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Abstract—Mineral solubility experiments were conducted to assess phase relations in the CaO-Na,O-
A1203—SiOz-FeZO3-FeO—CuO-Au—HZO—HZS—HCI system at elevated temperatures, pressures and dissolved
CI’ concentrations. An important objective of this study was to compare measured concentrations of aqueous
species with those predicted from constraints imposed by fluid-mineral equilibria. Mineral phases including
plagioclase and epidote solid solutions, together with anhydrite, magnetite, pyrite chalcopyrite and quartz
were used to buffer activities of key components of the system. These phases were chosen because they can
be directly or indirectly linked to phase relations in subseafloor reaction zones at mid-ocean ridges.

Temperature and dissolved CI concentrations were observed to play important roles in the direction and
magnitude of chemical exchange. Increasing temperature from 400 to 425 °C caused most species to increase
in concentration, although dissolved Ca decreased. At a given temperature and pressure, an increase in dis-
solved CI- resulted in sharp increases in dissolved Ca, Fe, and Cu, while dissolved gases (H,, H,S) decreased
as a consequence of salting-out effects. Decreasing pressure from 500 to 300 bars again resulted in a decrease
in dissolved Ca, whereas concentration of other major dissolved species increased.

Experimental results are in good agreement with theoretical predictions of fluid chemistry when composi-
tional constraints imposed by metastable plagioclase and epidote solid solutions are explicitly taken into ac-
count. Indeed, temperature-dependent changes in dissolved Ca and Na are consistent with metastable
plagioclase (An,)-fluid equilibria at quartz-saturation, while pH (in-situ) values, are consistent with constraints
imposed by metastable epidote-fluid equilibria. Metastable mineral-fluid equilibria is also indicated by dis-
solved metal concentrations, in particular Fe, Cu and Au. At a dissolved CI" concentration of 1.0 molal, pH (in-
situ) values of 5.07 and 4.77 are estimated for fluids from experiments at 425 and 400 °C, 500 bars, respectively.
As shown here and elsewhere, slight changes in pH (in-situ) result in relatively large changes in dissolved Fe
and Cu concentrations at experimental conditions. Measured concentrations of dissolved Al are considerably in
excess of theoretical predictions, although in good agreement with recent data from hot spring vents.

Whereas pH and dissolved metal concentrations are highly sensitive to constraints imposed by the compo-
sition of plagioclase and epidote solid solutions, dissolved H,S is affected less by these constraints. Thus, ex-
perimentally calibrated vent fluid H,S(aq) concentrations can be used to constrain the redox evolution of
subseafloor reaction zones at mid-ocean ridges. Relatively low H,S(aq) concentrations of some vent fluids
either indicate low temperatures or the absence of pyrite in subseafloor reaction zones.

The generally good agreement between experimental and theoretical models depicting complex hy-
drothermal alteration processes provides a measure of the recent progress that has been made in theoretical
geochemistry and justifies the use of these models to constrain alteration processes in subseafloor reaction
zones at mid-ocean ridges.

1. INTRODUCTION

Over the past decades a substantial body of data
has accumulated that indicates the effectiveness of
mineral dissolution/precipitation processes in con-
trolling the chemistry of hot spring vent fluids at mid-
ocean ridges. In particular, investigations of vent
fluids at EPR 21°N (Von Damm et al., 1985; Camp-
bell et al., 1988a), EPR 9-10°N (Von Damm et al.,
1997), Juan de Fuca Ridge (Von Damm, 1988; But-
terfield et al., 1994; Butterfield and Massoth, 1994),
MARK and TAG (Campbell et al., 1988b; Edmond et
al., 1995), and at the Lucky Strike field, Mid-Atlantic
Ridge (Von Damm et al., 1998), reveal dissolved con-
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centrations of aqueous species that are largely consis-
tent with phase equilibria control in subseafloor reac-
tion zones at elevated temperatures and pressures.
That many of these studies also involve time-series
observations, which often indicate steady-state condi-
tions of dissolved species (e.g., see Campbell et al.,
1988a; Edmond et al. 1995), provides added support
for subseafloor processes involving mineral-fluid
equilibria at reaction zone conditions. Even vent flu-
ids that reveal relatively recent changes in tempera-
ture, pressure and salinity owing to subseafloor
mixing and phase separation effects (e.g., EPR 9-
10°N, Von Damm et al., 1997; Fornari et al., 1998),
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reveal corresponding changes in fluid chemistry
largely in keeping with mineral-fluid phase equilibria
controls. For example, “F-vent” at EPR 9°N, which
was sampled in 1991 and 1994, where large scale
changes in temperature and dissolved Cl- were ob-
served, also reveals systematic and predictable
changes in dissolved metals, H, and H,S, suggesting
rock-buffering of vent fluid chemistry. Not only are
phase equilibria constraints consistent with dissolved
concentrations of the major- and trace-element chem-
istry of the vent fluid, but also with the temporal vari-
ability of hydrogen and oxygen isotopes (Shanks et
al., 1995; Berndt et al., 1996; Von Damm et al., 1997).

Experimental and theoretical investigations of
fluid-mineral equilibria at elevated temperatures and
pressures are obviously needed to constrain reactions
that control pH, redox and metal mobility in sub-
seafloor hydrothermal systems (Bowers et al., 1988;
Berndt et al., 1989; Seyfried et al., 1991). For exam-
ple, Berndt and Seyfried (1993) showed that
metastable plagioclase feldspar (An60-70)-fluid equi-
libria at temperatures and pressures of 400 °C and
400 bars, respectively, are needed to account for the
relatively high dissolved Ca concentrations and Ca-
Na-SiO, systematics of hot spring vent fluids. More-
over, Ding and Seyfried (1992b) and Seyfried and
Ding (1993, 1995) performed a series of redox- and
pH-buffered experiments in the K,0-Na,0-Al,0,-
Si0,-Fe,05-Fe0-Cu0-H,0-H,S-HCl system to de-
termine thermodynamic data for Cu-chloro
complexes over a wide range of conditions. These re-
sults, together with previous experimental data (Ding
and Seyfried, 1992a), were used to constrain redox
conditions in subseafloor reaction zones. Indeed, re-
sults of these studies suggest that pH and redox con-
ditions are often buffered by an assemblage of
minerals composed of calcic-plagioclase, epidote,
quartz, magnetite, anhydrite and pyrite (Seyfried and
Ding, 1995). The likely existence of anhydrite as a re-
actant in subseafloor reaction zones was a surprising
result of these experiments, although in keeping with
sulfur isotope data and dissolved SO42' concentra-
tions in carefully sampled hot spring fluids (Shanks et
al., 1995; Von Damm, 1995 and references therein).
Although it is unlikely that this complete assemblage
of minerals applies to all reaction zones at mid-ocean
ridges, it almost certainly does in systems where the
permeability allows seawater-derived sulfate to pene-
trate deeply into the crust, and where sufficient rock-
fluid interaction occurs to cause the elimination of
pyrrhotite as a primary reactant in basalt/gabbro.

In addition to simulating hydrothermal alteration
processes at mid-ocean ridges, mineral-fluid equilib-
ria experiments, involving anhydrite, and plagioclase
and epidote solid solutions, afford a means to assess

the role of key variables on metal mobility and dis-
solved gas concentrations for an intermediate redox
state, and thus supplement the large body of experi-
mental data available for more oxidizing and reduc-
ing systems. Moreover, owing to recent advances in
theoretical geochemistry, results of thermodynamic
models can be directly compared with the experimen-
tal solubility measurements. In this way, the general
accuracy of predictive models can be verified lending
confidence to the applicability of these models as a
means to assess key aspects of subseafloor hydrother-
mal alteration processes. Similarly, theoretical data
can be used to constrain experimental measurements
and point out non-equilibrium effects, such as
metastable states, which may control one or more
components of the fluid phase. For example, we have
already established the role of plagioclase metastabil-
ity (Berndt and Seyfried, 1993) on Ca?*/Na* ex-
change in Cl-bearing aqueous fluids at elevated
temperatures and pressures, and it is likely that other
phases behave similarly. Indeed, the common occur-
rence of zoned crystals of epidote from subareal geo-
thermal systems and results from epidote-bearing
experiments (Liou, 1973; Bird and Helgeson,
1980a,b) suggest this may be the case for this phase
as well. Thus, in the present study, fluid chemistry co-
existing with plagioclase and epidote solid solutions,
quartz, magnetite, anhydrite, pyrite, and chalcopyrite
was measured and monitored at 400 to 425 °C and
500 to 300 bars in 0.53 and 1.0 molal total dissolved
CI" solutions. Additionally, the inherent composi-
tional variability of trace elements in the natural min-
erals used for the experiments, together with
constraints imposed by the composition of the reac-
tion cell (Au), allowed us to assess qualitatively the
effect of CI', redox, pH and temperature on the mobil-
ity of key trace elements. This in turn helps to con-
strain further the potential mobility of these species
during subseafloor hydrothermal alteration processes.

