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Abstract

In mid-ocean ridge hydrothermal systems the fluid redox state is controlled by oxidation of ferrous iron in the host rock
and generation of aqueous hydrogen, H2(aq). A quantitative interpretation of redox state requires conversion of H2(aq)

concentrations to H2 fugacity, f H2. Here we present the results of hydrothermal experiments that calibrate the
f H2-concentration relationship in saline hydrothermal fluids, YH2-Cl. H2(aq) concentrations were measured between 400
and 500 �C, 210 and 510 bar, in both single-phase fluids and low-density vapors in the KCl-H2O system. The assemblage
hematite-magnetite was used to buffer f H2. Values of YH2-Cl are well above unity and decrease as temperature increases.
Along isotherms YH2-Cl decreases as the fluid density decreases. At 400 �C, 330 bar and 1000 mmol/kg KCl YH2-Cl is 316
bar/molal and decreases to 4 bar/molal at 500 �C, 400 bar and 33 mmol/kg KCl. In combination with previous determination
of H2S(aq) solubility at hydrothermal conditions, the data presented here permit calculation of the redox conditions of natural
vent systems. Redox conditions calculated for the basalt-hosted Piccard hydrothermal field suggest amphibolite facies mineral
assemblages are present at depth, consistent with the extremely hot temperatures (>500 �C) inferred from analysis of other
aspects of vent fluid chemistry (e.g., Cl and SiO2). Piccard may be the first location of active venting that records, through
its composition, evidence for an alteration assemblage that had been previously observed only in fossilized submarine
hydrothermal systems.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

In mid-ocean ridge (MOR) vent fluids, H2(aq) and
H2S(aq) serve as important indicators of subsurface lithol-
ogy (Seyfried and Ding, 1995; Von Damm, 2000) as well
as energy sources for unique chemosynthetic organisms
(e.g., Anderson et al., 2017 and references therein). Fluids
with H2(aq) concentrations less than H2S(aq) have commonly
been interpreted to reflect alteration of mafic rocks, while
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the inverse (H2(aq) > H2S(aq)) is most often indicative of
hydrothermal alteration of ultramafic rocks (Charlou
et al., 2002; Schmidt et al., 2007; Seyfried et al., 2011). In
order to most accurately differentiate between various styles
of hydrothermal alteration, the measured concentrations of
redox-dependent gases must be converted to a thermody-
namic parameter such as fugacity or activity. Conversely,
fugacity or activity must be converted to concentration in
any calculation that aims to predict the concentration of
a dissolved gas in equilibrium with a given mineral assem-
blage. To date, calculations involving redox-dependent
gases in MOR settings have often been performed using
the assumption that the activity coefficients for H2(aq) or
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H2S(aq) are equal to that of CO2(aq) at the same pressure–
temperature conditions (e.g., McCollom and Shock, 1998;
Klein et al., 2009; Klein et al., 2013). Interpretations of nat-
ural processes based on such calculations are uncertain
since it is well established that non-ideal behavior is unique
to each dissolved gas (e.g., Drummond, 1981, Akinfiev and
Diamond, 2003). For example, Drummond (1981) per-
formed experiments at 350 �C, vapor saturation and
showed that the f H2-concentration relationship is 117 bar/
molal in pure water and increases to 395 bar/molal in 6
molal NaCl-H2O. The deviation between fH2S and concen-
tration is 27–88 bar/molal over the same range of condi-
tions, while that for CO2 is 48–240 bar/molal
(Drummond, 1981). These data also highlight that, for a
given gas, the deviation between fugacity and concentration
is a complex function of pressure, temperature and dis-
solved salt concentration.

