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ABSTRACT 

The activities of aqueous entities in fluids from active hydrothermal sys

tems can provide detailed fluid-mineral equilibria information. Numerical integra

tion of the equations describing homogeneous equilibria as a function of tempera

ture and pressure is the best way to determine ion activities at elevated pressure

temperature conditions. Activities of most cations decrease with increasing tem

perature, but the activity of the hydrogen ion may either increase or decrease. The 

dominant control over changes in ion activity ratios as temperature and' pressure 

increase is the evolution of H+. Changes in the activity of the hydrogen ion depend 

on equil1brium constants for reactions that produce or consume H+, the measured 

pH, and the concentration of elements such as chlorine and sulfur in the fluid. pH 

and ion to hydrogen activity ratios calculated at elevated temperatures display a 

wide range of behavior; they may be sensitive to the initial pH, insensitive to the 

initial pH, or a unique function of the initial pH. When pH is sensitive to the initial 

pH, uncertainties in the fluids composition are magnified at high temperature and 

pressure and quantitative information regarding fluid-mineral equilibria cannot be 

retrieved from the fluid. Although changes in activity ratios for a given fluid may 

be insensitive to the initial pH, fluid composition must be precisely determined 

for fluids where activity ratios are independent of temperature and pressure to 

precisely determine the temperature at which a given assemblage equilibrates. 

Activity ratios in acid sulfate-chloride solutions are a strong function of 

temperature and pressure and are sensitive to the initial fluid composition. There

fore, quantitative information cannot be obtained from these fluids. Activity ratios 

computed for mid-ocean ridge hydrothermal vent fluids and alkali chloride solu

tions are not sensitive to the initial pH, and can provide quantitative information 
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regarding subsurface fluid-mineral equilibria. Analysis of mid-ocean ridge fluids in 

the H2S04-H2S-FeO-H20-HCI system suggests these fluids are only slightly under

saturated with anhydrite at vent conditions. Heatin"g these fluids will move them 

into the magnetite stability field, while cooling moves them into the pyrite and 

pyrrhotite stability fields. 

I 

I 

1 

J 
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CHAPTER 1 

INTRODUCTION 

High temperature fluids are routinely sampled from active hydrothermal 

systems in both continental (e.g., Ellis, 1967; Helgeson, 1967; White et al., 1971; 

Ellis and Mahon, 1977; Arnorsson, 1978; Arnorsson et al., 1978) and oceanic set

tings (Edmond et al., 1979a,b; 1982; Von Damm et al., 1985; Von Damm and 

Bischoff, 1987; Bowers et al., 1988; Campbell et al., 1988b). The compositions of 

these samples can provide detailed information regarding mineral phases in equilib

rium with the fluid at depth when analytical data are converted to ionic activities 

and plotted on equilibrium activity diagrams at the appropriate state conditions 

(e.g., Browne and Ellis, 1970; Giggenbach, 1981; Bird and Norton, 1981; Capuano 

and Cole, 1982; Cavarretta et al., 1982; Arnorsson et al., 1983; Reed and Spycher, 

1984; Ragnarsdottir et al., 1984; Bowers et al., 1988). 

A popular and convenient set of variables used to map a fluid-bearing sys

tem's thermodynamic components onto activity diagrams are ion to hydrogen ac

tivity ratios, defined by 

(aH+)Zj 
(1.1) 

where aj and Zj represent the activity and charge, respectively, of the jth ion and 

aH+ represents the hydrogen ion's activity (Helgeson, 1970; Bowers et al., 1984). 

Ion to hydrogen ion activity ratios at ambient conditions can be considerably 

different from those computed at elevated pressure and temperature conditions; 

the activities of most charged species decrease with increasing temperature (e.g., 
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Quist and Marshall, 1968; Helgeson, 1969; Frank, 1982), but aH+ may either 

increase or decrease. 

The utility of information gained from plotting fluid compositions of activity 

diagrams at elevated state conditions depends on the quality of thermodynamic 

data for mineral phases and aqueous species, the accuracy of the numerical method 

used to calculate high temperature ion activity ratios, and the sensitivity of these 

calculations to temperature, pressure and initial fluid composition. 

Thermodynamic properties of aqueous species can be estimated over a large 

range of pressure-temperature conditions (Johnson et al., in press), including those 

near the H20 critical region, owing to recent improvements in the equation of state 

for H20 (Levelt Sengers et al., 1983; Haar et al., 1984; Johnson and Norton, 1991) 

and aqueous species (Tanger a.nd Helgeson, 1988; Shock and Helgeson, 1988; Shock 

et al., 1989). Large temperature and pressure derivatives are present in the ther

modynamic properties of aqueous species, and lead to the well known dependence 

of homogeneous equilibria on temperature and pressure near the critical region. 

Several methods have been proposed to estimate the activity of ionic species 

at elevated conditions using available thermodynamic data. These include esti

mates based on eqUilibrium with a given mineral assemblage (e.g., Beane and 

Titley, 1981; Bird and Norton, 1981) and numerical calculations of homogeneous 

equilibrium within the fluid (e.g., Merino, 1975; Reed and Spycher, 1984; Henley, 

1984; Arnorsson et al., 1981; Bowers et aI., 1988). 1Iany available numerical spe

ciation models fail to work over the entire pressure-temperature range where ther

modynamic data is available (see Mangold and Tsang, 1991). Speciation models 

that use equilibrium constants retrieved from tables at specified temperature and 

pressure conditions, such as the popular EQ3/6 software package (Wolery, 1979; 

1983) are inappropriate near the critical region because of the large, non-linear 
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temperature and pressure derivatives present in the thermodynamic properties of 

aqueous species. 

The sensitivity of speciation calculations to initial fluid composition is not 

commonly addressed. This is, however, an important issue because of the inability 

to obtain pristine fluid samples and analytical errors in laboratory analyses. If 

initial errors in ion to hydrogen ion activity ratios are magnified as temperature 

and pressure increase, very little quantitative information regarding fluid-mineral 

equilibria in the subsurface can be obtained from fluid samples. 

The purpose of the present communication is to present an appropriate nu

merical method for calculating homogeneous equilibria at state conditions where 

the thermodynamic properties of aqueous species are highly non-linear as a func

tion of temperature and pressure, and to use this method to determine the sensi

tivity of homogeneous equilibrium to temperature, pressure and initial fluid com

position for different types of fluids as state conditions approach the H20-critical 

region. This analysis will demonstrate how much useful geochemical information 

can be extracted from samples representative of active hydrothermal fluids. 
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CHAPTER 2 

CALCULATION OF HOMOGENEOUS EQUILIBRIA 

Equilibrium activities of aqueous species can be computed for a fluid of 

known composition by solving matter and energy balance equations if the appro

priate thermodynamic data are available. Because calculations of homogeneous 

equilibria require thermodynamic properties and activity coefficients for aqueous 

species, a brief discussion of the equation of state used to retrieve thermodynamic 

properties of species and the method used to estimate activity coefficients will be 

discussed prior to presenting the computational methods developed to compute 

homogeneous equilibria as a part of this study. 

Summary of the Equation of State for Aqueous Species 

The revised HKF equation of state, formulated by Helgeson and co-workers 

(Helgeson and Kirkham, 1974a,b; Helgeson and Kirkham, 1976; Helgeson et al., 

1981; Tanger and Helgeson, 1988; Shock and Helgeson, 1988; Shock et al., 1989), 

was used to estimate thermodynamic properties of aqueous species in this study 

because it is based on theoretical principles (discussed below), and can thus be 

used to extrapolate existing data over a large range of temperature and pressure 

conditions (Johnson et al., in press). 

Conventional standard state partial molal thermodynamic properties of 

aqueous species calculated from the revised HKF equation use a standard state 

convention of unit activity for the aqueous solute in a hypothetical 1 molal so

lution referenced to infinite dilution at the temperature and pressure of interest. 
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All conventional thermodynamic properties of aqueous species are relative to the 

properties of the hydrogen ion. The solvent standard state is that of unit activity 

for the pure solvent at the temperature and pressure of interest (eg. Helgeson and 

Kirkham, 1976). 

The revised HKF model is based on the assumption that the thermodynamic 

properties of an aqueous species can be represented by an intrinsic contribution, 

a function only of the properties of a given species, and an electrostriction term, 

which describes interactions between the species and solvent (e.g., HeJ?ler, 1957; 

Noyes, 1964; Glueckauf, 1965; Pankhurst, 1969; Helgeson and Kirkham, 1976). 

The electrostriction term is divided into a contribution arising from structural 

collapse of the solvent around the species and a solvation contribution resulting 

from orientation of H20 dipoles around charged or polar molecules. The intrinsic 

and collapse contributions are combined and represented by a non-solvation term'. 

According to this formalism, the conventional standard state partial molal Gibbs 

free energy of the ph species, Gj, is 

(2.1 ) 

where V:,i is the non-solvation contribution and G;J is the solvation contribution 

(Helgson and Kirkham, 1976; Tanger and Helgeson, 1988). 

The solvation contribution to the conventional relative partial molal Gibbs 

free energy of an aqueous species are calculated using the Born equation (Born, 

1920; Bjerrum, 1929), which describes the change in Gibbs free energy as an ion is 

transferred from a vacuum to a dielectric medium. Helgeson and Kirkham (1976) 

,have discussed the applicability of this equation to ionic species in fluids. The 

Born equation is 

(2.2) 
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where e represents the solvent's dielectric and Wj represents the conventional Born 

coefficient for the jth species, which, for bare ions, is defined by 

Z~ obll 
W, = 'Tl--"- - Z· wH+ Jr. J 

eo1 
(2.3) 

where Zj represents the charge of the jth bare ion, r eJ represents the effective 

electrostatic radius of the j'h bare ion, wif~ is the absolute Born coefficient of the 

hydrogen ion, and 'Tl = 1.66027 X 105 cal/mole. Conventional Born coefficients for 

other species are calculated using correlation equations summarized in Shock et 

al. (1989). 

The non-solvation contribution to the conventional standard state partial 

molal thermodynamic properties of aqueous species are computed from equations 

formulated by regressing heat capacity and volume data for aqueous species (Helge

son and Kirkham, 1976; Tanger and Helgeson, 1988). The intrinsic part of the 

non-solvation contribution is assumed to be independent of temperature and pres

sure (Helgeson and Kirkham, 1976), while the collapse terms are proportional to 

functions of temperature 

and pressure 

1 
f(T) = T- e 

1 
f(P) = w+P 

(2.4) 

(2.5) 

where e and Ware solute dependent parameters having values of 228 K and 

2600 bars, respectively, for H20 (Tanger and Helgeson, 1988). The exact equa

tions used to compute the solvation and non-solvation contributions to standard 

state thermodynamic properties of aqueous species as a function of temperature 

and pressure can be found in Tanger and Helgeson (1988); the equation used to 
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calculate the conventional standard state relative partial molal Gibbs free energy 

at any temperature and pressure is also reproduced in Appendix A. 

Although the revised HKF equation of state is based on theoretical princi

ples that describe the interactions between charged and/or polar aqueous species 

and H20, these theories do not incorporate recent advances in the understanding 

of critical behavior (e.g., Stanley, 1971; Wilson, 1983). For this reason, the revised 

HKF cannot be used to extrapolate thermodynamic data to state conditions imme

diately adjacent to the H20 critical point. Johnson et al. (in press) have suggested 

that the equations used to estimate thermodynamic properties are unreliable at 

temperatures above 350°C for pressures below 500 bars and at densities less than 

0.35 gm/cm3• Although this precludes using the revised HKF equation of state to 

predict ion activities at and immediately adjacent to the critical point, reasonable 

estimates of the thermodynamic properties of aqueous species can be made using 

the revised HKF equation of state at state conditions approaching the near critical 

region, within the pressure-temperature limits described above (E. Shock, personal 

communication) . 