2. METHODS

2.1. Experimental and Analytical Techniques

Mineral solubility experiments were performed
using flexible gold reaction cells (Seyfried et al.,
1987). A major advantage of the flexible cell system
is that it allows internally filtered fluid samples to be
withdrawn at experimental conditions, thus mitigat-
ing quench effects for most dissolved species.

Reactants used for the experiments reported here
were all natural minerals: coarse crystalline plagio-
clase and epidote solid solution, quartz, magnetite, an-
hydrite, pyrite, and chalcopyrite. All minerals were
obtained from the mineral collections at the University
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Table 1. Chemical composition of plagioclase and epidote
solid solutions used for hydrothermal experiments. Analys-
es performed by ICP-MS following fusion with lithium-
metaborate and dissolution in HCI (see text).

Oxide (wt. %) Plagioclase-ss Epidote-ss
Sio, 51.23 38.90
TiO, 0.00 0.00

AlyO,4 31.43 29.14
Cr,04 0.00 0.00
Fe, 0, 0.00 0.00
FeO, 0.41 6.67
MnO 0.00 0.00
MgO 0.17 0.00
CaO 14.29 23.84
Na,O 329 0.00
K,0 0.00 0.00
H,0 0.05 0.80
Totals 100.87 100.0
Mol % An=70 Ep =45

Table 2. Abundances in grams of mineral phases used for
hydrothermal experiments performed at 0.53 and 1.0 molal
total dissolved chloride. Temperatures and pressures ranged

from 400-425 °C and 300-500 bars respectively.

Mineral Phases 0.53 molal 1.0 molal
Series(g) Series(g)
Plagioclase (An70) 30.15 30.32
Quartz 7.01 7.11
Epidote (Ep45) 9.33 9.34
Anhydrite 8.00 8.01
Magnetite 12.08 12.35
Pyrite 15.98 16.07
Chalcopyrite 4.13 4.37
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of Minnesota or Wards Natural Science Establishment.
Prior to use, the minerals were acid-cleaned and
ground in an agate ball mill, and then sieved through
nylon mesh to recover the 74 to 149 micron size frac-
tions. X-ray diffraction, optical microscope examina-
tion, electron microprobe analysis and bulk chemical
analysis by ICP-MS were performed on the starting
solids to constrain mineral compositions. The mole
fraction of the anorthite and epidote components of
plagioclase and epidote solid solution were determined
to be approximately 0.7 and 0.45 respectively (Table
1), whereas all other minerals were nearly pure phases.

Each experiment consisted of a charge containing
approximately 30 g plagioclase solid solution, 9 g of
epidote solid solution, 7 g of quartz, 12 g of magnetite,
8 g of anhydrite, 16 g of pyrite, and 4 g of chalcopyrite
(Table 2). These minerals were placed in a 150-mL Au
reaction cell with approximately 100 g of Na-Ca-Cl
fluid. The relative abundance of plagioclase, in partic-
ular, was used to enhance the rate of approach to pla-
gioclase-quartz-fluid equilibria (see below).

All experiments were designed in accordance with
the Gibbs phase rule. As a consequence of this, min-
eral phases, components and imposed constraints
were balanced so as to buffer completely the distribu-
tion of aqueous species, assuming, of course, full
thermodynamic equilibrium. For example, in their
study of plagioclase-quartz-fluid equilibria, Berndt
and Seyfried (1993) showed that at a given tempera-
ture, pressure, dissolved Cl” and plagioclase composi-
tion, the chemical system was invariant. Moreover,

Table 3. Chemical composition of fluid samples taken during fluid-mineral equilibria experiments at temperatures of
400° and 425 °C, 300-500 bars and 0.53 molal total dissolved Cl. The designator, na, indicates species not
analyzed in a particular fluid sample owing to sample size constraints.

Temp 400 400 400 400 425 425
Pressure 500 500 400 300 500 400
Reaction Time

(hrs.) Start 720 2880 336 350 1200 1000
Hz(aq)(mm) 0 na 0.18 0.25 0.37 0.53 0.67
HZS(aq)(mm) 0 na 8.9 10 12 15 21
SO42‘(mm) 0 <0.30 0.13 na 0.20 0.41 0.19
Cl(mm) 582 557 547 559 548 579 555
SiO,(mm) 0 23 22 20 17 24 19
Na(mm) 472 493 480 496 489 503 531
Ca(mm) 30 29 28 27 25 24 20
Fe(mm) 0 39 4.1 4.2 56 73 9.1
Cu(um) 0 75 na 77 77 100 na
Au(um) 0 0.3 na 0.2 na na na
Ni(um) 0 1.7 na 1.2 0.8 na na
Pb(um) 0 8.0 na 8.3 na na na
Al(pm) 0 94.1 16 13 13 na 6
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Table 4. Chemical composition of fluid samples taken dur-
ing fluid-mineral equilibria experiments at temperatures of
400° and 425 °C, 500 bars and 1.0 molal total dissolved Cl.
As noted, the designator, na, indicates species not
analyzed in a particular fluid sample owing to
sample size constraints.

Temp 400 400 425 425
Pressure 500 500 500 500
Reaction Time

(hrs.) 300 2160 336 2000
Hz(aq)(mm) 0 na 0.17 0.42 0.49
HZS(aq)(mm) 0 na 7.4 14 15
SO42‘(mm) 0 na 0.41 0.42 0.43
Cl(mm) 1021 1030 1050 996 1075
SiOz(mm) 0 21.0 21 23 22.0
Na(mm) 809 863 850 821 855
Ca(mm) 102 82 80 7 78
Fe(mm) 0 9.85 11 25 26
Cu(um) 0 98.9 116 185 190
Au(um) 0 0.36 0.39 0.24 0.26
Ni(um) 0 na 12 6 14
Pb(um) 0 5.8 6.2 49 6.3
Al(um) 0 19 20 29 15

their study showed that an ideal solid solution model
for plagioclase accounted best for the chemistry of
fluids coexisting with Ang, and Ang, plagioclase at
400 °C, 400 bars. For Fe- and S-bearing systems,
however, as is the case here, redox constraints must
be imposed to achieve this same state of invariance. In
effect, for a given plagioclase composition, total dis-
solved CI" (charge-balance constraint), temperature
and pressure, inclusion of four other mineral phases
(e.g., magnetite, pyrite, anhydrite, chalcopyrite) is
needed to buffer completely the ten-component sys-
tem, (Na,0-CaO-SiO,-Al,0;-FeO-Fe,05-CuO-
HCI-H,0-H,9), including the composition of epidote
solid solution. That the present series of experiments
involves epidote solid solution with a specific compo-
sition (Table 1) necessarily creates a metastable con-
dition unless this phase recrystallizes completely to a
composition consistent with imposed redox con-
straints (see Bird and Helgeson, 1980a,b). As noted
earlier, it is likely that epidote solid solution, like pla-
gioclase, may not recrystallize sufficiently on experi-
mental time scales to achieve full thermodynamic
equilibrium. Whether or not epidote composition
achieves equilibrium can be established unambigu-
ously, however, from measured fluid chemistry and
by comparison of the composition of epidote solid so-
lution before and after the experiments.

Two series of experiments were performed. The
first series was conducted at temperatures of 400 to
425 °C, pressures of 300 to 500 bars and 0.53 molal
total dissolved CI', while the second was at 1.0 m CI-
and temperatures and pressures of 400-425 °C and
500 bars, respectively. Reaction progress was evalu-
ated by time-series measurements, which tended to
show that steady-state conditions were achieved
(Table 3, 4). Steady state and equilibrium, of course,
can be quite different. Here, however, we made use of
a sampling strategy established previously by Berndt
and Seyfried (1993) for their plagioclase-quartz-fluid
experiments at conditions virtually identical to those
of the present study. In particular, Berndt and Seyfried
(1993) showed that metastable plagioclase-fluid equi-
libria could be effectively established after relatively
short reaction periods when the direction of approach
to equilibrium was in the Ca-consuming direction, a
finding in keeping with much earlier results by Orville
(1972). Thus, all of the experiments performed as part
of the present investigation were conducted with a
starting fluid having “excess” Ca, reactants with “ex-
cess” plagioclase, and with reaction times more than
necessary to achieve equilibrium as established by
Berndt and Seyfried (1993). Although not directly re-
versing plagioclase exchange reactions created some
ambiguity with respect to establishing an equilibrium
condition, this was offset by the need to conserve fluid
sample to complete the relatively large number of
analyses of aqueous species needed to assess the ten-
component system under investigation. Dissolved gas
measurements, together with determination of trace
metal species, such as Cu, Pb and Au, which required
a separate procedure for fluid sampling and analysis,
placed severe constraints on the inventory of fluid
sample from any given experiment.