Measurements of pressure, temperature, and dissolved
chloride in vent fluids at numerous sites on the seafloor
attest to the variability of these parameters in natural sys-
tems. Hydrothermal fluids have been measured venting at
the seafloor between 75 and 400+ �C, 80 and 500 bar, cor-
responding to water depths of 800–5000 meters (Von
Damm, 1995; German and Seyfried, 2014; Seyfried et al.,
2015; McDermott et al., 2018). Measured Cl concentrations
vary dramatically, from 32 mmol/kg in the aftermath of a
volcanic eruption (Von Damm, 2000; Lilley et al., 2003),
to almost 1000 mmol/kg, twice the concentration in seawa-
ter (Gallant and Von Damm, 2006). The large range in Cl
concentrations is the result of complex processes involving
phase separation in the NaCl-H2O system (Von Damm,
1990). Consistent with the behavior of H2(aq) and H2S(aq)
solubility in experimental studies (e.g., Drummond 1981),
measurements of natural fluid chemistry demonstrate a neg-
ative correlation between dissolved gases and Cl concentra-
tions (Ding and Seyfried, 1992; Seewald et al., 2003;
Foustoukos and Seyfried, 2005).

In addition to dissolved Cl concentration, fluid-mineral
equilibria play an important role in determining H2(aq)

and H2S(aq) concentrations in MOR vent fluids. This is
because, at hydrothermal conditions within the ocean crust,
the primary mechanism for H2(aq) formation is the oxida-
tion of ferrous iron in the host rock. This process can be
represented through a generalized reaction such as

FeO + H2O = Fe2O3 + H2ðaqÞ ð1Þ
H2S(aq) formation can be represented by the reaction of

sulfides with hydrothermal fluid:

FeS + 4 H2O = Fe3O4 + 3 H2SðaqÞ + H2ðaqÞ ð2Þ
The relatively constant H2(aq) and H2S(aq) concentra-

tions issuing from individual vent sites over long periods
(Von Damm, 1995; Von Damm et al., 1995; Von Damm,
2000) and the differences in the concentration of both gases
between mafic and ultramafic hosted vent sites indicate the
importance of fluid-mineral equilibria in MOR systems.
The results of experimental studies also support the hypoth-
esis that dissolved gas concentrations represent equilibrium
with the host rock (Seyfried and Ding, 1995; Seyfried et al.,
2002).
Given the importance of H2(aq) and H2S(aq) as indicators
of redox state of MOR vent fluids, the usefulness of exper-
iments that measure H2(aq) and H2S(aq) concentrations in
well-constrained experimental systems cannot be over-
stated. However, few studies have systematically measured
gas solubility in salt bearing aqueous fluids at requisite
hydrothermal conditions, significantly hampering the calcu-
lation of H2(aq) and H2S(aq) concentration or fugacity in
thermodynamic models. In this study, we present new
experimental data on the solubility of the assemblage
hematite-magnetite coexisting with vapor–liquid and
single-phase fluids (KCl-H2O) between 400–500 �C and
215–510 bar. The experiments focused on measuring
H2(aq) in solutions with a range of Cl concentrations in
order to expand the range of pressures, temperatures and
salt concentrations over which the f H2-concentration rela-
tionship can be calculated. The new experimental data can
be used with previous measurements of H2S(aq) solubility to
interpret subsurface alteration processes associated with
fluids issuing from MOR vent systems. Here, we leverage
the data to understand the alteration processes responsible
for the unique H2(aq)/H2S(aq) concentration ratio observed
at the mafic-hosted Piccard vent field (Mid-Cayman Rise),
the deepest vent field yet discovered.

2. METHODS

2.1. Hydrothermal Reactor

Experiments were performed in a newly designed fixed
volume (150 mL) hydrothermal reactor (Scheuermann
et al., 2018). The reactor body and closure piece are con-
structed from Ti-6Al-2Sn-4Zr-2Mo (Ti6242), a high
strength titanium alloy, while all capillary lines and high
temperature adapters are made from grade 2 titanium. A
1/1600 Ti-sheathed type E (chromel-constantan) thermo-
couple monitors the fluid temperature inside the reactor.
The thermocouple communicates with three external
heating bands through an EZ Zone PM (Watlow Electric
Manufacturing Co.) proportional-integral-derivative con-
troller. Error in temperature is ±5 �C, as determined by
testing of the thermocouple in a dry block probe calibra-
tor (Omega Hot Point�). A Teledyne ISCO syringe
pump controls the system pressure, up to a maximum
of 517 bar. The syringe pump can automatically inject
or withdraw fluid to maintain constant pressure during
sampling. Due to the redox sensitive nature of the pre-
sent experiment, the interior surface of the reactor was
passivated with 20 wt% nitric acid (300 �C, 10 h) in order
to form an inert TiO2(s) coating on all wetted surfaces,
following the procedure outlined by Fowler et al.
(2019). The reactor used in this study is identical to that
used by Fowler et al. (2019). As part of their study,
Fowler et al. (2019) injected a known amount of H2(aq)

