz, 23 per- 

th a fissure fluid of constant 

was assumed to be a 1 molal 

and quartz at the flui 

at the Butte prophyry copper deposit 

ginal aluminosilicate 

equilibrium with the hydrothermal fluid, but local equilibrium was assumed to prevail 

k and the fissure fluid described above 

te + quartz adjoining the 

lase + quartz zone next to 

minerals in the system after 15,400 years of elapsed time are depicted in Fig. 8. Again in 



CE REACTIONS IN 

these phenomena, numerous attempts have been made to analyze the effects of diffusional 



where it can be seen that each consists of a reactive mineral surface at one side of the sys- 

alogous calculations that took 

concentration gradients may 

as a first approximation to be controlled by local equilibrium. The dissolution of albite in 
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this system led to sequential precipitation of gibbsite, kaolinite, pyrophillite and clinop- 

tinolite. The timing of appearance and the relative abundances of these secondary minerals 

were computed with provision for diffusional concentration gradients using the 

NEWCRANK computer code. The results are depicted in Fig. 11. The logarithm of the 

number of moles of secondary phases (cm of reactive surface area)-' at the reactive inter- 

face is plotted in this figure as a func of the logarithm of time. The results of a 

corresponding calculation carried out without provision for diffusional concentration gra- 

dients is depicted in Fig. 12. Comparison of Figs. 11 and 12 reveals the contribution by 

diffusional concentration gradients to the time of ap arance and relative abundances of the 

various secondary phases. It can be seen that gibbsite first precipitates after -2 hours, 

reaching a maximum abundance of 10-g*8 moles cmm2 after -7 days in the coupled 

dissolution/surface react calculation. In contrast, the calculations carried out assuming a 

2 
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Figure Captions 

Fig. 1. Aqueous tracer diffusion coefficients for methanol depicted as a function of tem- 

perature at PsAT The symbols represent experimental data reported in the literature, 

but the curve represents a fit of these data to the modified Arrhenius equation 

developed by Oelkers and Helgeson (1988b). 

Fig. 2. Predicted tracer diffusion coefficients for n-alkanes as a function of temperature at 

The labels on the curves represent the number of moles of carbon atoms in one 'SAT 

mole of the n-alkanes. 

Fig. 3. Logarithms of the dissociation constants (A) and SetchCnow coefficients (B) of 

NaClO as a function of pressure at constant temperature (labeled in "C). Except 

where otherwise noted, the symbols correspond to values generated by Oelkers and 

Helgeson (1991) from conductance data reported in the literature (see text). The 

curves represent smooth interpolation and extrapolation of the values represented by 

the symbols. 

+ Fig. 4. Logarithm of the dissociation constant for NaC12- and Na2Cl (log KNa2ci+ = log 

KNac12-) as a function of temperature at constant pressure computed from equations 

given by Oelkers and Helgeson (1 

Degree of formation ( 

solutions as a function o 

, and triple ions in NaCl 

NaCl at 700' C and 2 

stants and Setchhow 

fficients for the ionic 

curves were gener 

coefficients depicted in 

Fig. 6. Schematic illustration of the spatial model and finite difference grid used to com- 

pute the growth rate of hydrothermal alteration zones (see text). 



- 28 - 

Fig. 7. Positions of the hydrothermal alteration zone boundaries as a function of time in the 

computer experiment described in the text. 

Fig. 8. Distribution of secondary minerals as a function of distance from the fluid-filled 

fissure depicted in Fig. 6 after 15,400 years of elapsed time (see text). 

Fig. 9. Solution pH and the molalities of Na', K', and A l ( 0 H ) i  in the pore fluid as a 

function of distance from the fluid-filled fissure shown in Fig. 6 after 15,400 years of 

elapsed time (see text). 

Fig. 10. Schematic representation of one-dimensional zero-flux boundary models. 

A. Pore model: Symmetrical opposite boundaries of the pore consist of the same reac- 



- 29 - 

fluid within the porous rock ta be homogeneous (i.e. no diffusional concentration gra- 

dients are present) using the EQ3/6 computer code (Wollery, 1986 -- see text). 
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