Fluid samples were analyzed for Na, Si, Ca, Fe,
Cu, Al, Pb, Ni, and Au by ICP-MS, while CI, SO42‘
and H,S (the latter converted to SO42' following oxi-
dation by treatment with heated H,0,) were analyzed
by ion chromatography. Dissolved H, was deter-
mined by gas chromatography.

Although the source of many of the major and
minor elements in solution can clearly be linked to
primary components of the starting solids or aqueous
fluid, many of the trace elements in solution are de-
rived from dissolution of trace elements in these same
solids. The exception, of course, is gold, which was
derived from the gold reaction cell. Even though the
concentrations of trace elements in the experimental
system are different from those in phases in sub-
seafloor settings, the observed changes in the dis-
solved concentrations of these species (e.g., Pb, Ni,
Au) as a function of temperature, pressure and dis-
solved CI” during the experiments can still provide
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valuable insight on the mobility of these species dur-
ing subseafloor hydrothermal alteration processes.

The accuracy of reported concentrations of major
dissolved cations and anions (mmolal concentrations)
is approximately 2%, and 10-20% for trace element
species (Lmolal concentrations), at the 95% confi-
dence level. The upper range of uncertainty for trace
elements largely results from the nature of the sam-
pling process used for these species, which often re-
quired dissolution of a metal-bearing precipitate
produced during the sampling process (see Seewald
and Seyfried, 1990; Seyfried and Ding, 1993). The
accuracy of reported concentrations of dissolved
gases (H, and H,S) is approximately 10% at the 95%
confidence level. Analytical uncertainties given for all
aqueous species are based on processing of replicate
samples from the experiments and from results of
previous research in our lab involving mineral-fluid
equilibria studies at a similar range of conditions.

The pH was not measured on fluid samples from
the experiments owing to the effects of sulfide min-
eral precipitation during sample processing, which
renders pH values highly uncertain. The pH, of
course, could be calculated for fluids from the experi-
ments by making use of phase equilibria constraints
as discussed by Ding and Seyfried (1992a). Dissolved
metals and H,S(aq) are sampled separately into acidi-
fied solutions in gas-tight syringes to preclude the ef-
fects of mineralization on the measured inventory of
these species.

2.2. Theoretical Constraints

Mineral solubility calculations were performed at
the same temperatures, pressures and total dissolved
CI" concentrations as used for the experiments to bet-
ter assess hydrothermal alteration processes. Not only
do these calculations constrain experimental results,
but also the experiments in turn provide insight into
the relative accuracy of theoretical models of fluid-
mineral equilibria at elevated temperatures pressures
and dissolved CI” concentrations.

The standard state adopted in this study for all
mineral phases and liquid water is unit activity of the
pure phase at the temperature and pressure of inter-
est. For aqueous ions and complexes, the standard
state is unit activity of the species in a hypothetical
one-molal solution, referenced to infinite dilution in
H,0 at the pressure and temperature of the experi-
ment. Accordingly, the activity of H,O and activity
coefficients for solute species approach unity at infi-
nite dilution at any pressure and temperature of inter-
est. Individual molal activity coefficients for charged
species (y;) were calculated using the B-dot equation
of Helgeson (1969).

For neutral species, activity coefficients were cal-
culated from the Setchénow equation:

log %, = b%rl 1 )]

where b, , is a temperature- and pressure-dependent
coefficient characteristic of the nth neutral species
and the electrolyte composition (Chen and Marshall,
1982), and I, the true ionic strength, which takes ex-
plicit account of the distribution of aqueous species.
Ding and Seyfried (1990), for example, determined
Setchénow coefficients for H2(aq) and HZS(a in NaCl
fluids at temperatures and pressures from 300 to 450
°C and 300 to 500 bars respectively by determining
the dissolved concentration of H, and H,S as a func-
tion of NaCl concentration in fluids coexisting with
pyrite-pyrrhotite-magnetite. Data  show  that
Setchénow coefficients for H, and H,S increase dra-
matically with decreasing pressure and increasing
temperature. Thus, for the range of conditions appli-
cable to the present study, Y 3 and Yis of between 1.2
and 1.5 are indicated, the higher values corresponding
to higher dissolved NaCl and temperature, and lower
pressure. The existence of species other than NaCl in
the fluid has not been accounted for, however, and it is
likely that dissolved salts, such as CaCl, and FeCl,
join NaCl in contributing to the activity/concentration
relations for neutral species. This certainly is a con-
cern, but an even greater concern involves the virtual
absence of any data for activity coefficients for HCI®,
NaCl° and NaOH® at temperatures and pressures in
excess of 300 °C and steamn saturation, respectively.
Thus, for these and similar species, activity coeffi-
cients were assigned a constant value of 1.2, in keep-
ing with previous conventions (Ding and Seyfried,
1992a and references therein).

In addition to activity coefficient data for aqueous
species, assessment of fluid-mineral equilibria at ele-
vated temperatures and pressures requires detailed
knowledge of hydrolysis constants for minerals, activ-
ity-composition relations for minerals, where solid so-
lution effects are important, together with dissociation
constant data for all aqueous complexes. These data
coupled with appropriate mass-balance, mass-action
and charge-balance constraints permit determination of
the distribution of aqueous species, which then can be
compared with results of experimental studies (Ding
and Seyfried, 1992a,b; Seyfried and Ding, 1995). In
this study, thermodynamic data used for minerals, ions,
and gases are from SUPCRT92 (Johnson et al., 1992),
whereas data for most aqueous complexes, which are
consistent with the SUPCRT92 database, are from
Sverjensky et al. (1991, 1997). These data are based on
the revised HKF (Helgeson et al., 1981) equations of
state for aqueous species (Tanger and Helgeson, 1988;
Shock and Helgeson, 1988; 1990; Shock et al., 1989;
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Shock et al., 1997) and correlations among equation of
state parameters and standard partial molal properties
at 25 °C and 1 bar. In addition to these data, however,
experimental mineral solubility-data from Ding and
Seyfried (1992a,b) were used to obtain stability con-
stants for FeC12°(a ) and CuCI"(a ), In the past (see Sac-
cocia and Seyfried, 1990; Seyfried et al., 1991), a
Newton-Raphson iterative technique was used to solve
simultaneously the full range of mass-action, mass-
balance and charge-balance relations needed to assess
mineral-fluid equilibria. In this particular case, how-
ever, we made use of the EQ3/EQ6 software package
(Wolery and Daveler, 1992), which was modified by us
to allow calculations to be performed at the same range
of conditions as for the experiments. Solid solutions in
EQ3/EQ6 are treated with ideal mixing models. Thus,
an ideal molecular mixing model was used to define
the activities of components of plagioclase solid solu-
tion, in keeping with results of Berndt and Seyfried
(1993), while an ideal site mixing model was used to
express activity-mole fraction relations for epidote and
clinozoisite components of epidote solid solution, in
keeping with data and interpretations of Bird and
Helgeson (1980a,b). This mixing model accounts for
the temperature dependence of substitutional order-
disorder of AI*3 and Fe*3 in the M1 and M3 octahedral
sites in epidote solid solutions.

3. RESULTS

3.1. Fluid Chemistry
3.1.1. Major elements (Ca, Na, Fe, SiOZ(aq))

Dissolved Ca concentrations decreased from start-
ing conditions to those in fluids at elevated tempera-
tures and pressures for both 0.53 and 1.0 molal CI
experiments (Table 3 and 4). Indeed, Ca removal from
solution is largely balanced by gains in dissolved Na
and Fe. In general, Ca for Na and Fe exchange tend to
increase with decreasing pressure and increasing tem-
perature (Table 3 and 4). Moreover, data show that for
the redox condition maintained during the experiment,
which is intermediate between PPM (pyrite-
pyrrhotite-magnetite) and HMP (hematite-magnetite-
pyrite), changes in dissolved Cl™ induce large-scale
changes in dissolved Fe (Fig. 1), with lesser changes
in dissolved Ca and Na. As will be discussed at greater
length below, these effects are entirely consistent with
formation of aqueous Fe-bearing chloro-complexes at
the range of pH and redox conditions fixed by min-
eral-fluid equilibria at the temperatures and pressures
of the experiments (Seyfried and Ding, 1993).