into a passivated Ti-alloy reactor at 300 �C, 300 bar
and measured the concentration periodically over five
days. Within error, there was no change in the dissolved
H2(aq) concentration, indicating that after passivation the
Ti-alloy does not participate in reactions involving H2(aq)

(Fowler et al., 2019).
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The newly designed reactor significantly increases the
effectiveness with which high temperature experiments
involving phase separation can be performed. Specifically,
the fixed-volume design and connection to the ISCO syr-
inge pump accommodate large changes in fluid volumes
that accompany phase separation. The design of the sam-
pling valves, however, does not allow fluids to be with-
drawn with a ‘quick-quench’ method (e.g., Foustoukos
and Seyfried, 2005) necessary to avoid precipitation of
Fe-sulfides in the capillary tubing. For this reason, sulfide
minerals were not included in the experiments to buffer f

H2S.

2.2. Experimental procedure

This study employs the well-known mineral buffer tech-
nique to control f H2 as a function of pressure and temper-
ature (e.g., Chou, 1978; Kishima and Sakai, 1984a). This
technique relies on establishing equilibrium between well
characterized minerals phases (see Sections 2.3 and 3) and
the coexisting fluid. The hematite and magnetite crystals
used for these experiments were natural samples and came
from the University of Minnesota Department of Earth and
Environmental Sciences mineral collection. The minerals
were broken and sieved and the 1–2 millimeter size fraction
was retained. Approximately 5–7 g of each mineral was
then added to a gold cylinder (1/200 � 500) that was placed
inside the reactor. The walls of the gold cylinder were per-
forated with numerous 1/1600 holes to allow experimental
fluid to reach the minerals and both ends were crimped
after adding the minerals. Use of the gold cylinder facili-
tated the removal of the minerals at the end of the experi-
ment; it was not meant to act as a H2(aq) membrane. In
addition to hematite and magnetite, K-feldspar, muscovite,
and quartz were also present in the experiment to serve as a
pH buffer. KCl-H2O fluids were therefore used instead of
NaCl-H2O to maintain consistency between the composi-
tion of the fluid and minerals and avoid reactions involving
Na-K solid solutions.

After inserting the gold cylinder into the reactor, the
main nut was sealed and ultra-pure argon was flushed
through the reactor for at least 20 min to expel room air.
The reactor was then connected to an ISCO syringe pump
and experimental fluid was pumped into the bottom of
the reactor, while the remaining argon was allowed to
escape through the vapor sampling valve (see
Scheuermann et al., 2018). All valves were closed once the
reactor was filled with solution and it was then brought
to the experimental pressure and temperature. Before intro-
ducing the experimental solution into the reactor, it was put
under vacuum and sonicated for 30 minutes to purge dis-
solved gases. Additionally, 200 lmol/kg formic acid
(CH2O2) was added to the experimental solution. Formic
acid decomposes into H2 and CO2 above 250 �C
(McCollom and Seewald, 2003; Pester et al., 2015) and
was included to ensure that any residual dissolved O2 did
not adversely affect the mineral redox buffer.