Evaluation of the revised HKF equation of state reveals that the solvation 

contribution to G; is constant at temperatures below ::::: 250-300°C and has in

creasingly larger temperature and pressure derivatives and stronger curvB:ture as 

state conditions approach the critical region. The non-solvation contribution to 

G;, however, is an approximately linear function of temperature and essentially 

independent of pressure. It is important to note that the value of the solvation 

contribution for a given species is sensitive to the conventional Born coefficient 

at elevated state conditions, implying that this parameter must be precisely de

termined to make reasonable estimates of the thermodynamic properties of that 
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species at conditions near the critical region. This is especially true for neutral 

and negative species. 

Activity Coefficients 

The Debye-Hiickel equation, as modified by Helgeson et al. (1981), can be 

used to compute activity coefficients for aqueous species as a function of temper

ature and pressure ionic strengths as high as '" 6 molal (Helgeson et al., 1981). 

Although more elaborate theoretical models and empirical equations exist (e.g., 

Mayer, 1950; Pitzer, 1977), their use is not justified because the improvement in 

log 1'j is small while computational time increases drastically. 

Activity coefficients were calculated using the simple Debye-Hiickel equa-

tion, 

10g1'j = (2.6) 

where Ar and Br are Debye-Hiickel parameters, Zj is the charge, I is the true ionic 

strength, a is an ion size parameter, and r r accounts for the conversion from mole 

fraction to molarity. Values of Ar and Br , which are functions of the solvent's 

density and dielectric, are computed from the equations summarized in Helgeson 

and Kirkham (1974b), a is assumed to be the distance of closest approach for 

NaClaq (3.78 A), and I is computed from the molality of all charged species in 

the fluid. Extended terms were excluded because they improve log1'j by only a 

few percent for the fluid compositions examined in this study. The absolute value 

of extended terms decreases as temperature and pressure approach the critical 

region, where the true ionic strength decreases, and thus become less important at 

elevated state conditions. 



~1 

Methods 

The numerical method used to solve the mass and energy balance equations 

that describe homogeneous equilibria must insure that 

1. mass and energy balance are maintained as a function of temperature and 

pressure, and 

2. the algorithm used to retrieve equilibrium constants accounts for the large, 

non-linear temperature and pressure derivatives present in the thermody

namic data for aqueous species near the critical region. 

Existing numerical methods, reviewed by Mangold and Tsang (1991), often 

fail to meet the above criteria. For example, computations of homogeneous equi

libria at elevated temperature-pressure conditions near the solvent's critical regioll 

in which the molality of a charged species, such as H+, is adjusted to maintain 

charge balance (e.g., Bowers et al., 1988) violate the first requirement. The use 

of equilibrium constants retrieved from tables (e.g., Wolery, 1979; 1983) violates 

the second. Consequently, methods similar to these provide reliable results only at 

temperatures below R:: 250-300DC, where thermodynamic data for aqueous species 

are approximately linear as a function of temperature and pressure. 

Numerical solution of the differential equations that describe homogeneous 

equilibria as a function of temperature and pressure (Helgeson et aI., 1970) from 

the conditions where the laboratory analysis was completed to the pressure and 

temperature of interest is a theoretically sound approach that meets both of the 

above criteria. Initial conditions required for integration are determined by com

puting the activity of all species at the state conditions of the chemical analysis. 
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We have developed an algorithm that solves the differential equations repre

senting homogeneous equilibria along any pressure-temperature path. The initial 

activities of all species are first computed at the state conditions where the analysis 

was completed by iteratively solving the non-linear mass and energy conservation 

equations. The differential change in the activities of each species are then com

puted for small pressure-temperature increments along the desired path by solving 

the linear differential equations describing the change in chemical energy as a func

tion of temperature and pressure. 

Initial Conditions 

Homogeneous equilibria is computed at the initial conditions by represent

ing the activity of each species by an independent equation. The non-linear set of 

equations derived from conservation of mass for each element, the law of mass ac

tion, and the requirement that electrical neutrality is maintained form the requisite 

number of equations and uniquely define the eqUilibrium activities of all species. 

These equations are summarized in Appendix B. 

To facilitate solution of the equations, the species in the fluid are divided 

into basis and non-basis species. A basis species is chosen to represent 1) oxidation

reduction reactions and 2) each element in the system. All other species are called 

non-basis species. The conservation of mass expression for each element represents 

the activity of the basis species for that element and the charge balance equation 

represents the activity of the oxidation-reduction basis species. The activity of 

each non-basis species is represented by the mass action expression for a reaction 

among that non-basis species and basis species. 

The solution to the above equations can be obtained using established nu

merical techniques. A Newton-Raphson technique (van Zeggeren and Storey, 1970) 
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was selected for this study because it rapidly converges to a unique solution (Knight 

and Norton, unpublished). This is an iterative method in which the molality of 

a single element, called the charge balance element, is set by the calculations to 

maintain charge balance. The charge balance element is selected because relatively 

large analytical uncertainties are present in its measured abundance and a charged 

species containing that element is abundant in the fluid. Na and Cl are common 

choices for the charge balance element because of the abundance of Na+ and CI- in 

low temperature fluids and uncertainties in the measured abundance of l':Ja and Cl. 

Initial activities of all species are computed by first setting the molality of 

each basis species, with the exception of the basis species representing the charge 

balance element, to the molality of the element they represent. The molality of 

the charge balance basis species is adjusted to achieve electrical neutrality. The 

molalities of non-basis species are set to zero, activity coefficients are set to unity, 

aJld QH+ aJld QOII- are calculated from the measured pH. The activity of each 

species is determined by iterating the following steps until errors in mass balance, 

charge balance, aJld chemical equilibrium fall below pre-defined limits (Knight and 

Norton, unpublished): 

1. The activities of non-basis species are calculated from the activities of basis 

species from the law of mass action, 

2. The molality of basis species are calculated from the molalities of non-basis 

species determined in the previous step to maintain mass conservation, 

3. Activity coefficients are calculated based on the ionic strength using the 

Debye-Hiickel equation, and 

4. The molality of the charge balance basis species is re-adjusted. 
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This method works well at low temperatures, where aqueous species are pre

dominantly charged, because the molality of one element is adjusted to maintain 

electrical neutrality. However, charge balance calculations in solutions composed 

dominantly of neutral species are numerically unstable. This instability arises be

cause calculation of the relatively large molalities of neutral species are dependent 

on the smaller molality of the charge balance species. Because the activity of more 

abundant species are calculated from the activity of the charge balance species, 

similar instabilities result when the charge balance ion is present in relatively small 

quantities. 

Solution of Differential Equations 

Once the initial activities of all aqueous species are known, the first order 

differential equations representing homogeneous equilibria as a function of tem

perature and pressure can be solved to yield the activities of all species along 

any pressure-temperature path. These equations include temperature and pres

sure derivatives of the mass balance, charge balance, and mass action equations. 

They have been previously discussed by Helgeson et al. (1970), and are reviewed 

in Appendix B. 

Numerical integration of the differential equations representing mass bal

ance, charge balance, and mass action is accomplished using the predictor-corrector 

method of Gear (1971), which utilizes an Adams-Bashforth predictor equation and 

an Adanls-Moulton corrector formula and internally computes up to 8 terms of a 

Taylor series to integrate ordinary differential equations. The step size has been 

optimized for the solution of a similar problem (Norton, unpublished), and error 
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limits have been set to accurately monitor pH without introducing numerical insta

bilities. Numerical stability of the solution also requires that all elements be rep

resented by the most abundant species containing that element. Therefore, basis 

species are changed, when necessary, along the path. Water properties and ther

modynamic properties of aqueous species are retrieved at each internally computed 

pressure-temperature point along the path using the routines H2092 (Johnson and 

Norton, 1991), and SUPCRT92 (Johnson et al., in press). Unless otherwise noted, 

all thermodynamic properties of aqueous species and mineral phases used in this 

study were calculated using the database accompanying the SUPCRT92 software 

package (Johnson et al., in press). 

Verification 

The algorithm was tested to insure numerical errors caused by integration 

of the equations were small. The testing procedure consisted of predicting homo

geneous equilibria for hypothetical fluid compositions along a closed path starting 

at 1 bar, 25°C and going first to 250 bar, 350°C, and then 350 bar, 300°C, before 

returning to 1 bar, 25°C. This path was chosen because 

1. it is a closed path, permitting direct comparison of results at the beginning 

and end, 

2. it approached conditions near the critical region, where the thermodynanlic 

data have large temperature and pressure derivatives, and 

3. heating and cooling occurred along different paths. 
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Fluid compositions chosen for the tests have major element compositions similar 

to mid-ocean ridge fluids (e.g., Bowers et aI., 1988). However, the initial pH and 

oxidation state of sulfur-bearing species varied for the tests. Numerical errors were 

monitored by comparing the initial and final molalities of all species in the fluid 

and in the total molality of each element along the path. 

Results of these tests suggest that errors in the computed molality of each 

species are generally < 5%. Results for 4 fluids are shown in 'fable 1. The molality 

of selected species, pH, and ion to hydrogen activity ,ratios at initial and final 

conditions and percentage error between the two is shown. With the exception of 

mH+ in pswtr7 (14% error), errors in the molality of a species are < 4%. Errors 

in pH are < 1 %, while errors in 10glO of ion activity ratios are < 2%. 

The 14% error in mH+ in fluid pswtr7 deserves further comment. This fluid 

has a neutral pH, so aH+ ~ aOIl-. Because the basis ion for hydrogen is restricted 

to either H+ or OH- , relatively large errors occur when neither dominates. If aJI+ 

» aOH-, H+ is the basis ion and errors in mll+ < 0.5%. At higher pH's, where 

OH- is the basis ion, correspondingly low errors are found. 

Maximum errors in the total molality of any element are < 10% at any point 

along the path. Table 2 shows the results for fluid pswtr4 at 1 bar, 25°C (initial 

conditions), at 250 bar, 350°C, at 350 bar, 300°C, and at the final conditions (1 bar, 

25°C), as well as the errors at each step. Errors are largest at elevated temperatures 

and pressures, where no single species contains a large percent of a given element. 

Errors decrease at lower temperatures, where bare cations dominate. 