Owing to the presence of quartz, the dissolved con-
centration of SiO, tended to increase with increasing

temperature and to decrease with decreasing pressure,
consistent with quartz-fluid equilibria. For example,
at 400 °C, dissolved SiO, decreased systematically
from 23 to 16.5 mmolal with decreasing pressure
from 500 to 300 bars respectively (Table 3). A similar
trend can be seen for the 425 °C series of experiments
(0.53 m CI"), but here the pressure drop did not extend
below 400 bars.

3.1.2. Dissolved gases (H, and H,S) and SO42'

Owing to the well-known effect of temperature,
pressure and dissolved CI” on mineral solubility and
activity-concentration relations in the FeO-Fe,05-
H,S-H,0-HCI system (Ding and Seyfried, 1989;
Ding and Seyfried, 1992a,b; Seyfried and Ding,
1995), it is not surprising that dissolved H, and H,S
changed significantly during the experiments. Indeed,
the dissolved concentration of both gases increased
with increasing temperature and decreasing pressures
(Tables 3 and 4). At the elevated temperatures and
pressures of the experiments, however, salting-out ef-
fects are particularly robust (Ding and Seyfried,
1989). It is not surprising, therefore, that the concen-
trations of H, and H,S tended to decrease with in-
creasing dissolved Cl™ (Fig. 1). Dissolved SO42', in
contrast, failed to reveal a clear trend with tempera-
ture and pressure, but appeared to increase with in-
creasing dissolved Na (Table 3 and 4), which may
reflect formation of NaSO4'( gy but this needs to be
established better with additional experiments or
modeling calculations.

3.1.3. Minor elements (Cu, Au, Ni, Pb and Al)

Dissolved Cu concentrations reveal large-scale
changes during the experiments (Table 3 and 4, Fig.
1). As with most minerals, the solubility of chalcopy-
rite (primary reactant) is greatly affected by tempera-
ture, pressure, redox, CI” and pH (Crerar and Barnes,
1976; Hemley et al., 1992; Ding and Seyfried, 1992b;
Seyfried and Ding, 1993). At 1.0 molal total dissolved
CI, for example, a temperature increase from 400 to
425 °C caused Cu concentration to increase signifi-
cantly. The effect of pressure on dissolved Cu concen-
trations, however, was relatively modest at the
temperatures investigated. It is not entirely clear
whether this is real or apparent, being caused entirely
or in part by analytical uncertainties related to Cu
measurements at relatively low levels where these ef-
fects can be relatively large (Seewald and Seyfried,
1990; Seyfried and Ding, 1995).

As noted previously, we also measured the dis-
solved concentrations of Au, Ni, Pb and Al during the
experiments, although sample-size limitations and
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Figure 1. Experimentally determined dissolved Ca, Fe, Cu, H,, and H,S in 0.53 m CI" (A) and 1.0 m CI’
(B) fluid coexisting with plagioclase-epidote-quartz-magnetite-anhydrite-pyrite-chalcopyrite assemblage

at 400 and 425 °C, 500 bars.

sampling procedures often precluded analysis of all
fluid samples for each of these species. Owing to the
trace quantities of the source phases (see above),
however, we were not able to determine unambigu-
ously mineralogical controls, although results of
SEM and EDX analyses of bulk alteration products
revealed Ni and Pb associated with both sulfide and
oxide. Data which are available for Ni reveal a slight
negative pressure effect, something like Cu. Nickel
also tended to increase with increasing Cl- (Table 3
and 4). Lead, in contrast, increased slightly with de-
creasing pressure (500 to 400 bars only), but failed to
record any other unambiguous changes with tempera-
ture or dissolved Cl (Table 3, 4), in spite of the exis-
tence of well-known chloro-complexes of Pb, which
are very much temperature-dependent (Hemley et al.,
1992). Possibly, the very small amounts of Pb in the
starting solids precluded sufficient mass transfer be-
tween solid and aqueous phases to confirm these
aqueous speciation effects. In contrast, Au decreased
with temperature increase from 400 to 425 °C (1
molal CI°), although, again, insufficient data are avail-
able to assess unambiguously the role of other key
variables, a modest pressure effect notwithstanding.
The dissolved concentration of Al generally falls
in the range of approximately 10-20 umolal, and
like the other trace elements (Pb, Au, Ni), it is diffi-

cult to demonstrate unambiguous correlations with
temperature, pressure and dissolved CI". The dis-
solved Al concentration of the first sample from the
experiment performed at 400 °C, 500 bars and 0.53
m CI°, however, is unusually high (94 um), which
may be caused by sample contamination or early-
stage non-stoichiometric dissolution effects. That
the Al concentration of the subsequent sample from
this experiment decreased to a value more typical of
other fluid samples from other experiments leads us
to question the earlier result. In any event, it is likely
that the average dissolved concentration of Al (10-
20 um) reflects control by the bulk assemblage of
aluminosilicate phases used as reactants for the ex-
periments.

3.2. Mineral Chemistry

The solid run products from all experiments were
examined optically and petrographically, as well as
by X-ray diffraction and electron microprobe to eval-
uate changes in the composition of the starting min-
eral assemblage. In general, all of the starting
minerals were observed at the end of all of the exper-
iments, although there were changes in grain size and
crystallinity suggesting mineral dissolution and re-
precipitation and crystal growth. In addition, micro-
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Figure 2. Electron microprobe analyses (CaO, Al,O3, FeO) of four (A through D) epidote grains from
experiment at 425 °C, 500 bars and 1.0 m CI". Data reveal compositions virtually identical to starting val-
ues (solid lines) determined by wet chemical techniques (see text and Table 1). Sample positions refer to
transect locations across mineral grains. These data are representative of all samples from all experiments,
and indicate existence of metastable epidote-fluid equilibria.

probe analysis revealed very small amounts of Pb
and Ni components in sulfide and oxide minerals (as
noted above). There can be no question that Pb and
Ni in starting oxide, silicate and sulfide phases
served as the source of the heterogeneous accumula-
tions of Pb and Ni in alteration phases. Gold crystals
were observed in association with the reacted min-
eral assemblage, which undoubtedly reflects dissolu-
tion/re-precipitation of gold from the gold reaction
cell, as discussed above.

As expected, aluminosilicate phases failed to
show chemical or mineralogical modification. For
example, electron microprobe data for epidote and
plagioclase solid solutions from the experiment per-
formed at 425 °C, 500 bars and 1.0 molal dissolved
CI', reveal little if any differences between starting
and reacted compositions, the relatively extreme
conditions of the experiment notwithstanding (Table
1, Figs. 2 and 3). Similar analysis of plagioclase and
epidote solid solutions from other experiments per-
formed during this study also revealed compositions
that do not depart significantly from starting values.
That plagioclase solid solution remained An,, and
indicated virtually no evidence of recyrstallization
into a thermodynamically more stable phase is not
surprising in light of our previous results with pla-
gioclase solid solutions (Berndt and Seyfried, 1993).
That the epidote solid solution also remained un-
changed (Ep,5) was for us a new finding, but it too is

largely in keeping with the well known sluggishness
of this phase to equilibrate with aqueous fluids, es-
pecially at low to moderate pressures (Liou, 1973).
Thus, to accurately assess fluid-mineral equilibria
during the experiments, it is essential that con-
straints imposed by metastable plagioclase and epi-
dote are explicitly taken into account.

4. DISCUSSION

The present study shows that relatively slight
changes in temperature, pressure and dissolved CI°
results in substantial changes in the dissolved con-
centration of Fe, Cu and other metals in fluids coex-
isting with a plagioclase-epidote-bearing mineral
assemblage. Since plagioclase and epidote solid so-
lutions are abundant phases in natural hydrothermal
systems, the results of the experiments can help to
constrain pH and redox buffering in these systems.
The pH and redox relations of fluids coexisting with
these phases, however, depend critically on the rela-
tive roles of equilibrium and metastability, which
can be evaluated only by assessing mineral solubil-
ity simultaneously from both experimental and theo-
retical perspectives.