The experimental design used here allows for multiple
samples of both vapors and single-phase fluids to be taken
at various temperatures without the need to return to ambi-
ent conditions between samples. Once at the appropriate
pressure and temperature, the entire system was allowed
to react for a minimum of 4 days at 400 and 425 �C, 3 days
at 450 and 2 days at 500 �C to achieve equilibrium, consis-
tent with previously determined time constraints on silicate-
fluid and Fe-oxide- fluid equilibrium at similar tempera-
tures (Kishima and Sakai, 1984a; Foustoukos and
Seyfried, 2007). These reaction times were also confirmed
by reversing equilibrium through temperature adjustment
and measuring fluid chemistry. The autoclave was posi-
tioned at a slight angle above horizontal. This orientation
promoted segregation of vapor and liquid, and minimized
temperature gradients along the length of the reactor. It is
important to note that the hematite-magnetite assemblage
fixes f H2 within the entire system at a unique value at a
given temperature. Thus, the minerals need not contact
both fluid phases in order to effectively buffer f H2.

Prior to sampling, approximately 0.3 g of fluid were
removed to flush the capillary line. Aliquots for cations
were diluted at least 4-fold with 1 M Optima HCl to pre-
vent precipitation of iron bearing phases. The aliquot for
H2(aq) analysis was collected in a gas tight syringe, diluted
with ultra-pure N2 and immediately analyzed. Additional
aliquots were also taken to determine the concentrations
of dissolved anions and pH25�C.

2.3. Analytical methods

All cations, dissolved silica, and minerals (following
hydrofluoric acid digestion, see below) were measured by
inductively coupled plasma optical emission spectroscopy
(ICP-OES). Cl was measured by ion chromatography
(IC). Samples measured by ICP-OES were analyzed three
times and those measured by IC were run twice. The aver-
age of these values is reported. Uncertainties for the ICP-
OES and IC are 3 % and 2 %, respectively (2r, Table 1).
The concentration of H2(aq) in all samples was measured
using an Agilent 6980 gas chromatograph (GC), equipped
with a carbon molecular sieve column (CarboxenTM 1010
PLOT) and thermal conductivity detector. Prior to each
sample, the GC was calibrated with a gas standard contain-
ing 1% H2 gas. Reproducibility of the 1% standard was
always within 10% and all H2(aq) concentrations were calcu-
lated using an averaged (n = 10) 1% standard. pH25�C was
measured using a Thermo-Ross electrode that was cali-
brated with pH 4, 7, and 10 buffers before each
measurement.

Prior to ICP-OES analysis, minerals were acid digested.
The sample was powdered and 0.1 g was added to a 10 mL
mixture of HF, HNO3, and deionized water. The powder
and acid mixture were loaded into a sealed Teflon cylinder
and were allowed to digest for 2 hours at 200 �C. Standard
rock samples (BHVO-1 and G-2) provided by the United
States Geological Survey were digested and analyzed con-
currently with the experimental samples in order to verify
results. The USGS standards returned within ±10% of
the stated values of the major oxides.

The minerals were also analyzed by x-ray powder
diffraction (XRD). A Rigaku Miniflex� X-ray diffractome-
ter with cobalt radiation was used. 2H angles were then



Table 1
Chemical composition of experimental samples and calculated YH2-Cl values.

Temp. Pressure Phase Rxn time pH 25 �C H2 K Cl Density YH2-Cl

(�C) (bar) (days) (mmol/kg) (mmol/kg) (mmol/kg) (g/cm3) (bar/molal)

400 215 vap 10 3.86 1222 11 13 0.12 9
400 240 vap 7 3.53 545 15 16 0.15 21
400 260 vap 4 3.60 372 26 27 0.19 32
400 280 SP 4 4.10 145 674 659 0.51 84
400 330 SP 13 4.2 40 931 1012 0.61 316
425 322 vap 7 3.26 294 80 79 0.24 47
425 335 vap 5 2.39 219 383 390 0.30 64
425 338 vap 4 3.58 236 618 602 0.41 60
450 350 vap 6 3.55 890 43 45 0.21 17
450 380 vap 5 3.06 519 93 96 0.25 30
450 400 vap 5 3.09 346 187 183 0.30 47
450 415 vap 7 3.63 300 529 535 0.38 55
450 430 SP 3 3.09 131 800 827 0.46 128
450 470 SP 4 3.43 127 790 819 0.50 137
500 400 vap 5 3.03 4237 31 33 0.18 4
500 430 vap 3 3.03 2210 49 52 0.20 8
500 470 vap 4 3 1650 83 87 0.24 12
500 510 vap 2 2.95 1206 173 182 0.28 17

SP = single-phase fluid.
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converted to the Cu Ka scale. The specific range of values
over which the measurements were made are provided in
the figures found in the Appendix A.