Numerical errors in the molality of elements and individual species at el

evated temperature and pressure conditions are within acceptable limits, given 

uncertainties in the thermodynamic data and analytical errors in reported fluid 

, compositions. 
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pcltr4C pswtr4b 

Initial Final Change Initial Final Change 
pH 4.000 3.992 0.20% 4.000 3.999 0.03% 

mH+ 0.0001603 0.0001625 0.14% 0.0001603 0.0001597 0.37% 
mCl- 0.4861 0.4881 0.41% 0.4861 0.4818 0.88% 

mCcH 0.02452 0.02403 2.00% 0.02452 0.02494 1.68% 
mPe+2 0.001896 0.001895 0.05% 0.001896 0.001910 0.74% 
mJ(+ 0.02981 0.02984 0.10% 0.02981 0.02952 0.97% 
mNa+ 0.4028 0.4034 0.15% 0.4028 0.3959 1.71% 

log(~) 5.601 5.576 0.45% 5.601 5.608 0.12% 
aH+ 

log(¥) 4.489 4.473 0.36% 4.489 4.492 0.07% 
all+ 

10 (a«+) 2.272 2.264 0.35% 2.272 2.267 0.22% g aH+ 
log(:~o: ) 3.402 3.395 0.21% 3.402 3.395 0.21% 

pswtr7b pswsm4c 

Initial Final Change Initial Final Change 
pH 7.000 7.067 0.96% 4.000 4.001 0.03% 

mH+ 1.598e-07 1.364e-07 14.64% 0.0001605 0.0001598 0.44% 
mCl- 0.4859 0.4749 2.40% 0.4856 0.4835 0.43% 
mCaH 0.02453 0.02542 3.63% 0.02384 0.02399 0.63% 

m'PeH 0.001897 0.001931 1.79% 0.001899 0.001915 0.84% 
mJ(+ 0.02982 0.02918 2.15% 0.02949 0.02923 0.88% 
mNa+ 0.4089 0.3958 3.20% 0.4223 0.4170 1.26% 

log(~) 11.60 11.75 1.29% 5.578 5.586 0.14% aH+ 
log(¥) 10.49 10.63 1.33% 4.480 4.488 0.18% 

aH+ 
log(~) 5.271 5.330 1.12% 2.264 2.262 0.09% aH+ 
log( :,,"A: ) 6.408 6.463 0.86% 3.420 3.417 0.09% 

Table 1: Comparison of pH, of species and ion to hydrogen ion activity ratios 
at initial and final conditions. aSulfur present as sulfide, bSulfur present as sul
fide, formation of HCI suppressed, cSulfur presend as sulfate, formation of HCI 
suppressed. 
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pswtr4 
1,25 250,350 Change 350,300 Change 1,25 Change 

mba 0.0250 0.02291 8.36% 0.02405 3.80% 0.02499 0.04% 
m? s 0.0100 0.01001 0.13% 0.010017 0.17% 0.0100003 0.003% 

T m Fe 0.00200 0.001883 5.83% 0.0019156 4.22% 0.0020501 2.51% 

m'k 0.0300 0.02993 0.23% 0.02932 2.27% 0.020501 0.99% 
T 0.500 0.49034 1.93% 0.48306 3.39% 0.49549 0.90% mOl 
T 0.416 0.41040 1.32% 0.3995 3.97% 0.40963 1.53% mNa -

Table 2: Comparison of the total molality of elements at selected points along the 
path. 
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CHAPTER 3 

DEPENDENCE OF HOMOGENEOUS EQUILIBRIA ON FLUID 

COMPOSITION 

29 

The activities of aqueous species in a given fluid are dependent on tem

perature, pressure and fluid composition. Activities of rock forming cations, such 

as Mg+2 and N a +, decrease with increasing temperature irrespective of fl.uid com

position. However, the activity of the hydrogen ion, an+, may either increase 

or decrease and is strongly dependent on fluid composition. Such changes in ion 

activities suggest that ion to hydrogen ion activity ratios, used to plot fluid com

positions on activity diagrams, can differ considerably between ambient conditions 

and the conditions from which hydrothermal fluids originate. 

The activity of the hydrogen ion, usually reported as pH, exerts the dom

inant control over changes in cation to hydrogen activity ratios with temperature 

and pressure. Because changes in pH are dependent on and often sensitive to fluid 

composition, it is important to evaluate how pH changes in fluids with different 

compositions. A qualitative discussion of the factors that influence changes in pH 

as temperature and pressure increase will be presented first. This will be followed 

by a quantitative evaluation of changes in pH, ion activities, and ion to hydrogen 

activity ratios for fluids with different compositions. 
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Factors controlling pH as a Function of Temperature and Pressure 

Changes in a fluid's pH as temperature and pressure increase depend on 

1. the magnitude, slope and curvature of equilibrium constants for dissociation 

reactions that produce or consume H+, 

2. the initial, or measured, pH, and 

3. the total molality of elements such as chlorine and sulfur in the fluid. 

There are also intervals of initial pH in which the pH calculated at elevated tem

perature and pressure conditions is sensitive to the initial pH. 

Equilibrium Constants 

Equilibrium constants for common dissociation reactions involving H+ are 

shown in Figure 1 as a function of temperature and pressure along a lineal' pressure

temperature path from ambient (1 bar, 25°C) to near critical (250 bar, 350°C) 

conditions. With the exception of the equilibrium constant for the H20 dissociation 

reaction, equilibrium constants for dissociation reactions decrease as temperature 

and pressure increase from ambient to near critical. Because the magnitude and 

form of equilibrium constants for each reaction is distinct, changes in all+ arising 

from dissociation of a particular species are unique. 

The equilibrium constant for the H804" dissociation reaction decreases by 

five orders of magnitude (Figure 1), largely because of the increase in the solva

tion contribution to the Gibbs free energy of 804"2. This reaction can lead to 

large increases in pH with increasing temperature and pressure. The equilibrium 

constant for the sulfide dissociation reaction first increases and then decreases as 

temperature and pressure approach near critical conditions. However, the overall 
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Figure 1: Equilibrium constants as a function of temperature and pressure 
for selected dissociation reactions involving H+. (a) HCI ~ H+ + Cl-, 
(b) Fe(OH)+ ~ Fe+2 +OH-, (c) HSO'i ~ SO'i2 +H+, (d) H2S ~ H++HS-, 
(e) H20 ~ H+ + OH-. 
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change between 1 bar, 25°C and 250 bar, 350°C is only about 1.5 log units (Fig

ure 1). Therefore, pH will increase by a smaller amount in response to the H 2S(aq) 

dissociation reaction as temperature and pressure increase. 

Reactions involving hydroxides, such as the dissociation of Fe(OH)+ are 

important in basic solutions. The equilibrium constant for this reaction, shown 

in Figure 1, decreases slightly as temperature and pressure increase. This has the 

effect of decreasing the magnitude of pH increases that would otherwise occur in 

basic fluids. 

Computation of the equilibrium constant for the HCl(aq) dissociation re

action requires thermodynamic properties of HCI(aq), which are not included in 

the SUPCRT92 database. Sverjensky et al. (1991) estimated reference state prop

erties for HCl(aq) based on alkali feldspar-mica-aluminosilicate equilibria in the 

K20-NR20-A1203-Si02-H20-HCI system. According to these estimates, the con

ventional Born coefficient for HCI(aq) is -0.70 x 105. The absolute value of this 

number is almost twice that of other inorganic neutral species (Johnson et al., in 

press). The large size of the conventional Born coefficient has the effect of decreas

ing the conventional standard state partial molal Gibbs free energy of HCl(aq) in a 

non-linear fashion as temperature increases near the critical region. This, in turn, 

leads to the rapid, non-linear decrease in the equilibrium constant for the HCI(aq) 

dissociation reaction at temperatures above ~ 300°C, shown in Figure 1. 

The extreme non-linearities computed from the data proposed by Sverjen

sky et al. (1991) are not supported by experimental data of Frantz and Marshall 

(1984). Evaluation of Frantz and Marshall's (1984) data suggests that the con

ventional Born coefficient proposed by Sverjensky et al. (1991) is too large, and 

the increase in pH predicted using this data is larger than that which actually 

occurs. In spite of this caveat, Sverjensky et al.'s (1991) data for HCI(aq) was used 
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in this study because it is the best currently available that is internally consistent 

with other species in the SUPCRT92 database. Use of this data will result in the 

prediction of pH values that are quantitatively incorrect at state conditions near 

the critical region, where the solvation contribution becomes important, but will 

not compromise the qualitative conclusions reached in this study. 

Initial pH 

Dissociation reactions can change pH only when the amount of H+ produced 

or consumed is of the same order of magnitude as the amount of H+ in the fluid. 

For example, if mIl+ = 10-3, adding 10-10 moles of H+ from a dissociation reaction 

will not effectively change pH. However, if mH+ = 10-9, adding the same amount 

of H+ will decrease the pH. For this reason, the change in pH as a function of 

temperature and pressure is generally larger for basic and near neutral fluids than 

extremely acidic fluids. 

Changes in pH are sensitive to the initial pH over specified pH intervals ancl 

insensitive over others. The sensitivity of pH calculated at elevated pressures and 

temperatures to the initial pH fall into three general categories, shown in Figure 2: 

1. The difference between the pH at any pressure and temperature and the 

initial pH is independent of the initial pH. 

When pH is plotted as a function of temperature and pressure, curves over 

an interval of initial pH values are parallel (Curves B in Figure 2), and the 

uncertainty in the pH at any pressure and temperature is approximately 

equal to the analytical uncertainties in the initial pH. 
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A 

Temperature or Pressure 

Figure 2: Three types of behavior exhibited by pH as a function of temperature 
and pressure for different initial values of pH. The upper group of curves, labeled 
A, exhibit divergent behavior, where pH diverges from a small initial range, the 
middle group of curves (B) exhibit changes in pH that are independent of the 
initial pH, and the lower curves (C) exhibit convergent behavior. 
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2. pH at elevated temperature and pressure conditions is independent of the 

initial pH. 

A large range of measured pH values converge to a single value at elevated 

temperatures and pressures (Curves C in Figure 2). Analytical errors in the 

measured pH have no effect on pH predicted at elevated temperature and 

pressure. 

3. pH at elevated pressure and temperature conditions is sensitive to the initial 

pH. 

A small range of initial pH values diverge as temperature and pressure in

crease (Curves A in Figure 2). Small analytical errors in the measured pH 

are magnified at elevated temperature and pressure conditions. 

The first situation arises when a single dissociation reaction controls varia

tions in pH over the entire range of initial pH values. When multiple dissociation 

reaction change all+ or OH- replaces H+ as the basis ion for hydrogen, pH will 

converge or diverge from its initial range as pressure and temperature increase. 

Total Molality of Elements 

The total molality of elements, such as chlorine and sulfur, having species 

that dissociate to produce or consume H+ also effect pH as temperature and pres

sure increase. However, because pH measures 10glO aH+, the total molality of these 

elements must change on the order of a factor of 10 to effect pH by a measurable 

amount. 
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Quantitative Evaluation of Changes in pH 

Numerical experiments designed to quantitatively predict the pH of fluids 

containing species that dissociate to produce or consume H+ were conducted to 

1. quantitatively determine changes in pH as a function of temperature and 

pressure in response to dissociation reactions involving HCI(aq), H2S(aq), HS04" 

and Fe(OH)+ from ambient to near critical conditions, and 

2. define the interval of initial pH values for a given fluid composition where the 

pH computed at elevated pressure and temperature is sensitive to the initial 

pH. 

pH was quantitatively evaluated as a function of temperature and pressure 

by computing the activity of each species in fluids containing Na, CI, Ca, K, Fe 

and S along a linear path from 1 bar, 25°C to 250 bar, 350°C. The molality of 

major elements in these fluids resemble mid-ocean ridge hydrothermal fluids, and 

was held essentially constant with the exception of initial pH and molality of the 

charge balance element (Na) for all experiments to facilitate comparison of the 

results. Changes in pH occurring in response to the H20 dissociation reaction will 

be discussed first. These results will form a baseline to compare changes in pH oc

curring in response to H2S(aq), HS04", HCI(aq) and Fe(OH)+ dissociation reactions. 

Table 3 summarizes fluid composition and species present for each experiment. 