In general, results from the present experiments are
consistent with data and interpretations from Berndt
and Seyfried (1993), in that plagioclase solid solution
behaves ideally during fluid-mineral equilibria and
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Figure 3. Electron microprobe analyses (CaO, Al,05, Na,0) of two plagioclase grains (A and B) from
a phase equilibria experiment at 425 °C, 500 bars and 1.0 m CI". As with epidote composition, these data
reveal compositions (X, = 0.70) identical to starting values (solid lines) determined by wet chemical
techniques (see text and Table 1). Sample positions refer to transect locations across mineral grains. The
data are representative of plagioclase grains from all experiments, and indicate plagioclase metastability

during the experiments.

does not recrystallize into a thermodynamically more
stable composition, at least on the time scale of the
experiments. Thus, the following reaction can be used
to depict metastable plagioclase-fluid equilibria:

Anorthite Quartz  Albite
CaAl,Si,Oq + 2Na* + 4 Si0, <> 2NaAlSi;Og + Ca2+
@

where the activities of the anorthite and albite compo-
nents of plagioclase solid solution can be replaced by
mole fractions. Even at temperatures and pressures as
high as 425 °C and 500 bars, and 1 molal total dis-
solved CI°, dissolved Ca and Na concentrations calcu-
lated from equation 2 and appropriate mass-action
and mass-balance reactions agree well with experi-
mental data, assuming ideal behavior of anorthite and
albite components of An,,-plagioclase (Fig. 4a-b).
The relative agreement between experimental and
theoretical data shown here, however, is, in fact, bet-
ter than observed by Berndt and Seyfried (1993) for
their experiments, which were performed at 400 bars.
At 400-425 °C, the higher pressure used for the pres-
ent experiments (500 bars) minimizes uncertainties in
the thermodynamic data for aqueous species esti-
mated using correlation algorithms of Shock and

Helgeson (1988), Shock et al. (1989, 1997), and Sver-
jensky et al. (1997), where pressure effects can be sig-
nificant, especially at temperatures in the vicinity of
the critical temperature of the fluid.

As previously emphasized, the full assemblage of
minerals used for the present series of experiments
can be shown from theoretical data to buffer com-
pletely the dissolved chemistry of the coexisting
fluid phase and epidote composition when tempera-
ture, pressure, plagioclase composition and total dis-
solved Cl are fixed. For example, the mole fraction of
epidote solid solution predicted, while assuming the
ideal site mixing model of Bird and Helgeson
(1980a), which explicitly accounts for the tempera-
ture dependence of substitutional order-disorder on
the octahedral sites, is 0.82 and 0.77 at 425 and 400
°C, respectively. These values, of course, are very
different from that of the composition of epidote
used for the experiments, which as emphasized, did
not reveal evidence of Fe enrichment consistent with
theoretical predictions. Thus, for fixed activity of
anorthite and epidote components of plagioclase and
epidote solid solution respectively, and unit activity
for coexisting minerals and water, it can be shown
that aCaz»r/(aH+)2 is fixed at any temperature, pressure
and dissolved Cl, as follows:
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Figure 4. Dissolved Ca concentrations predicted (solid line) and measured (symbols) in fluids coex-
isting with plagioclase (X, = 0.70)-epidote (Xep = 0.45)-quartz-magnetite-anhydrite-pyrite-chalcopy-
rite assemblage at 400 (A) and 425 °C (B) 500 bars. Open symbols refer to starting fluid composition,
while solid symbols indicate steady-state concentrations. In general, the good agreement between meas-
ured and predicted Ca concentrations indicate the important role of metastable mineral-fluid equilibria

in controlling fluid chemistry.

Epidote
1.05 Ca, Al FeSi;0,,(0OH) + 2.0 H* + 0.025 FeS,, <>

Pyrite

Anorthite
1.05 CaAl,Si,Oq +

Quartz
1.52H,0 + CaZ*t+1.05 Si0, +0.3573 Fe;0,
Anhydrite
+0.05 CaSO,

Magnetite

©)

In effect, reaction (3), together with imposed con-
straints (in particular, plagioclase composition, XCI",
and the charge balance equation), buffers fluid pH.

Changing the epidote or plagioclase composition, or
total dissolved CI°, temperature or pressure, will re-
sult in a correspondingly different pH value. For ex-
ample, increases in the anorthite component of
plagioclase solid solution (see Berndt et al. 1989;
Berndt and Seyfried, 1993), and dissolved CI-, de-
crease pH, while an increase in the epidote compo-
nent of epidote solid solution (see Bird and
Helgeson, 1980a) increases pH. Results of previous
experiments (Ding and Seyfried, 1992a) have shown
that for a specific redox condition, dissolved Fe con-
centration is an exceedingly sensitive indicator of
pH, and thus can be used here to test the activity of
epidote coexisting with plagioclase solid solution at
the conditions of the experiments.
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Figure 5. Dissolved Fe concentrations predicted (solid line) and measured (symbols) in 0.53 m total CI
(A) and 1.0 m CI" (B) coexisting with plagioclase (X, = 0.70)-epidote (Xep = 0.45)-quartz-magnetite-an-
hydrite-pyrite-chalcopyrite assemblage at 400 and 425 °C, 500 bars. Symbols refer to steady state concen-
trations in solution. Data reveal generally good agreement with constraints imposed by metastable epidote
(Xep = (.45), rather than an epidote composition (Xep =0.77 to 0.82) formed in full equilibrium with the
assemblage of minerals. As developed in the text, relatively low Xep values give rise to relatively low pH
values and correspondingly higher metal concentrations (see Fig. 6).

Measured and predicted concentrations of dis-
solved Fe are depicted in Figure 5, assuming epidote
composition equivalent to that of the starting phase as
a function of temperature and dissolved CI” concen-
tration. It is immediately clear that the measured dis-
solved Fe, and therefore fluid pH, is entirely
consistent with the metastable epidote composition,
for both 0.53 m CI (A) and 1.0 m CI" (B) conditions.
At 425 °C, 500 bars and 1.0 molal total dissolved CT,
the pH values predicted for metastable epidote (Xep =
0.45) and predicted (X, = 0.82) compositions are
5.07 and 5.20, respectively (Fig. 6). Although the dif-
ference in pH values may appear slight, the corre-
sponding differences in dissolved Fe concentrations
are large (Fig. 6). Indeed, a difference in pH (in-situ)
of approximately 0.13 results in a 2x variation in dis-
solved Fe. At temperatures less than 425 °C, model

results show that the offset in pH caused by changes
in epidote composition (stable vs metastable) de-
creases largely because the composition of the epi-
dote solid solution predicted to form is less Fe-rich
and more like that of the starting metastable phase.
Another test for the pH estimated from fluid-min-
eral equilibria comes from other dissolved metal
concentrations measured during the experiments. For
example, Figure 7 shows dissolved Cu concentra-
tions measured and predicted assuming metastable
phase equilibria (X, and X, = 0.45 and 0.70 re-
spectively), together with constraints imposed by
chalcopyrite-fluid equilibria at temperatures from
400° to 425 °C, 500 bars, and dissolved Cl" from
0.53 to 1.0 molal. In general, measured and predicted
Cu concentrations are in good agreement, although
the measured values exceed those predicted at 425
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Figure 6. The role of epidote composition on dissolved Fe concentrations and pH (in-situ) of Cl-bear-
ing aqueous fluid (1.0 m CI') coexisting with plagioclase (X, = 0.70)-epidote-quartz-magnetite-anhy-
drite-pyrite-chalcopyrite assemblage at 425 °C, 500 bars. The composition of epidote predicted to exist in
full equilibrium at experimental conditions departs significantly from that used for the experiment and
measured at the termination of the experiment (metastable epidote, X = 0.45) (A). The thermodynami-
cally stable epidote composition would give rise to considerably less dissolved Fe (predicted, Fe-Full
Equilibrium) than that actually measured (B). In effect, changes in epidote composition result in differ-
ences in pH (in-situ), which are responsible for changes in dissolved Fe concentrations.