2.4. Calculation of YH2

In order for H2(aq) to become a more quantitative tool in
understanding mass-transfer processes in axial hydrother-
mal systems, the fugacity-concentration relationship must
be known to correlate measured concentrations to thermo-
dynamic predictions of f H2. While the f H2-concentration
relationship has been determined in pure water at
temperature–pressure conditions relevant to MOR systems
(Kishima and Sakai, 1984a), the effect of dissolved salt can
cause H2(aq) concentrations to differ significantly from those
measured in pure water (Drummond, 1981). Here, YH2

denotes the fugacity-concentration relationship in the pure
water system and YH2-Cl indicates a saline bearing aqueous
fluid.

In this study, hematite and magnetite were used to buffer
f O2 through the following reaction

Hematite = � O2ðgÞ + 2 Magnetite ð3Þ
The conversion to f H2 requires combination of Eq. (3)

with Eq. (4)

H2ðgÞ + � O2ðgÞ = H2OðlÞ ð4Þ
to yield (Kishima and Sakai, 1984a)

Hematite + H2ðgÞ = 2 Magnetite + H2OðlÞ ð5Þ
f H2 can then be calculated, assuming pure mineral

phases, as follows:

fH2 ¼ K�1
5 ð6Þ

where K5 represents the equilibrium constant for Eq. (5).
YH2

and YH2-Cl (bar/molal) are then determined as the ratio
of f H2 to measured concentration in the aqueous fluid
YH2
¼ fH2=½H2ðaqÞ� ð7Þ

YH2
can be converted to the well-known Henry’s law

constant, kH (bar),

kH ¼ NwY ð8Þ
where Nw = 55.51 mol kg�1 H2O (Akinfiev and Diamond,
2003).

The relevant thermodynamic data for calculation of fH2

are taken from SUPCRT92 (Johnson et al., 1992).
SUPCRT92 utilizes the revised Helgeson-Kirkham-
Flowers equation of state to calculate the thermodynamic
properties of gases, aqueous solutes and water (Tanger
and Helgeson, 1988; Shock and Helgeson, 1988; Shock
et al., 1989; Shock and Helgeson, 1990). The standard state
for gases is the ideal gas at the temperature of interest and
1 bar. The standard state for minerals and water is the pure
substance at the pressure and temperature of interest. Aqu-
eous solutes are treated as ideal in a hypothetical one molal
solution referenced to infinite dilution.

log f H2 values generated by SUPCRT92 for the mineral
buffers hematite-magnetite and pyrite-pyrrhotite-magnetite
are all within 0.5 log units or less of those determined exper-
imentally by Kishima and Sakai (1984a,b) and Kishima
(1989) in the temperature range 400–500 �C. The log f H2

data given by SUPCRT92 are always greater than those
given by Kishima and Sakai (1984a,b) and Kishima
(1989). There is similar agreement between f H2 as calcu-
lated by SUPCRT92 and the experimental data of Chou
(1978) between 600–800 �C. Variations in calculated log f

H2 stem from differences in the thermodynamic properties
of the mineral phases and water, since H2(g) is the reference
state for hydrogen and therefore does not contribute to the
free energy budget of reaction (5) (e.g, Anderson and
Crerar, 1993). In a series of more recent publications,
Holland and Powell (1998, 2011) present a database of
internally consistent thermodynamic data for mineral
phases based on an extensive number of experimental
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measurements. Comparison of log f H2 as given by
SUPCRT92 and the data of Holland and Powell (2011)
yields results within 0.02 and 0.1 log units for hematite-
magnetite and pyrite-pyrrhotite-magnetite, respectively.