H20 Dissociation 

Changes in pH were computed for a series of fluid compositions having a 

range of initial pH (pHi) values between 1 and 11 in which H20 dissociation was the 

only reaction producing or consuming H+. The fluid (Fluid A, Table 3) contains 0.5 
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Fluid A Fluid B Fluid C Fluid D Fluid E Fluid F 
CI 0.500 0.500 0.500 0.500 0.500 0.500 
Ca 0.225 0.025 0.025 0.025 0.025 
Fe 0.006 0.002 0.002 0.002 0.002 
K 0.030 0.030 0.030 0.030 0.030 
Si 0.019 0.020 0.020 0.020 0.020 

H2S 0.010 0.010 
H2SO4 0.010 0.010 
species 

H+ J J J J J J 
OH- J J J J J J 
NaT J J J J J J 
CI J J J J ..; J 

NaCIaq J ..; J J ..; J 
HCI(aq) ..; ..; J 

CaH ..; J J ..; J 
CaCI"I- ..; -J J ..; J 

CaCl2,aq ..; J J ..; J 
CaS04,aq J J 

FeH ..; J J J J 
Fe(OH)+ ..; J J J J 

FeCIT ..; J J ..; J 
FeCh,aq ..; J J ..; J 

K+ J J J ..; J 
K(OH) ..; J ..; ..; J 

KCI ..; J J J J 
Si02,aq ..; J J J ..; 
H2S(aq) J J 

HS J J 
HS04 J J 
S04·~ J J 

Table 3: Fluid compositions for Fluids A, B, C, D, E and F. Na set by charge 
balance for individual fluid. 
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molal CI and the amount of Na required for electrical neutrality to assure activity 

coefficients are similar to those computed in later experiments. Results, shown in 

Figure 1, reveal that the magnitude, slope and curvature of pH as a function of 

temperature and pressure are independent of the initial pH when pHi < 5 or pHi 

> 8. pH increases slightly upon heating when pHi < 5, and first decreases and 

then increases when pHi > 8. When 5 < pHi < 8, pH converges to a narrow range 

of values. 

pH remains essentially constant when aH+ ~ OOH-, or pHi < 5, because 

equal amounts of H+ and OH- are produced/consumed as the equilibrium con

stant for the H20 dissociation reaction changes. The small increase « 0.3 units; 

Region I in Figure 3)) in pH occurs because activity coefficients for ionic species 

decrease with temperature. \\Then aOIl- ~ a/l+, or pHi> 8 (Region III, Figure 3), 

QO//- remains essentially constant and the change in pH is virtually identical to 

the change in log J( for the reaction. pH decreases non-linearly in Region III, 

reaching a minimum 2.8 units below its initial value at 250°C. As temperature and 

pressure continue to increase, pH increases slightly. \\Then 5 < pHi < 8, (Region 

II, Figure 3), pH converges to a narrow range of values close to 6 at 250 bar, 350°C 

for all initial pH values. This range of initial pH values represents the transit.ion 

from H+ dominated fluids at low pHs and OH- dominated fluids at higher pHs, 

where 10glOal/+ ~ 10glOaOH-. 

HCI(aq) and Fe(OH)+ Dissociation 

The HCI(aq) dissociation reaction causes larger increases in pH than H20 

dissociation in acidic fluids (pHi ~ 5), while dissociation of Fe(OH)+ mitigates the 

increase in pH in basic fluids (pHi ~ 9). These dissociation reactions were inves

tigated by predicting speciation changes in Fluid B (Table 3), which contains 0.5 
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Figure 3: pH as a function of temperature and pressure for Fluid A, in which 
the H20 dissociation reaction (H20 ~ H+ + OH-) accounts for all consump
tion/production of H+. The labels I, II and III refer to regions discussed ill the 
text. 
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molar CI with Na, Ca, K and Fe. As in the previous experiment, fluid composition 

was held constant with the exception of pHi, which varied between 1 and 11, and 

the molality of Na, which was varied to maintain charge balance for different initial 

pH values. 

'\Then pHi < 5 (Region I in Figure 4) or pHi> 8 (Region III), the difference 

between the initial pH and pH at any temperature and pressure is independent 

of the measured pH. \Vhen 5 < pHi < 8 (Region II), pH values predicted as the 

fluid is heated converge to a single value of::::: 6. Fiegion II, which represents the 

transition from acidic fluids controlled by dissociation of HCI(aq) to basic fluids 

controlled by dissociation of H20 and hydroxide species, covers a larger range of 

initial pH values than predicted for dissociation of H20. 

'Vhen pHi < 5, pH increases by 0.9 units between 1 bar, 2GoC and 250 bar. 

350°C (Figure 4). At temperatures below 250°C, HCI(aq) remains dissociate and 

pH is uneffected by the presence of HCI(aq) (Figure 5). At higher temperatures, the 

large, non-linear increase in pH is caused by the increasing association of HCI(aq). 

pH decreases with temperature and pressure, reaching a minimum 2.1 units 

below the initial value at about 275°C, when pHi> 9 (region III). A slight increase 

(0.1 units) in pH occurs with continued heating to 350°C. Changes in pH are 

qualitatively similar to those caused by the dissociation of H20. However, pH at 

250 bar, 350°C is 0.4 units lower than when H20 dissociation acts alone (Figure 5), 

indicating removal of OH- due to the formation of Fe( OH)+. 

Decreasing the molality of chlorine lessens the effect of the HCl(aq) disso

ciation reaction on pH in acidic fluids. For example, calculation of pH in a fluid 

with a composition identical to Fluid B, except that the total molality of elements 

were decreased by a factor of ten, leads to a total change in pH of only 0.5 units 

when 1 < pHi < 5. 
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Figure 4: pH as a function of temperature and pressure for Fluid B, in which both 
the H20 (H20 ~ H+ + OH-) and HCl(aq) (HClaq ~ H+ + Cl-) dissociation 
reactions produce/consume H+. 
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Figure 5: Comparison of pH changes in Fluid A (dashed line) and Fluid B (solid 
line). 
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H 2S(aq) and HS04" Dissociation 

Variations in pH caused by the H2S(aq) dissociation reaction were investi

gated for a fluid containing 0.01 molar H2S (Fluid C, Table 3). The difference 

between the initial pH and the pH at elevated temperature and pressure conditions 

is independent of the measured pH in 3 regions (Figure 6): 

1. pHi < 4 (region I in Figure 6). 

pH is identical to that calculated for the H20 dissociation reaction (Figure 7). 

The H 2S(aq) dissociation reaction cannot change pH because aH2S » aHS

and aH+ » aHS-. 

2. 4.5 < pHi < 7 (Region III). 

The H2S(aq) dissociation reaction controls pH in this region because aH2S > 

aOH- and aHS- > aH+. Changes in pH mirror changes in logKH2s as pH 

increases by 1.1 units between 1 bar, 25°C and 250 bar, 350°C (Figure 6). 

Decreasing the molality of H2S(aq) by a factor of 10 (mH2s = 0.001) shrinks 

the range of measured pHs where H2S(aq) dissociation controls pH to 5.5 < 

pHi < 6 and pH increases by only 0.7 pH units. Increasing the molality of 

sulfide by a factor of 10 (mH2S = 0.1) has the opposite effect; pH increases 

by 1.2 units when 3.5 < pHi < 8. 

3. pHi> 10 (Region V). 

pH is identical to that calculated for the H20 dissociation reaction (Figure 7). 

The H2S(aq) dissociation reaction does not effect pH because aHS- » aH2S 

and aOH- » aHS-' 
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Figure 6: pH as a function of temperature and pressure for Fluid C, in which both 
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reactions produce/consume H+. 
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Figure 7: Comparison of pH changes predicted for fluid A (dashed line) and Fluid 
C (solid line). . 
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The difference between the initial and final pH is dependent on the measured 

pH in the regions representing the transition from fluids where H20 dissociation 

controls pH to those controlled by H 2S(aq) dissociation: 

1. 4.0 < pHi < 4.5 (Region II, Figure 6). 

an+ ~ aHS-, and pH diverges as temperature and pressure increase. 

2. 7 < pHi < 10 (Region IV, Figure 6). 

loglOal/2S ~ 10glOaOl/-, and pH converges to ~ 8.5 at elevated temperature 

and pressures. 

The dissociation of HCI(aq) effects pH in sulfide-bearing fluids only in acidic 

fluids where the H2S(aq) dissociation reaction is unimportant. Once al/S- » a//+, 

HCI(aq) dissociation has no effect on pH changes. This is illustrated in (Figure 8) 

for a fluid containing 0.01 molar H2S(aq) (Fluid E, Table 3). 

Changes in pH as a function of temperature and pressure for the dissociation 

. of H SO"4 were investigated for a fluid containing 0.01 molar H2S04 (Fluid D in 

Table 3). Results are qualitatively similar to those obtained for dissociation of 

H2S(aq); there are 3 regions where the difference between the initial and final pH is 

independent of the measured pH separated by 2 where changes in pH are a strong 

function of the measured pH. 

Changes in pH are independent of the measured pH when 

In extremely acidic fluids, dissociation of HS04' is unable to change pH 

because aH+ » aso-2. 
4 
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Figure 8: Comparison of pH changes in Fluid C, in which formation of HCI(aq) 
is suppressed, and Fluid E, in which HCI(aq) is permitted to form. With this 
exception, fluid compositions are identical. 
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Figure 9: pH as a function of temperature and pressure for Fluid D, in which both 
the H20 (H20 ;= H+ + OH-) and HS04" (HS04";= H++S04"2) dissociation 
reactions produce/consume H+. 
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Figure 10: Comparison of pH changes predicted for fluid A (dashed line) and 
Fluid D (solid line). 
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2. 2.5 < pHi < 4. 

HS04" dissociation controls pH when aso;2 ~ aR+ and aRso; ~ aOR-. In 

a fluid containing 0.01 molar H2S04,aq, this occurs when 2.5 < pHi < 4 8l1d 

causes pH to increase by 2.7 units. Increasing the molality of H2S04,aq by 

a factor of 10 to 0.1 molar increases the pH range to 1.5 < pHi < 5, while 

decreasing the total sulfur to decreases the affected pH range. 

3. pHi> 10. 

'When pHi> 10, the HS04" dissociation reaction has little effect on pH be

cause 10gloaoR- » 10glOaHSO-' • 
The difference between the initial and final pH strongly depends on the 

initial pH in two tr811sitional regions; 

1. 1 < pHi < 2.5 

pH diverges at elevated temperatures and pressures. 

pH converges to ~ 7. 

The HCl(aq) dissociation reaction effects pH in sulfate-bearing fluids only 

when pHi < 2 (Figure 11). 

Activities of Rock Forming Cations 

With the exception of aH+, changes in the activity of cations as a func

tion of temperature 8lld pressure are relatively independent of fluid composition. 

The activity of bare cations, such as Ca+2 and Fe+2, decrease as temperature 
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Figure 11: Comparison of pH changes in Fluid D, in which fomlation of HC~(9) 
is suppressed, and Fluid F, in which HC~CUJ) is pemlitted to form. \\7ith this 
e.xception, fluid compositions are identical. 