°C at both dissolved Cl” conditions. This is likely
caused either by uncertainties in the stability con-
stant for CuCl° ) which was determined from min-
eral solubility experiments at conditions very similar
to those of the present experiments (Seyfried and
Ding, 1993; 1995), or by the existence of another
aqueous species of Cu, for which data are presently
lacking. It is important to consider, however, that at
425 °C (1.0 molal CI"), measured Fe concentration
also exceed theoretical predictions, suggesting that at
least for this relatively high-temperature-high-Cl-
condition, fluid pH may actually be slightly lower
than indicated by metastable mineral-fluid equilibria

constraints. A lower pH could be caused by any of a
number of factors, but uncertainties in the solid solu-
tion models assumed for plagioclase and epidote
solid solutions seem most likely. This, coupled with
the inherent sensitivity of Cu- and Fe-bearing aque-
ous species to pH at 400 and 425 °C and 0.53 and 1.0
molal CI', could account for the observed variability.
Assuming all of these uncertainties act together to af-
fect pH, a pH variation of as little as 0.02 at 425°C
could resolve the apparent offset between predicted
and observed metal concentrations. That such a
slight adjustment can account for the dissolved con-
centrations of aqueous species coexisting with such a
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0.53 m total CI) coexisting with plagioclase (X, = 0.70)-epidote (Xep = 0.45)-quartz-magnetite-anhy-
drite-pyrite-chalcopyrite assemblage at 400 and 425 °C, 500 bars. The slight offset between predicted and
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Figure 8. Predicted and measured dissolved concentrations of Au and Al in fluid (umolal) coexisting
with plagioclase (X, = 0.70)-epidote (Xep = 0.45)-quartz-magnetite-anhydrite-pyrite-chalcopyrite as-
semblage at 400 °C, 500 bars and 1.0 molal total dissolved Cl". The relative agreement between predicted
and measured concentrations for Au lends confidence to pH (in-situ) estimated from constraints imposed
by the existence of metastable plagioclase and epidote. The order of magnitude difference between meas-
ured and predicted Al concentrations is likely due to uncertainties in Al-speciation at elevated tempera-

tures, pressures and dissolved CI concentrations.

complex assemblage of minerals at temperatures and
dissolved Cl" concentrations as high as 425 °C and
approximately 1.0 molal respectively, is significant
indeed, and suggests that, for this chemical system,
experimental and theoretical models can be used
with a high level of accuracy to constrain a wide
range of subseafloor hydrothermal alteration

processes. Previously, Seyfried and Ding (1993)
used results of experiments in the K,0-Na,0-Al,05-
Si0,-Fe,05-FeO-Cu0O-H,0-HCI-H,S system to
show that pH values near neutrality at appropriate
temperatures and pressure were applicable to hy-
drothermal reaction zones at mid-ocean ridges.
These results are in good agreement with the present
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Figure 9. Relative distribution of Au-bearing aqueous species in CI (1.0 molal) and H,S bearing fluid
coexisting with plagioclase (X, = 0.70)-epidote (Xep = 0.45)-quartz-magnetite-anhydrite-pyrite-chal-
copyrite assemblage at 400 °C, 500 bar and 1.0 m CI". Relatively high CI" concentrations notwithstanding,
Au solubility is dominated by bisulfide species. Thus, changes in dissolved C1- concentration in hot spring
vent systems are unlikely to affect greatly dissolved Au, although H2S(aq) effects could be significant, as-
suming the presence of Au-bearing phases. Thermodynamic data used for the calculations are from
SUPCRT92 (Johnson et al., 1992) and Sverjensky et al. (1997)

study using phase relations more applicable to
basaltic systems when explicit account is taken of the
effect of mineral metastability on the pH of coexist-
ing aqueous fluids.

Taking this same approach one step further, we can
evaluate the general agreement between theoretical
and experimental data for Au, Al and Pb at a particu-
lar temperature, pressure and dissolved CI- concentra-
tion, which may also help to constrain in-situ pH
values, again assuming metastable fluid-mineral equi-
libria. For example, we have already established that
gold was among the alteration products observed at
the end of the experiments, and certainly existed
throughout the experiment, since the experimental re-
actants were held within the gold reaction cell. Thus,
it is likely that pH-dependent gold-fluid equilibria
controlled dissolved Au during the experiments. Sim-
ilarly, Al activity was likely fixed by alumino-silicate
phases (plagioclase/epidote solid solutions), and thus,
assuming knowledge of the distribution of dissolved
Al species at experimental conditions, Al concentra-
tion can also be used to constrain pH.

At a temperature and dissolved Cl- concentration
of 400 °C and 1.0 molal, where data are most com-
plete (Table 4), there is in fact good agreement be-
tween predicted and measured concentrations of
dissolved gold, although the same is not true for dis-
solved Al (Fig. 8). Assuming pH is not the problem,
as indicated by Fe and Cu data, together with dis-
solved Au, then the relatively high measured concen-

trations of Al suggest the existence of aqueous Al
complexes other than simple hydroxyl species - all
that is available in the recently revised SUPCRT data-
base (Shock et al., 1997; Sverjensky et al., 1997). In-
deed, it may be that at the conditions of the
experiments, alkali bearing Al-complexes (Anderson,
1995), or other Al-bearing aqueous species
(Pokrovski et al. 1996) enhance the solubility of the
Al-bearing minerals. Other than the relatively high Al
concentration measured for the first sample from the
experiment at 400 °C, 500 bars (0.53 m Cl), the ex-
perimental data are also in generally good agreement
with the range of Al concentrations reported for hot
spring vent fluids at mid-ocean ridges. For example,
end-member Al concentrations recently measured for
vents at EPR 9-10°N (Von Damm, personal commu-
nication), range from approximately 5 to 18 pmolal.
These data also reveal a slight positive correlation
with dissolved Cl, suggesting some form of chloro-
complexing. Although still preliminary, it is signifi-
cant that the highest dissolved Al concentration (18
umolal) is associated with the more Cl-rich vent fluid
(850 mmolal), a value which is also in good agree-
ment with results from our 1.0 molal Cl-experiments,
suggesting the existence of a Cl-complex of Al in the
experiments. Without more data from experiments at
lower dissolved CI” concentrations, it is not possible
to test unambiguously the role of Cl” and temperature
on Al-speciation effects, although this may be one the
few occasions where field data are used to constrain
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total dissolved C1 deplctmg the predominance of Au-bearing species and native gold. H,S and Au activity
are fixed at values consistent with measured concentrations of these species at experimental conditions
(Table 4). Calculations were performed with EQ3/EQ6 (Wolery and Daveler, 1992) taking explicit ac-
count of activity/concentration relations, and appropriate mass balance, charge balance and mass action
expressions. Thermodynamic data used for the calculations are from SUPCRT92 (Johnson et al., 1992)

and Sverjensky et al. (1997).

experimental results, and generally shows the benefits
of an integrated approach to the study of mineral-fluid
interaction at elevated temperatures and pressures.

In apparent contrast with Al, bisulfide complexes
are predicted to dominate the distribution of Au-bear-
ing species in fluids coexisting with the metastable
plagioclase-epidote-bearing mineral assemblage
(Fig. 9). This is important, because it suggests that pH
increase and increases in total dissolved H,S may be
more critical than dissolved Cl in contributing to the
mobility of gold in subseafloor hydrothermal sys-
tems. Of course, it is unlikely that the activity of Auin
the submarine hydrothermal system is buffered by na-
tive gold, but whichever phase does control gold, this
phase would likely respond to changes in fluid chem-
istry in ways very different than Cu- and Fe-bearing
minerals (or even Al-phases), where chloro-complex-
ing is so important in the mobility of these species (Fe
and Cu) at elevated temperatures and pressures (Cr-
erar and Barnes, 1976; Hemley et al., 1992; Ding and
Seyfried, 1992a,b). To illustrate this better, we can
make use of an activity (fo vs pH) diagram for the
Au-H,S-HCI-H,0O-NaCl sys%em which shows that at
400 °C, 500 bars and 1.0 molal CI, together with an
activity of H2S(a ) equivalent to that of the experi-
ments at the described conditions, all but the most ox-
idizing and acidic conditions, Au(HS)," ) is the
predominate aqueous species of gold (Fig. 10).

For the same range of conditions (400 °C, 500 bars,
1.0 molal total dissolved CI°), Pb solubility can be
calculated to be dominated by chloro-complexes, in
particular, PbCl,, ., which represents over 75% of
the total dissolved Pb. Thus, assuming the presence of
Pb-bearing phases in subseafloor hydrothermal sys-
tems, it is likely that dissolved Pb will correlate with
dissolved Cl, like dissolved Fe and Cu, and anti-cor-
relate with pH. Although dissolved Pb data are gener-
ally lacking for vent fluids from unsedimented
portions of ridges, data that are available for fluids
from EPR 9-10°N (Von Damm, personal communica-
tion), reveal concentrations on the order of 2 pumolal,
in reasonable agreement with values observed here,
but nearly a factor of 500 times lower than galena-
controlled Pb concentrations.