52 

and pressure increase while the activity of complexed species containing these el

ements (e.g., CaCI+, caSO-t,Gql FeCh,Gql Fe(OH)+) increases (e.g., Quist and Mar

shall, 1968; Helgeson, 1969; Frank, 1982). Although t.he anions that form com

ple.xed species with cations may change with fluid composition, experiment.s con

ducted as part of this research indicate that t.he rate at which t.he activity of bare 

cations decreases is not strongly dependent on fluid composition. Figure 12 shows 

the relative molalities of calcium and iron-bearing species for compositionally dis

tinct fluids as temperat.ure and pressure increase from 1 bar, 25°C to 250 bar, 

350°C. The molality of bare ions remains relatively constaut below;:::: 100 -150°C, 

and decreases in a non-linear fashion as the molality of comple.xed species increases 

at higher temperatures and pressures. This behavior is similar for other elements 

that exist as predominantly bare cat.ions at. ambient. conditions. 

Ion to Hydrogen Activity Ratios 

Because t.he decrease in the activity of cat.ions representing rock forming 

elements (e.g., N a +, Ca +2) is essentially independent of fluid composition 8l1d the 

identity of the cation: 

1. the slope and curvature of activity ratios as a function of temperature and 

pressure will be controlled by pH. Act.ivity ratios computed as a function of 

temperat.ure and pressure are thus qualitatively similar to pH for the same 

fluid,8l1d 

(a) t.he difference between activity ratios at any temperat.ure and pressure 

and t.he initial activit.y rat.io are independent of the init.ial pH in regions 

where pH is independent of pHi (Curves B in Figure 2), 

. -~ 



53 

Pressure (bars) 

0.0020 0 50 100 150 200 250 
(a) Iron 

0.0018 

0.0016 

0.0014 FeCl. 

>. 0.0012 
~ .... 0.0010 ... 
III ... 

0.0008 0 s 
0.0006 

0.0004 

~ 0.0002 Fe •• 
FeC12 

0 
Fe(OH). 

0 50 100 150 200 250 300 350 
Temperature (C) 

Pressure (bars) 

0.025 50 100 150 200 250 
(b) Calcium 

0.020 

>. 0.015 
~ CaC12 .... ... ., ... 

0.010 0 e 

0.005 CaCl. 
CaS04 
Ca++ 

0 
0 50 100 150 200 250 300 350 

Temperature (e) 

Figure 12: Molality of (a) iron and (b) calcium bearing species in compositionally 
distinct fluids as a function of temperature and pressure. Solid and dashed lines 
represent different fluid compositions. 
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(b) activity ratios are insensitive to the initial activity ratio and converge 

at elevated temperatures and pressures for the range of pHi values that 

cause pH to converge (Curves A in Figure 2), and 

(c) activity ratios are sensitive to initial activity ratios and diverge at ele

vated temperatures and pressures when pH diverges (Curves C in Fig

ure 2), and 

2. changes in aCa+2/a~+, aFt+2/a~+, aK+/aH+ and aNa+/aH+ as a function of 

temperature and pressure are similar for fluids of a given composition, al

though the magnitude of increase or decrease depends on the cation's charge. 

Activity ratios generally decrease slightly in acidic fluids (pHi < 2) and 

decrease by several orders of magnitude in very basic fluids (pHi> 10). '\Then the 

pH measured at 25°C falls between these limits, activity ratios can either increase 

or decrease depending on acids and bases present in the fluid. 

Figure 13 shows the results for an HCI(aq)-bearing fluid (Fluid B). "'hen 

pHi> 8 (Region III), activity ratios decrease by 3 orders of magnitude for singly 

charged cations and by more that 7 orders for doubly charged cations. Activ

ity ratios are essentially constant as temperature and pressure increase when pHi 

< 5 (Region I), increasing slightly only at temperature greater that 30Qoe. Ac

tivity ratios in near neutral solutions (6 < pHi < 8) converge to a single value as 

temperature and pressure increase. 

In sulfide-bearing fluids (Fluid C; Figure 14), activity ratios decrease by 

2 orders of magnitude for doubly charged cations when pHi < 4. Singly charged 

cation activity ratios decrease by 1 order of magnitude in this region. Activity 

ratios diverge from their initial values at elevated temperatures and pressures when 

4 < pHi < 4.5. When pHi is between 4.5 and 7 (Region III), activity ratios first 
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Figure 13: Activity ratios as a function of temperature and pressure for a fluid 
containing HCl(aq) (Fluid B). pHi = 1 for the bottom curve and increases by in
crements of 1 to a maximum of 11 moving up the diagram. 
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decrease and then increase with temperature and pressure. Activity ratios for a 

given cation converge to a single value when 8 < pHi < 10. 

Activity ratios in a fluid containing sulfate (fluid D) are shown in Figure 15. 

Activity ratios diverge when 2 < pHi < 2.5, and increase by several orders of 

magnitude when 2.5 < pHi < 5. Activity ratios converge to a single value at 

elevated temperatures and pressures when 5 < pHi < 9, and decrease at higher 

pHi'S. 
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Figure 15: Activity ratios as a function of temperature and pressure for a fluid 
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ments of 1 to a maximum of 11 moving up the diagram. The dashed line represents 
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CHAPTER 4 

APPLICATIONS TO NATURAL FLUIDS 

Activity Ratios in Hydrothermal Fluids 

Techniques described in the previous sections can be used to estimate how 

ion to hydrogen activity ratios change as a function of temperature and pressure for 

different fluid compositions recognized in active hydrothermal systems. If fluids in 

hydrothermal systems equilibrate with subsurface mineral assemblages and their 

composition remains unchanged until they are sampled, the state conditions at 

which the mineral assemblage equilibrated with the fluid can be estimated by 

comparing ion to hydrogen activity ratios computed for the fluid with the same 

activity ratios in equilibrium with the mineral assemblage. The precision of this 

estimation depends on the uncertainty of the fluid's computed activity ratios and 

the relative temperature/pressure derivatives of activity ratios for both the fluid 

and mineral assemblage. Figure 16a illustrates how small errors in activity ratios 

computed for the fluid lead to large uncertainties in the temperature alld pressure 

at which the mineral assemblage equilibrated when the slopes of the intersecting 

curves are small. Large uncertainties also occur when activity ratios have large 

temperature and pressure derivatives, but are sensitive to initial fluid composition 

(Figure 16b). When activity ratios in eqUilibrium with a given mineral assemblage 

have high temperature and pressure derivatives and the activity ratios in the fluid 

are sensitive to temperature and/or pressure but independent of fluid composition, 
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uncertainties in the state conditions at which equilibration occurs will be small 

(Figure 16c). 

Ion to hydrogen ion activity ratios were computed as a function of temper

ature and pressure for end-member mineral assemblages (using a standard state 

where the activity of mineral phases is unity for pure phases at the temperature 

and pressure of interest) and three compositionally distinct types of fluid identified 

in active hydrothermal systems to determine which,fluids constrain high tempera

ture fluid-mineral equilibria. Fluids chosen for this analysis include alkali chloride 

and acid sulfate-chloride solutions from continental geothermal systems, and mid

ocean ridge black smoker vent fluids. pH and activity ratios predicted along a 

linear P-T path from 1 bar, 25°C to 250 bar, 350°C for selected alkali chloride 

(ALKI and ALK2j Table 6), acid sulfate-chloride (ASCI and ASC2j Table 6) and 

mid-ocean ridge vent fluids (SW85 and 13-2j Tables 4 and 5) are shown in Fig

ure 17. Changes in pH and activity ratios are similar for both samples of a given 

fluid, but distinctly different than the other types; activity ratios and pH increase 

. by several orders of magnitude in acid sulfate-chloride solutions (labeled ASC in 

Figure 17), decrease and then increase slightly in alkali chloride solutions (labeled 

ALK), and increase slightly at temperatures above 3000 e in mid-ocean ridge vent 

fluids (labeled MOR). 

Ion activity ratios in equilibrium with selected mineral assemblages, also 

shown in Figure 17, decrease with temperature and pressure (e.g., Helgeson, 1970), 

The rate of decrease is a function of the standard state thermodynamic data of 

mineral phases and fluid species in the reaction. Pressure and temperature deriva

tives also decrease with pressure and temperature. Pure end member minerals 

were used rather than the impure phases present in natural systems because the 
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Figure 16: Relative uncertainties in estimates of the conditions at which a min
eral assemblage equilibrates with a fluid. a) When activity ratios in the fluid are 
sensitive to initial conditions, or b) when activity ratios in the fluid and in equilib
rium with the mineral assemblage are have flat slopes, relative large errors in the 
temperature of equilibration result. c) Errors are minimized when activity ratios 
in the fluid are dependent on temperature and pressure but insensitive to fluid 
composition. Al and A2 represent assemblages 1 and 2, containing mineral phases 
and fluid, and F represents the fluid phase. 
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boundaries. R1: Kaolinite + Quarzt + Fluid ~ Paragonite + Quartz + Fluid, 
R2: Paragonite + Quartz + Fluid ~ Albite + Quartz + Fluid, R3: Kaolinite + 
Quarzt + Fluid ~ Albite + Quarzt + Fluid, R4: Albite + Quarzt + Fluid ~ 
K-Feldspar + Quarzt + Fluid, R5: Kaolinite + Quarzt + Fluid ~ Margarite + 
Quarzt + Fluid, R6: Margarite + Quarzt + Fluid ~ Clinozoisite + Quarzt + 
Fluid, R7: Clinozoisite + Quarzt + Fluid ~ Prehnite + Quarzt + Fluid, R8: 
Prehnite + Quarzt + Fluid ~ Grossular + Quarzt + Fluid. 
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Mid-Ocean Ridge 
13° N 11°N 

13-1 13-2 13-3 11-4 11-5 11-6 
pH 3.2 3.1 3.3 3.1 3.7 3.1 
1(Q 29.8 27.5 28.8 32.0 32.9 18.7 
CaQ 44.6 53.7 54.8 22.5 35.2 10.6 
Feb 3980 10379 10760 6470 1640 2640 
CIa 718 712 760 563 686 338 
NaQ,e 590 555 599 472 583 292 
Si02 21.9 19.4 17.9 18.8 20.6 14.3 
H2SQ 2.9 8.2 4.5 8.0 4.4 12.2 

Table 4: Compositional data for mid-ocean ridge hydrothermal effluent from lIoN 
and 13°N. Data from Bowers et al. (1988). Q mmol/kg, b pmol/kg. e Calculated 
from charge balance. 
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Mid-Ocean Ridge 
21° N 

NGS81 OBS81 OBS85 SW81 SW85 HG81 HG85 
pH 3.8 3.4 34 3.6 4.0 3.3 3.6 
KG 25.8 23.2 23.5 23.2 23.7 23.9 24.5 
CaQ 20.8 15.6 15.6 16.6 17.4 11.7 11.6 
Feb 871 1664 1530 750 660 2429 1308 
CIG 579 489 500 496 525 496 506 
NaGle 510 431 441 438 465 443 455 
SiO~ 19.5 17.6 17.6 17.3 17.2 15.6 16.8 
H2S

Q 
6.6 7.3 7.6 7.4 7.4 8.4 7.9 

Table 5: Compositional data for mid-ocean ridge hydrothermal effluent from 21 oN. 
Data from VOll Damm et al. (1985a) and Campbell et al. (1988b). G mmol/kg, b 

pmol/kg. e Calculated from charge balance. 
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Alkali Chloride Acid Sulfate-Chloride 
ALK11 ALK2:l ASCI" ASC24 

pH 7.32 7.8 2.5 2.8 
KG 13.3 43.0 2.6 1.89 
Can 6.79 0.80 0.3 1.0 
Mgo 0.021 0.08 0.41 0.31 
Feb 1.79 0.179 17.9 90.0 
Clo 223 85.2 4.04 17.3 
Nao,e 197 80.6 6.3 24.0 
SiOi 4.18 5.47 5.96 4.35 
SO~ 0.312 0.656 5.41 6.93 

Table 6: Compositional data for geothermal waters. Data from Ellis an Mahon, 
1977. IGeyser 238 EI Tatio, Chile, 2Taumatapuhi Geyser Tokaanu, N.Z., 3Spring 
6 Rotokaua, N.Z., 4Yellow hot pool, Waiotapu, N.Z., G mmol/kg, b pmol/kg. C 

Calculated from charge balance 
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purpose of this analysis is to determine if useful information regarding fl uid-mineral 

equilibria can be obtained from measured fluid compositions. 

Alkali chloride fluids contain high concentrations of sodium and potassium 

and have near neutral pH's at 25°C. The two fluids chosen for analysis, ALKI and 

ALK2, are compositionally distinct; elemental concentrations differ by a factor of 

2 to 10, and pH differs by 0.5 units (Table 6). 

pH decreases by 2 units as temperature increases to 200°C (Figure I7a) and 

increases slightly at higher temperatures. The behavior of pH is similar to that 

predicted for H20 dissociation at temperatures below 200°C. At higher tempera

tures, pH increases slightly over that predicted for H20 dissociation as the HSO.j 

dissociation reaction becomes important. 

Ion to hydrogen activity ratios in alkali chloride fluids, which are the largest 

among the fluid types analyzed, decrease at temperatures below 150°C and have 

slightly positive slopes at higher temperatures (Figure I7b-e). Intersections be

tween the curves representing activity ratios in equilibrium with mineral assem

blages and in the fluid phase are relatively insensitive to temperature and pressure. 

For example, the quartz-kaolinite-paragonite assemblage has the same aNa+ /al/+ 

as the alkali chloride fluids between 125 and 150°C (Figure I7e), and the quartz

paragonite-albite assemblage has the same aNa+/an+ ratio as both fluids at :::::: 

325°C. 

Activity ratios computed for alkali chloride solutions are relatively inde

pendent of temperature, pressure and fluid composition, and activity ratios in 

computed for the fluid equilibrate with mineral phases over a limited temperature

pressure range. Therefore, analytical errors in the measured fluid composition 

will not prevent using these fluids to determine fluid-mineral equilibria at high 

temperatures. 
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Acid sulfate-chloride fluids are extremely acidic at 25°C (pHI < 4) and 

contain abundant sulfate and chloride. The compositions of the two samples chosen 

for analysis, ASCI and ASC2, are quite similar with the exception of Fe and Cl. 

pH, which increases by 3 to 5 orders of magnitude as the fluids are heated 

(Figure I7a), is effected by the HS04" dissociation reaction and is sensitive to the 

initial pH. Although the pH of the two fluids are similar at 25°C (2.5 and 2.8 for 

ASCI and ASC2, respectively), they are quite different at 250 bar, 350°C (5;2 and 

6.6, respectively). 

Activity ratios in acid sulfate-chloride solutions increase by several orders 

of magnitude as temperature and pressure increase, and small differences at 25°C 

are magnified at elevated temperatures and pressures. This is significant because 

ASCI has a aNa+ / all+ ratio similar to the quartz-kaolinite-paragonite assemblage 

at 350°C, while aNa+ / all+ for ASC2 is just smaller than for the quartz-paragonite

albite assemblage (Figure I7e). The difference b~tween log aCa+l/a~+ in ASCI 

and ASC2 increases from 0.6 at 1 bar, 25°C to 2.2 at 250 bar and 350°C. While 

aCa+2 / a~{+ for ASCI is just above that predicted for the kaolinite-quartz-margarite 

assemblage at 350°C, aCa+2/a~+ for ASC2 is close to that predicted for prehnite

quartz-grossular (Figure I7b). 

The extreme sensitivity of calculated activity ratios at elevated state con

ditions leads to large uncertainties in the estimated temperature and pressure at 

which a given assemblage equilibrates. For example, the quartz-muscovite-kaolinite 

assemblage equilibrates with the acid sulfate-chloride fluids between 250 and 300°C 

in spite of the fact that the a{(+ /all+ ratios are dependent on temperature and 

pressure and nearly identical at 25°C (Figure I7d). 

The sensitivity of activity ratios to initial fluid composition limits the 

amount of useful information that can be obtained from acid sulfate-chloride fluids. 
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Two samples representing effluent from mid-ocean ridge smoker systems, 

13-2 and SW85, were chosen because they span the range of compositions reported 

for most elements in these fluids. pH differs by 0.9 units between the two samples; 

elemental concentrations are also variable (Tables 4 and 5). 

pH in mid-ocean ridge vent fluids remains constant between 3 and 4 at 

temperatures below 300°C, and increases by under 1 unit between 300 and 350°C 

(Figure 17a). This behavior is controlled by the dissociation of HCI(aq); pH is thus 

a function of the poorly known thermodynamic data for HCI(aq). 

Activity ratios are low and remain relatively constant as temperature and 

pressure increase to 300°C. Although aK+ / all+ increases by the same amount for 

both mid-ocean ridge fluids, the shallow positive slope exhibited by a[(+ / all+ in

tersects the shallow negative slope for aK+ /all+ in equilibrium between kaolinite, 

muscovite and quartz over a large temperature interval between 200 and 325°C 

(Figure 17e). However, at higher temperatures where activity ratios increase with 

temperature, a smaller interval of equilibration is predicted. For example, mid

ocean ridge fluids have a aCa+2 / a~/+ ratio that is similar to the kaolinite-quartz

margarite assemblage between 300 and 350°C. 

Activity ratios for mid-ocean ridge vent fluids are weak functions of tem

perature and pressure at near critical conditions and are independent of fluid com

position. Therefore, in spite of the difficulty in collecting pure fluid samples, quan

titative description of subsurface equilibria between fluid and mineral phases can 

be made on the basis of their compositions. 

Activity Diagrams 

The relationship between activity ratios predicted from 1) speciation changes 

in a fluid with fixed composition and 2) fluid-mineral equilibria as a function of 
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temperature and pressure can be summarized on equilibrium activity diagrams. 

Phase relationships in the Na20-K20-Si02-AI20a-H20-HCI system are shown in 

Figure 18 and in Figure 19 in the CaO-MgO-SiO~AbOa-H20-HCI system. Both 

diagrams were constructed using methods described by Helgeson (1970); all reac

tions are between pure end-member phases, are balanced on aluminum, and are 

constructed for aSiOl = log Kqunrtz. Solid lines represent phase relations at 250 bar, 

350°C while dashed lines represent phase relations at 152 bars and 250°C. 

Fluid compositions are projected onto the diagrams using predicted cation 

activity ratios, shown in Table 7. Closed symbols represent fluid compositions at 

350°C and open symbols represent fluid compositions at 250°C. 

Alkali chloride fluids project onto the Na20-K20-Si02-AI20a-H20-HCI di

agram in the muscovite stability field near the muscovite-albite-K-feldspar triple 

point at 250°C and 152 bars. The slight increase in the fluid's aNa+ /alI+ and 

a[(+/aIl+ ratios and concurrent decrease in aNa+/aIl+ and aK+/aIl+ along the 

phase boundaries places these fluids within the albite stability field, close to the 

albite-K-feldspar boundary, at 350°C (Figure 18). These fluids project onto the 

prehnite field in the CaO-MgO-SiO~AI20a-H20-HCI system at 250°C. At 350°C, 

they project on the clinochlore field, close to the grossular-chlorite boundary (Fig

ure 19). Vectors showing the shift in fluid composition across the diagram as a 

function of temperature and pressure are small and of approximately equal length, 

illustrating the insensitivity of computed activity ratios to pressure, temperature 

and fluid composition. 

Activity ratios predicted for acid sulfate-chloride solutions at elevated tem

peratures and pressures show considerable spread, even though fluid compositions 

are similar. At 250°, ASCI projects on the kaolinite stability field, while ASC2 
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250°C 350°C 
152.62 bars 250 bars 

a](+/aH+ ALCI 3.69 4.17 
ALC2 3.57 4.19 
ASCI 2.00 3.07 
ASC2 1.39 2.35 
SW85 2.18 2.69 
13-3 1.33 1.81 

aNa+/aH+ ALC1 4.83 5.23 
ALC2 4.83 5.39 
ASCI 3.22 4.66 
ASC2 1.80 2.83 
SW85 3.43 3.84 
13-3 2.56 2.97 

aca+2 / ak+ ALCI 8.41 8.56 
ALC2 8.31 8.73 
ASCI 5.78 7.16 
ASC2 3.95 4.87 

aMg+2/a'1I+ ALCI 5.71 5.87 
ALC2 6.21 6.58 
ASCI 5.81 7.93 
ASC2 4.43 5.87 

Table 7: Activity ratios in hydrothermal fluids. 
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projects on the muscovite field, near the kaolinite-muscovite boundary. As temper

ature increases to 350°C, ASCI moves into the muscovite field, while ASC2 lies in 

the albite field (Figure 18). The aM9+2/a~+ ratio at 250°C places ASCI and ASC2 

in the kaolinite field and in the clinochlore field at 350°C (Figure 19). Vectors 

showing the shift in fluid composition as a function of temperature and pressure 

are long, indicating the sensitivity of activity ratios to temperature and pressure, 

and are of different lengths, illustrat~ng the dependence of computed activityratios 

on fluid composition. The large distance between two fluids with similar composi

tions indicates that little useful information regarding fluid-mineral equilibria can 

be obtained from these fluids. 

At 250°C, mid-ocean ridge vent fluids project in either the kaolinite or mus

covite field. Increasing temperature to 350°C moves both fluids into the muscovite 

field near the muscovite-paragonite boundary (Figure 18). Vectors showing the 

path of the fluids across the diagram are nearly identical because activity ratios 

are independent of fluid compositions. The length of these vectors illustrates that 

activity ratios are weakly dependent on temperature and pressure. 

Oxidation State of Mid-Ocean Ridge Fluids 

Further investigation of fluid-mineral equilibria involving mid-ocean ridge 

hydrothermal fluids will yield reasonable estimates because ion to hydrogen ion 

activity ratios are insensitive to fluid composition and uncertainties in initial fluid 

composition will not be magnified as temperature and pressure increase. This is 

important because mid-ocean ridge fluid compositions reported in the literature 

do not represent analytical compositions determined in the laboratory, but rather 

end-member compositions corrected for seawater contamination (e.g., Von Damm 



75 

et al., 1985; Bowers et al., 1988). The correction for seawater contamination is 

based on experimental observations that suggest reactions between seawater-like 

fluids and basaltic rock at elevated temperature and pressure conditions result in 

reduction of sulfate to sulfide and near-complete removal of magnesium from the 

fluid to secondary mineraI phases (e.g., Seyfried, 1987). Therefore, any magnesium 

or sulfate identified in the analysis of mid-ocean ridge fluid samples is attributed 

to seawater contamination. 

The data reduction techniques used to determine the composition of vent 

fluids mean that no analytical data regarding the oxidation state of sulfur and iron

bearing species in the fluids are available. A first approximation of the oxidation 

state in vent fluids can be estimated assuming equilibrium exists among sulfide 

(H2S(aq») and sulfate (HS04") in the fluid and iron bearing minerals in the vent 

structures. Data required for this estimation include values of aFe+l / Q~/+ and 

QlIlso9' which can be computed from the available analytical data. 