Metastable plagioclase-epidote-fluid equilibria
with imposed constraints not only fix pH, and con-
strain the mobility of dissolved metals, but when
taken together with coexisting oxide and sulfide
phases, also fix foz(g), as follows:

Anorthite Anhydrite Quart; Magnetite
CaAlySi)Og + 0.5H,0 + CaSO, + SiO, + 0.5Fe;0,

Epidote Pyrite
<> CaAl,FeO,,(OH) + 17505, +0.5FeS,  (4)
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Figure 11. Predicted and measured dissolved sulfur species and Hz(aq) in fluid coexisting with plagio-
clase (X,, = 0.70)-epidote (X, = 0.45)-quartz-magnetite-anhydrite-pyrite-chalcopyrite assemblage at
400 °C, 500 bar and 0.53 total dissolved CI" as a function of log foz(g). My S(aq) is in very good agreement
with theoretical predictions taking account of salting-out effects in NaCl fluid (Ding and Seyfried, 1990)
and data from Kishima (1989). Measured H, and SO42’ are slightly below and above theoretical predic-
tions, respectively. Overall agreement is still good, and indicates the potential usefulness of dissolved sul-
fur species and H, in vent fluids as a means of constraining redox in subseafloor reaction zones at

mid-ocean ridges.

For example, at 400 °C, 500 bars and 0.53 m CI', a
log f02(g) of —24.59 can be calculated assuming ac-
tivities of anorthite and epidote components of pla-
gioclase and epidote solid solutions consistent with
measured constraints (Fig. 11). Also plotted on Fig-
ure 11 are changes in the dissolved concentrations of
tgtal SO42‘, H2(aq) and st(aq) Predicted as a func-
tion of changes in log foz(g), which also can be com-
pared with values of these species actually measured
during the experiment. Data indicate that predicted
concent.rations of H2(aq) and st(aq) _incFease with
decreasing f (2 whereas the opposite is true for
total dissolvedZSO 42'. Furthermore, a decrease of log
f02(g) of a single unit below experimental conditions
causes SO42‘ to decrease by approximately two log
units. Measured concentrations of H2(aq) and st(aq)
are in good agreement with theoretical predictions,
although measured SO42' exceeds the value pre-
dicted by approximately a factor of 2. The relatively
slight off-set in predicted and measured concentra-
tions of dissolved SO 42’ notwithstanding, the data re-
Vealhtha_t H2(aq) and Fhe HIZS(.aq)/SOf‘ ratio can
provide internally consistent indicators of redox rela-
tions in fluid coexisting with mineral assemblages at
temperatures from 400 to 425 °C, and provide an al-
ternative to dissolved H, or mp/mg, ratio (see
Seyfried and Ding, 1993) as proxies for redox in sub-
seafloor reaction zones, assuming seawater entrain-
ment during vent fluid sampling can be effectively

accounted for. Over-determination of redox by com-
bining approaches, however, provides valuable in-
sight on reaction zone conditions, and characteristics
such as temperature, pressure, mineralogy, and min-
eral composition may be determined with much
greater accuracy and confidence than presently avail-
able by any single approach, providing even greater
insight on the temporal evolution of hydrothermal re-
actions at mid-ocean ridges. This approach could be
especially valuable at a hydrothermal system such as
TAG, where subseafloor mixing between seawater
and vent fluid can result in local redox gradients,
which can be discerned better by application of mul-
tiple redox proxies.

Another way to visualize the effect of mineral equi-
libria on the distribution of redox-dependent aqueous
species at experimental conditions (e.g., 400 °C, 500
bars, 0.53 m CI") is by use of an activity-activity dia-
gram for the FeO-Fe,05-Al,0,-Si0,-Ca0-H,0-
HCI-H,S system (Fig. 12). Indeed, it can be seen here
that for an aC82+/(aH+)2 ratio consistent with
metastable plagioclase (X, = 0.7)-epidote (XeP =
0.45) equilibria (5.34, see previous discussion),
TH)S () PHy for fluid coexisting with anhydrite,
pyr1téa%)nd m(gg)netite, plots at a point on the pyrite-
magnetite boundary that is relatively close to the
HMP (Hematite-Magnetite-Pyrite) invariant point. In
general, for all conditions to the right of the dashed
line in Figure 12, anhydrite is unstable, and SO42’
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Figure 12. Log IH,S -log an,
with plagioclase (X, = 8

(@) diagram depicting the anhydrite stability field for fluid coexisting
.70)—epido%e (Xep = 0.45)-quartz-magnetite-pyrite-chalcopyrite assemblage at

400 °C, 500 and 0.53 molal total dissolved CI". For imposed constraints, the “anhydrite-in” boundary is lo-
cated near the hematite-magnetite-pyrite (HMP) invariant, but considerably removed from the pyrite-
pyrrhotite-magnetite (PPM) invariant. Whether or not the anhydrite-bearing assemblage buffers redox in
vent fluids depends largely on the extent of fluid/rock interaction. Hydrothermal systems with very low
fluid/rock mass ratios might not be able to eliminate igneous pyrrhotite from controlling redox, while high
fluid/rock mass ratios may render pyrite unstable, which would be manifest by a decrease in H,S, although
H, may still be relatively high (see text). Thermodynamic data used for the calculations are from

SUPCRT92 (Johnson et al., 1992).

converts to HZS(aq). Changes in (71(:212+/(aH+)2 values,
which can result from changes in the activity of anor-
thite or epidote components of plagioclase and epi-
dote solid solution respectively, can, however, cause
some movement of the “anhydrite-in” boundary. For
example, an anorthite activity lower than 0.7 would
cause this boundary to move to the right in Figure 12,
while the opposite would be true for a decrease in the
activity of epidote solid solution (e.g., see reaction 3).
Owing to constraints imposed by anhydrite stability,
however, relatively large changes in the composi-
tion/activity of the alumino-silicate assemblage result
in only minor changes in the position of the anhydrite
stability field (all else being held constant). Thus, sta-
ble or metastable equilibria involving plagioclase and
epidote solid solutions coexisting with anhydrite,
pyrite and magnetite and a Cl—bearing aqueous fluid
will likely define a relatively restricted region in
st(aq) space, which makes this species in vent fluids
a more reliable indicator of redox in subseafloor hy-
drothermal alteration processes. Of course, changes
in temperature, pressure, dissolved CI (salting-out),
together with changes in phase assemblage, will exert
considerable influence on this, and seafloor applica-
tions must explicitly consider any or all of these pos-

sibilities to interpret accurately H,S (ag) CONCeENtra-
tions in hot spring vent fluids. Again, it is for this rea-
son, that application of multiple redox constraints are
most useful.

4.1. Mineral-fluid Equilibria and Subseafloor Reaction
Zones at Mid-Ocean Ridges: Redox Constraints.

Concentrations of dissolved H,S in vent fluids de-
crease sharply with decreasing dissolved Cl (Fig. 13).
CI variations, of course, are largely the result of
phase separation of seawater derived fluid into vapor-
and brine-rich components (Bischoff and Rosen-
bauer, 1987), while HZS(aq) variations reflect phase
equilibria in subseafloor reaction zones, which can
also be influenced by Cl” owing to salting-out effects,
as discussed earlier. For example, assuming a reaction
zone temperature and pressure of 400 °C and 500
bars, dissolved HZS(aq) can be predicted from the
present study to decrease from approximately 12 to 6
mmolal with increase in CI from 300 to 1000 mmolal,
respectively. Lower temperatures (e.g., 375 °C) result
in lower H,S aq) concentrations. The effect of Cl~ on
st(aq) at the lower temperature is also less owing to
temperature-dependent changes in the Setchenow co-
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Figure 13. Dissolved HZS(aq) vs CI” concentrations of selected vent fluids at mid-ocean ridges (Von
Damm, 1995 and references therein) in comparison with st(aq) concentrations in fluid coexisting with
plagioclase (X, = 0.70)-epidote (Xep = 0.45)-quartz-magnetite-anhydrite-pyrite-assemblage at 375-400
°C, 500 bars. The relatively low H,S , , concentrations of many vent fluids may indicate re-equilibration
at temperatures less than 375 °C, which is likely the case with the very high-salinity fluids, where temper-
atures of venting fluid may be as low as 220 °C (see text). In contrast, the conspicuously low H,S(aq) con-
centration for vent fluids at Lucky Strike (Von Damm et al., 1998) and TAG (Edmond et al. 1995; Tivey et
al,, 1995), suggests the loss of pyrite from the reaction zone mineral assemblage (see Fig. 12). This sce-
nario is very much in keeping with the relatively low mg./m, ratio for the TAG vent fluids (Allen and
Seyfried, 1998). Availability of experimentally calibrated theoretical data allows rigorous constraints to be
placed on the mineralogic composition of subseafloor reaction zones at mid-ocean ridges.

efficient of H,S (aq) (Ding and Seyfried, 1990) and the
ionic strength of NaCl-fluid. That vent fluids with dis-
solved CI" near seawater values approach H,S con-
centrations consistent with phase equilibria
constraints involving the anhydrite-bearing system of
minerals at 375-400 °C, suggests similar conditions
in subseafloor reaction zones. The sharply lower
st(aq) concentrations of the high-Cl fluids, how-
ever, most likely reflect the effects of more extreme
cooling, which may be caused by the high density of
these fluids precluding rapid ascent to the seafloor. In-
deed, the unusually high-Cl" vent fluids at STDF ridge
have measured temperatures of only 220-290 °C indi-
cating extensive conductive cooling (Von Damm and
Bischoff, 1987) with likely attendant loss in HZS(aq)'
In cases such as this, it is difficult to constrain unam-
biguously reaction-zone conditions. Vent fluids at
Lucky Strike (Von Damm et al., 1998) and at TAG
(Edmond et al. 1995; Tivey et al., 1995), however, are
not only characterized by low H,S ) concentrations,
but also by low to moderate dissolved CI" concentra-
tions (Fig. 13), and relatively high temperatures (Ed-
mond et al., 1995; Tivey et al., 1995; Von Damm et
al., 1998), which makes it unlikely that post-reaction

zone cooling can account for the relatively low H,S
concentrations for these hydrothermal systems.

An alternative explanation for the relatively low
H,S concentrations at Lucky Strike, TAG, and for
similar systems, may involve other chemical and
physical factors related to fluid/rock mass ratio and
the composition of the substrate through which the
hydrothermal fluids circulate. For example, it is well
known from the relatively low concentrations of
trace incompatible elements in fluids at these sites
that fluid/rock mass ratios are relatively high (Von
Damm et al., 1998; Campbell et al., 1988b). The rea-
sons for this are likely complex, but could result from
tectonic activity that could enhance fluid flow along
high-permeability channels, ultimately creating a
highly altered substrate. Considering the relatively
high solubility of pyrite in aqueous fluids at elevated
temperatures, it is likely that the H,S inventory of the
substrate would be effectively depleted in a relatively
short period of time, with a corresponding decrease
in the concentration of H,S in the coexisting fluid
phase. In effect, the proposed loss of pyrite as a reac-
tant would destroy the H,S-buffer capacity of the
mineral assemblage, and further reaction progress
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would result in a relatively sharp decrease in H,S,
but only a modest change in H, (Fig. 12). That dis-
solved H2(aq) at TAG (Charlou et al., 1996) is nearly
identical to the values measured here at 400 °C, 500
bars (Table 3), is consistent with this interpretation.
In addition to accounting for relatively low HZS(aq)’
the loss of pyrite in subseafloor reaction zones at
TAG, would result in a decrease in mg,/mc, ratio, in
a manner very much equivalent to what is observed
(Allen and Seyfried, 1998).

Whether or not the scenario outlined above to ac-
count for the relatively low H2S(aq) concentrations in
hydrothermal fluids at TAG and elsewhere is accurate
can not be assessed unambiguously without addi-
tional experimental data for an expanded chemical
system, at a wider range of temperatures and espe-
cially for fluid pressures less than 500 bars. What is
clear, however, is that the strategy of conducting ex-
periments to calibrate theoretical models, and then
using the models to constrain hydrothermal alteration
processes, represents a valuable approach to assess
controls on the chemistry of hot spring vent fluids. In-
deed, only by use of an integrated approach involving
field, experimental and theoretical data can real
progress be made in our ability to understand the tem-
poral evolution of exceedingly complex and often
metastable chemical systems that characterize sub-
seafloor reaction zones at mid-ocean ridges.

5. SUMMARY AND CONCLUSIONS

Chemical reactions between circulating hy-
drothermal fluids of seawater origin and rocks of
basaltic composition commonly involve metastable
mineral assemblages that contain plagioclase solid
solutions at temperatures > 400 °C, and low to mod-
erate pressures. The persistence of mineral metasta-
bility, however, together with phase separation
processes in the NaCl-H,O system, which can cause
substantial changes in total dissolved Cl” concentra-
tions of coexisting aqueous fluids, can create an ex-
ceedingly complex chemical environment, one that
may be may be difficult to model thermodynami-
cally. The present investigation, therefore, was con-
ducted to assess the relative agreement between
results of experimental and theoretical models de-
picting phase relations in the Ca0-Na,0-Al,05-
Si0O,-Fe,05-FeO-CuO-HCI-H,0-H,S system at
temperatures from 400-425 °C, 500 bars pressure
and dissolved CI° concentrations from 0.53 to 1.0
molal. Although experiments were performed at
lower pressures (300-500 bars), the dearth of reliable
thermodynamic data for aqueous species effectively
precludes comparison with experimental results for
the relatively low-pressure range of conditions.

In general, for conditions for which comparisons
can be made, there is good agreement between ex-
perimental and theoretical data when explicit ac-
count is made for the presence of metastable phases.
Previous experimental data documented this for pla-
gioclase solid solutions, but it is clear from the pres-
ent investigation that epidote solid solution, a
primary component of the starting mineral assem-
blage, also maintains its composition at initial val-
ues, and quite distinct from that which is predicted
from phase equilibria constraints. Whereas
metastable plagioclase is best indicated by dissolved
concentrations of Na and Ca, epidote metastability
is revealed by pH effects, which under experimental
conditions are manifest by variability of dissolved
metal concentrations, especially Fe. For example, at
425 °C, 500 bars and 1.0 molal total dissolved CI-,
recrystallization of the starting epidote (ch =0.45)
to a thermodynamically more stable phase (X, =
0.82), would give rise to a relatively high-pH fluid
and correspondingly low dissolved Fe concentra-
tions. That the measured Fe gives a pH nearly equiv-
alent to that in metastable equilibrium with the
starting epidote composition (Xep = 0.45), confirms
this interpretation, as do electron microprobe data
which fail to show compositional modification of
the starting epidote.

Dissolved Cu, fixed by the presence of chalcopy-
rite, and Au, fixed by the gold reaction cell, require a
pH (in-situ) that is consistent with the presence of
metastable epidote (Xap = 0.45). Dissolved Al con-
centrations, however, depart sharply from predicted
values, suggesting the existence of more complex dis-
tribution of Al species than are included in the avail-
able thermodynamic database. The experimentally
measured Al, however, is in reasonably good agree-
ment with vent fluid data suggesting similar specia-
tion in natural systems. This point notwithstanding,
the generally good agreement between predicted and
measured dissolved metal concentrations confirms
that plagioclase and epidote solid solutions coexisting
with Na-Ca-Cl fluids can provide a valuable means of
buffering pH of fluids at elevated temperatures and
pressures. Although this can be important to pH con-
trol in subseafloor hydrothermal systems, it is also
important to the design of hydrothermal experiments
where pH control is often critically needed to assess
unambiguously a wide range of reaction processes.
That pH can be changed and maintained simply by
changing epidote composition, offers many advan-
tages to alternative approaches.

Dissolved sulfur species and measured Hz(aq) con-
centrations are also consistent with redox constraints
imposed in part by metastable epidote-plagioclase-
fluid equilibria. In this case, however, it can be
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shown that for the anhydrite-bearing system, H,S )
is relatively insensitive to compositional variability
of the alumino-silicate assemblage, as is the Fe/Cu
ratio, two parameters that have been used in vent flu-
ids to constrain redox in subseafloor reaction zones.
Although many vent fluids with dissolved Cl" con-
centrations near seawater have st(aq) concentra-
tions consistent with a reaction zone mineral
assemblage containing metastable plagioclase-epi-
dote, together with quartz, magnetite, anhydrite, and
pyrite, this does not appear to be the case for systems
having higher dissolved Cl” concentrations where ei-
ther distinctly lower temperatures or different phase
relations are suggested. It is clear that additional ex-
periments and modeling calculations are needed over
a wider range of conditions and with more diverse
phase assemblages to distinguish between these two
possibilities. The need for additional experiments is
underscored further by the fact that the chemistry of
many vent fluids is influenced greatly by critical phe-
nomena in the NaCl-H,O system, which is largely
unsupported by theoretical data because this is an ex-
ceedingly challenging region of pressure-tempera-
ture-composition space. Experiments, however, must
also include explicit consideration of mineral kinet-
ics and recrystallization effects, so as to assess better
the temporal evolution of minerals and fluids from
complex natural systems.
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