Analytical data from 15 published analyses of mid ocean ridge fluids col

lected along the East Pacific Rise at 21°N (Von Damm et al., 1985, Campbell et 

al., 1988a), 11 and 13°N (Bowers et al., 1988), and the Mid-Atlantic ridge near 

the Kane Fracture Zone (Canlpbell et al., 1988b) were used in this study. Fluid 

compositions are shown in Tables 4, 5 and 8. 

Although there is significant variability in reported fluid compositions both 

within and between vent fields (e.g., Bowers et aI., 1988; Campbell et al., 1988a; 

Von Damm et al., 1991), the change in cation to hydrogen ion activity ratios as 

temperature and pressure increase are similar for all fluids. This is illustrated 

in Figure 20, which shows pH and ion activity ratios predicted as a function of 

temperature and pressure for all fluids used in this study. al/+, which is controlled 

i 

..J 
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Mid-Ocean Ridge 
Mid-Atlantic Ridge 
MARKI MARK2 

pH 3.9 3.7 
KO 23.6 23.9 
Cao 9.9 18.3 
Feb 2180 1832 
Clo 559 559 
Nao,e 511 510 
Si02 18.2 18.3 
H2So 5.9 5.9 

Table 8: Compositional data for mid-ocean ridge hydrothermal effluent from the 
mid-Atlantic Ridge. Data from Campbell et aI. (1988b). ° mmol/kg, b pmol/kg. e 
Calculated from charge balance. 
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by the HCI(aq) dissociation reaction, was computed using thermodynamic data for 

HCI(aq) proposed by Sverjensky et aI. (1991). 

pH remains relatively constant below 300°C, and increases non-linearly be

tween 300 and 350°. According to this estimate, the pH at vent conditions is 

approximately 1 unit higher than laboratory measurements (Figure 20a). Activity 

ratios for singly charged cations, aNa+/aH+ and aK+/aH+, have values of 2.5-3.5 

and 1.2-2.2, respectively, at 25°C. Both ratios remain constant below 300°C, and 

increase by approximately 0.5 log units between 300 and 350°C (Figure 20b,c). 

Activity ratios for doubly charged cations, aCaH / ak+ and aFeH / ak+, have values 

of 3.5-5.5 and 2.9-4.4, respectively, at 25°C. As temperature increases to 300°C, 

aCa+2 / a11+ drops by 0.3 orders of magnitude, while aFeH / ak+ drops by 0.5 orders 

of magnitude. Between 300 and 350°C, activity ratios increase rapidly by 0.2 units 

for aCaH/a11+ and 0.4 units for aFe+2/ak+ (Figure 20d,e). H2S does not apprecia

bly dissociate across the pressure-temperature interval, and logaH2 s are constant 

between -1 and -2.5. 

pH at temperatures greater than 300°C predicted using Sverjensky et aJ. 's 

(1991) data for HCI(aq) are questionable. A more reasonable estimate of the pH at 

250 bar, 350°C would be lower than that predicted using Sverjensky et a1. 's (1991) 

data. Uncertainties in the equilibrium constant for the HCI(aq) dissociation reaction 

at elevated temperatures and pressures suggest (Sverjensky et aI., 1991; Frantz and 

Marshall, 1984) that pH may be as much as 0.5 units lower than predicted above. 

Decreasing pH by 0.5 units has the effect of decreasing predicted singly charged 

cation activity ratios by 0.5 orders of magnitude and double charged cation activity 

ratios by 1 order of magnitude at 250 bar, 350°C. 

V.'hen uncertainties in the thermodynamic properties of HC} are taken into 

account, the best estimates of pH in mid-ocean ridge vent fluids at temperature 
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and pressure conditions existing in the vents are 0.5 to 1 unit higher than the pH 

measured in the laboratory. Therefore, pH is estimated to be between 3.5 and 4.5 

at vent conditions. These estimates are lower than those of Bowers et aI. (1988), 

and higher than estimates by Bowers et aI. (1985), Janecky and Seyfried (1984) and 

Tivey and McDuff (1991). The reason for the discrepancy among pH estimates 

is not known, but may result from inconsistencies in the thermodynamic data 

used in different studies or use of speciation algorithms that violate the governing 

equations at near critical conditions. 

Method 

The oxidation state of sulfur in vent fluids was estimated by projecting fluid 

compositions onto activity diagrams in the H2S04-H2S-FeO-H20-HCI system con

taining metallic iron, ferrous-oxide, pyrite, magnetite, hematite aud pyrrhotite, 

such as that in Figure 21. The mineral phases are plotted as a function of 

10gaHls and log(aso-' * a~+), reactions are balauced on iron, and lines of con-• 
stant aFe+2/a~/+ are shown on the diagranl. 

Although ion activity ratios in mid-ocean ridge vent fluids are relatively 

independent of temperature and pressure, activity ratios in equilibrium with a 

given mineral assemblage can be sensitive to state conditions. Significant shift.s in 

log aH,S and loge a so-' *a1I+) in equilibrium with assemblages containing Fe-sulfides • 
(pyrite and pyrrhotite) result from a lOoC difference in temperature (Figure 21). 

However, reactions between Fe-oxides are relatively independent of temperature 

aud pressure. 

Lines of constant aFe+2/a~+, calculated at 350°C, are also shown in Fig

ure 21. log aFe+2/a1I+ = 3.48 in the ferrous-oxide field and decreases outward into 

other phase regions. Lines of constant aFe+2/a~+ are closely spaced in the pyrite 
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Figure 21: An activity diagram in the H2S04-H2S-FeO-H20-HCI system. Re
actions are balanced on aFe+2/a~+. Lines of constant aFe+2/a11+ are shown by 
dashed lines and labeled with the value of log aFe+2/a~+. 
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and metallic iron fields. Therefore, at a given all2Sag' small errors in ape+2 / ak+ 

have little effect on the estimated value of aso;2 * ak+ in equilibrium with the 

fluid in these fields. However, the lines are widely spaced in the magnetite and 

hematite, and small errors in the computed value of ape+2/ak+ will lead to large 

errors in the estimated value of aso-2 * ak+ if the fluid projects onto the magnetite 
4 

or hematite fields. This is significant for mid-ocean ridge fluids because the major 

source of error in the estimated values of aso-2 * ak+ result from uncertainties in 
4 

the aPeH / ak+ ratio. all2Sag remains constant as a function of temperature and 

pressure, so the only source of error in aH2Sag at 250 bar, 350°C is analytical. How

ever, apeH / ak+ is dependent on the analytically determined abundance of iron, pH 

values measured at 25°C, and the poorly constrained thermodynamic properties 

of HCI(aq). 

The range of values calculated for aH2Sag and ape+2/ak+ suggest mid-ocean 

ridge fluids lie either in the magnetite or pyrite field. logaso-2 * a~/+ can be 
4 

expressed as a function of al/2Sag and apeH/ak+ in equilibrium with pyrite using 

and magnetite using 

Values of aso-2 * ak+ estimated from Equations 4.1 (open symbols) and 
4 

4.2 (closed symbols) are shown in Figure 22 using Sverjensky et al. 's (1991) data 

for HCI(aq)' When equilibrium between the fluid and pyrite is assumed, most 

fluids project onto the magnetite field (closed symbols) and have values of aso-2 * 
• 

a~/+ between 10-20 to 10-30
• aso-2 * ak+ values calculated assuming equilibrium • 

between magnetite and the fluid (open symbols) are 10 to 15 orders of magnitude 



L 

CIl 
N 

::t: 
rtl 

01 
0 

.-l 

P = 250 bars 
T = 350 C 

o ~~---~---~---~~~---~~i!~i!;:; 

-1 

Pyrite li~ili 
Hi\:H 

11!!!'1 

Pyrrhotite .0 .. 

!Tin 
::i;iii -2 

• 
Fe 

-3 Magnetite 

-4 FeO 

-5 
-50 -40 -30 -20 

log a so 42 * (aw)2 

o Fluid + Pyrite 
·Fluid + Magnetite 

82 

Figure 22: Fluid compositions projected onto an activity diagram in the 
H2S04-H2S-FeO-H20-HCI system. Projected fluid compositions shown by open 
symbols are in equilibrium with pyrite and by closed symbols in equilibrium with 
magnetite. The shaded region represents the anhydrite saturation surface calcu
lated using the range of aCaH/a~+ values computed for the fluids. 
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lower, and fluids project onto a large region in the pyrrhotite field. The saturation 

surface for anhydrite, shown by the stippled pattern in Figure 22, was calculated 

from estimated values of aCa+2/a~+, and cuts across the hematite and pyrite fields 

at aso-2 *a~+ = -17 to -15. These values are close to the pyrite-pyrrhotite-hematite 
4 

buffer and higher than all vent fluids. 

The observation that fluid compositions projected onto the diagram do 

not lie in the mineral stability field with which equilibrium was assumed and the 

scatter of data points over a large range of aso-2 * a~/+ would seem to suggest that 
4 

equilibrium is not maintained among sulfide, sulfate, and Fe-sulfides and Fe-oxides. 

However, it is also possible that the estimated aFe+2 / a~/+ ratio is incorrect because 

of errors in the thermodynamic properties of Hel. 

When values of aFe+2 / a~/+ and aCaH / a~+ computed using smaller pH in

creases than suggested by Sverjensky et al.'s (1991) data are used to estimate 

aso-2 * aj/+' all fluids, with 4 exceptions, project onto either the pyrite or mag-
4 

netite fields (Figure 23). The remaining fluids plot in the pyrrhotite field close 

to the pyrrhotite-pyrite phase boundary (11-4 and 13-2) or near the pyrrhotite

magnetite phase boundary (HG81 and 11-5). With these exceptions, values of 

aso-2 * a11+ are between -19 and -26. The anhydrite saturation surface lies at 
4 

values of aso-2 * a~+ between -14 and -16. This suggests that equilibrium is main-
4 

tained between sulfide, sulfate and Fe-oxides and sulfides and that a reasonable 

estimate of the oxidation state can be derived. 

Values of aso-2 * a~+ in equilibrium with the fluid and iron sulfides and 
4 

oxides lie between the extreme values of 10-45 and 10-10, shown in Figures 22 and 

23. The mineral assemblage in equilibrium with these estimates agrees with Fe

sulfide phases (pyrite and pyrrhotite) identified in black smoker chimneys (Goldfarb 

et al., 1983; Haymon, 1983; Tivey et al., 1991). Anhydrite is also present in vent 
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Figure 23: Fluid compositions projected onto an activity diagram in the 
H2S04-H2S-FeO-H20-HCI system. Projected fluid compositions shown by open 
symbols are in equilibrium with pyrite and by closed symbols in equilibrium with 
magnetite. The shaded region represents the anhydrite saturation surface calcu
lated using the range of aCaH / at.+ values computed for the fluids. 
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chimneys, and is commonly thought to result from mixing between sulfate bearing 

seawater and hot vent fluid. However, the proximity of the anhydrite saturation 

surface and fluid compositions in Figure 23 suggests some vent fluids are nearly 

saturated with anhydrite. The anhydrite saturation surface is strongly dependent 

on temperature and moves to lower values of aSO"i2 * a~+ in response to a small 

increase in temperature. A time series of temperature measurements made on an 

active vent suggest that temperature fluctuates by several degrees (Tivey et aL, 

1991). Therefore, it is not unreasonable to suggest that anhydrite equilibrates with 

some vent fluids without requiring mixing with seawater. 

Although magnetite is not recognized in vent chimneys, it is a common 

alteration assemblage in hydrothermally altered basaltic rocks (e.g., Bird et aL, 

1986) and has been identified in altered oceanic rocks (e.g., Alt et aL, 1986). 

Therefore, magnetite is likely to be present in the basalts and gabbros beneath vent 

chimneys. As temperature increases, fluid compositions project into the magnetite 

field. Therefore, magnetite is expected to be the stable phase at temperatures 

greater than 350°C, which occur in the subsurface between the magma chamber 

heat source and vent structures. 

Decreasing temperature shifts the magnetite-pyrite-pyrrhotite triple point 

to lower values of aH2Saq' while aFe+2/a~+ and aH2Saq in the fluid remain relatively 

constant. Therefore, fluids project first into the pyrite field and then along the 

pyrite-pyrrhotite phase boundary as temperature decreases. Therefore, pyrite and 

pyrrhotite are expected to equilibrate with vent fluids as they cool. This is in 

excellent agreement with observations relating to the growth of vent chimneys (M. 

Tivey, personal communication). 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

Determination of mineral phases in equilibrium with fluids from active hy

drothermal systems requires accurate estimation of ion activities and ion to hydro

gen ion activity ratios at elevated state conditions. Numerical integration of the 

differential equations describing homogeneous equilibria as a function of tempera

ture and pressure is a theoretically sound approach that 

1. maintains mass and energy balance as a function of temperature and pressure, 

2. properly handles the large temperature and pressure derivatives present ill 

the thermodynamic data, and 

3. maintains reasonable error limits. 

Analysis of ion activities and activity ratios as a function of temperature 

and pressure for a range of fluid compositions reveals that the decrease in the 

activity of rock forming cations does not strongly depend on fluid composition. 

However, changes in all+ are strongly dependent on and often sensitive to fluid 

composition, including 

1. the pH measured at 25°C, 

2. the presence or absence of species that dissociation to produce or consume 

H+, and to a lesser extent 

3. the total molality of elements, such as chlorine and sulfur. 
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Therefore, changes in ion to hydrogen activity ratios for common cations are qual

itatively similar for fluids of a given composition, and the magnitude, slope, and 

curvature of ion to hydrogen ion activity ratios as a function of temperature and 

pressure are controlled by pH changes in the fluid. 

When a single dissociation reaction controls aH+ as a function of temper

ature and pressure, the changes in pH and activity ratios for a fluid of a given 

composition are independent of the pH measured at 25°C. However, when more 

than one reaction effects pH or OH- replaces H+ as the basis ion for hydrogen, 

pH and activity ratios will either converge or diverge from their initial values as 

pressure and temperature increase. When activity ratios are insensitive to the 

measured pH or converge to a single value at elevated temperatures and pressures, 

uncertainties in ion to hydrogen ion activity ratios will not be magnified as tem

perature and pressure increase. However, when a small change in the measured 

pH causes activity ratios diverge from a single value as temperature and pressure 

increase, little useful information regarding high temperature equilibria between 

the fluid and mineral phases can be obtained. This type of divergent behavior 

occurs 

1. in sulfide bearing fluids when the pH at 25°C is between 4 and 5, and 

2. in sulfate bearing fluids when the measured pH is between 1 and 3. 

Activity ratios in alkali chloride fluids are independent of temperature and 

pressure at temperatures above 200°C, and are not strongly dependent on fluid 

composition. pH changes in these fluids are controlled by the dissociation of H20, 

and remain near neutral as temperature and pressure increase. These fluids occupy 

a small region on activity diagrams, and thus provide useful information regarding 
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fluid-mineral equilibria at elevated temperatures and pressures. However, activ

ity ratios computed for acid sulfate-chloride solutions are strongly dependent on 

the measured pH. pH changes are strongly influenced by the HS04" dissociation 

reaction. The strong dependence of activity ratios on temperature, pressure and 

fluid composition suggests that little useful information can be obtained from these 

fluids. 

Activity ratios in mid-ocean ridge fluids are independent of fluid composi

tion, which suggests fluids sampled can provide useful information about subsurface 

fluid-mineral equilibria in spite of difficulties in obtaining pure fluid samples. Al

though the thermodynamic data for HCI(aq) is not well constrained at near critical 

conditions, analysis of mid-ocean ridge fluids and minerals in the H2S04-H2S-FeO

H20-HCl system suggest 

1. mid-ocean ridge vent fluids lie close to the magnetite-pyrite phase boundary 

2. The fluids are slightly undersaturated with anhydrite, which will equilibrate 

at higher temperatures, and 

3. cooling moves fluids into the pyrite and pyrrhotite fields. 
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APPENDIX A 

ALGORITHM USED TO COMPUTE THE GIBBS FREE ENERGY OF 

AQUEOUS SPECIES 

89 

The conventional standard state relative partial molal Gibbs free energy of 

the j'h species is given by (Tanger and Helgeson, 1988): 

where er represents the conventional standard state partial molal Gibbs free energy 

of the j'h species, erp, To is the intrinsic conventional standard state partial molal r, r 

Gibbs free energy, Bp,° To represents the intrinsic entropy, at, a2, a3, a4, CI and r, r 

C2 are species dependent constants derived from regression of heat capacity and 

volume data, and 1JI and e are solvent cons~ants having values of 2600 bars and 

228 K, respectively, for H20. The subscript j has been dropped for clarity. 
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APPENDIX B 

EQUATIONS USED TO COMPUTE HOMOGENEOUS EQUILIBRIA 

The system of equations used to describe homogeneous equilibria are sum-

marized in this Appendix. 

For a nl1llticomponent system consisting of"E elements (E = 1,2, ... E) and 

j aqueous species (j = 1,2, ... j) the total molality of the Eth element, 711;, is 

B j 

m; = E VE,bmb + E v(,nmn (B.1) 
b=1 n=B+l 

where the j aqueous species are subdivided into basis (b = 1,2, ... B) and non-basis 

(n = B + 1, B + 2, ... j) species, V(,n and V(,b are the stoichiometric coefficients of f 

element in the nth non-basis and bth basis species, and mn and ,nb are the molality 

of the nth and bth species. E independent equations in the form of Equation B.1 

can be written and represent the activity of basis species. 

The constraint of electrical neutrality requires 

B j 

L:Zbmb+ E Znmn = 0 (B.2) 
b=1 n=B+l 

where Z is the charge of the subscripted species. 

The activity of non-basis species are related to the activities of basis species 

through equilibrium chemical reactions in which a single non-basis species disas-

sociates to one or more basis species. The conservation of chemical energy, or law 
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of mass action, for such a reaction is 

iJ 
K" - a~ IT a~'~ (B.3) 

"=1 
iJ 

- (mn1n ) IT (m,,')',,)""" (B.4) 
"=1 

where K" represents the equilibrium constant for the rth disassociation reaction, 

a. and I represent the activity aud activity coefficient, respectively, for the sub

scripted species, 81ld Vb,,, represent.s the stoichiometric coefficient for each nOll-basis 

species in the rth reaction. Rearranging to express the non-basis species in terms 

of basis species yields 

(B.5) 

j - iJ equat.ions in the form of Equation B.5 can be written, and represent the 

activity of non-basis species. 

Equations B.I, B.2 and B.5 are used with the Debye-Hiickel equation to 

calculate the initial acthrit.y of all species present at the temperature and pressure 

where pH were measured using the methods described in the te.'i.t. 

The molality of the yh species in a single phase, closed system is a fUllction 

only of temperature and pressure, 

(B.6) 

The total time derivative of mj caused by a differential change in temperature and 

pressure is 

dmj = ji. = (ami) dT + (ami) dP 
dt J fJT p dt 8P T dt 

(B.7) 
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where nj represents the total derivative of mj as a function of temperature and 

pressure and 1,' and 1: represent a given change in temperature and pressure oc

curring over an unspecified time interval. The dependent quantities (8mj/&T)p 

and (8mj/8Ph are explicitly determined from temperature and pressure deriva

tives of Equations B.I, B.2 and B.4. 

The time derivative of the mass balance equation (Equation B.I) is 

(B.8) 

which can be recast in terms of 10glO molality 

2 303 {~ [ d(lOgmb)] ~ [ d(IOgmn )]} - 0 
• L..J V(,bmb dt + ~ v(,n mn dt -

b=1 n=8+1 

(B.g) 

The time derivative of the charge balance expression (Equation B.2), ex

pressed in 10glO space, is 

(B.IO) 

The time derivative of the law of mass action (Equation B.4) is 

d (log I<r) d d 
dt - dt (logmn) + dt (log')'n) 

+ t [Vb,r:e (logmb)j + t [Vb,r! (lOg,),b)] (B.ll) 
b=1 b=1 

Rearranging Equation B.ll so that the unknown time derivatives of the molality of 

basis and non-basis species is expressed in terms of computable parameters yields 

t [lIb,r! (IOgmb)j = 
b=1 

d(logI<r) d iJ [d ] 
dt - dt (log')'n) - ~ Vb,r dt (log')'b) (B.12) 
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The is equations in the form of Equation B.9, j - iJ equations in the form 

of Equation B.ll, and Equation B.lO form a linear set of differential equations 

which can be simultaneously solved using the method described in the text to 

yield d(logmj)/dt for all j species . 

. Once iij and mj are known for all species at some temperature and pressure, 

homogeneous equilibria along a temperature-presure path can be estimated using 

a Taylor series approximation to represent the molality of all j aqueous species as 

a function of temperature and pressure, 

t t-I dmj A m·:::::: m· + --LJ.t+ ... 
J J dt (B.13) 

where m} and m}-I refer to the molality of the j'h species current and previous 

time step and fl.t refers to the time increment, defined by 

fl.t = (:;' ) p fl.T + (:~ ) T fl.P (B.14) 

The method used to solve the differential equations is described in the text. 
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APPENDIX C 

NOTATION 

Species dependent constants 

Ion size parameter 

Activity of the hydrogen ion 

Activity of the j'h aqueous species 

Debye-Hiickel parameter 

Subscript index for basis species 

Total number of basis species 

Debye-Hiickel parameter 

True ionic strength 

Species dependent constants 

Total number of elements 

Conventional standard state partial molal Gibbs 

Free energy of the ph species 

Non-solvation contribution to a; 
Solvation contribution to OJ 
SUbscript index for aqueous species 

Total number of aqueous species 

Equilibrium constant for the rth reaction 

Molality 

Total molality of the Eth element 

Subscript index fro non-basis species 

94 
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nj Total derivative of mj as a function of 

temperature and pressure 

P Pressure 

Pr Reference Pressure 

Te,j Effective electrostatic radius of the jth species 

S~r,Tr Intrinsic entropy of the jlh species at reference 

conditions 

T Temperature 

Tr Reference Temperature 

}'PrTr V-born function at reference conditions 

Zj Charge of the jlh aqueous species 

€ Dielectric of solvent (H20) and 

Subscript index for elements 

Wj Conventional Born coefficient for the jlh 

Aqueous species 

Wj,Pr,Tr Conventional Born coefficient for the jill 

aqueous species 

at the reference conditions 

wabs 
H+ Absolute Born coefficient of the hydrogen ion 

1] Born constant 

'lJ Solvent constant 

e Solvent constant 

"I Activity coefficient 

r,. Mole fraction to molarity conversion factor 

1/ Stoichiometric coefficient 
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