The good agreement with the data of Kishima and Sakai
(1984a,b), Kishima (1989) and Chou (1978) and the excel-
lent agreement with Holland and Powell (2011) warrants
the use of SUPCRT92 to calculate YH2

, as outlined above.
All YH2

and YH2-Cl values presented in this contribution,
regardless of the source of experimental H2(aq) measure-
ments, have been calculated using f H2 as defined by data
in SUPCRT92 for the appropriate mineral assemblage.

The use of f H2 in this study stems from the well-
documented uncertainty of HKF predictions of the thermo-
dynamic properties of neutral aqueous species, including
H2(aq) and H2S(aq), above the critical point of pure water
(Plyasunov et al., 2000; Akinfiev and Diamond, 2003).
For example, at 275 bar, the difference between experimen-
tally determined and theoretically calculated equilibrium
constants for Eq. (9), K9, is 1.3 log units at 400 �C and
2.4 log units at 450 �C (Eklund et al., 1997).

fH2ðgÞ ¼ aH2ðaqÞ ð9Þ
While more recent equations have improved the accu-

racy of K9 (e.g., Plyasunov et al., 2000; Akinfiev and
Diamond, 2003), these equations are not yet integrated into
software codes that facilitate calculation of fluid-mineral
equilibria.

2.5. Calculating fluid density

In this study, fluid density is calculated using the equa-
tions of Driesner (2007), modified to incorporate the differ-
ence in molecular weight between NaCl and KCl.
Modification of the correlation of Driesner (2007) yields
agreement within 10% of experimental measurements of
KCl-H2O density at hydrothermal conditions, 300–700 �C,
800–2000 bar (Khaibullin and Borisov, 1966; Bodnar and
Sterner, 1985).
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density along the four different isotherms investigated in this study.
Density is used in lieu of pressure in order to display the results on
an overlapping scale. Samples with density greater or equal to
0.45 g cm�3 represent single-phase fluids. The vapor samples have
density less than 0.45 g cm�3.
3. RESULTS

Fluid samples were collected at pressure–temperature
conditions that yield a wide range of KCl concentration
(12–1000 mmol/kg) and fluid density (0.1–0.5 g cm�3,
Table 1). Four single-phase fluids and fourteen low-
density vapors were collected. Comparison of experimental
KCl concentrations (the average of measured K+ and Cl-)
of vapors with the numerical model of Driesner and
Heinrich (2007) shows very good agreement (Fig. 1) and
indicates that the fluid matrix attained equilibrium between
coexisting vapor and liquid. While the model of Driesner
and Heinrich (2007) is based on experiments in the NaCl-
H2O system, the similar chemical properties of K+ and
Na+ yield compositions of coexisting vapor–liquid that
are indistinguishable within experimental error (Liebscher,
2007). Within the vapor–liquid region of the KCl-H2O sys-
tem, the composition of the vapor and liquid are fixed at a
given pressure–temperature condition and do not depend
on the KCl composition of the fluid prior to phase
separation (Liebscher, 2007). The mass ratio of vapor to
liquid changes as a function of bulk KCl content, but this
ratio does not affect the solubility of dissolved components
such as H2(aq).

H2(aq) concentrations display a clear dependence on
pressure, Cl concentration, and temperature (Fig. 2). Along
an isotherm, H2(aq) concentration decreases with increasing
pressure and Cl concentration (Table 1). This pattern is
shown in Fig. 2 as a function of density in order to more
easily compare data along the four different isotherms. As
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pressure and/or Cl concentration increase, density increases
along the isotherms. The data also indicate increasing
H2(aq) concentration as temperature increases at constant
density. For a given pressure–temperature condition, a
range of ± 40 mmol/kg H2(aq) was determined by multiple
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Fig. 4. ln YH2-Cl as calculated in the NaCl-H2O (Ding and Seyfried,
1990) and KCl-H2O (this study) at 400 �C (A) and 450 �C (B). ln
YH2-Cl is a linear function of ln q along an isotherm, regardless of
whether samples are low-density vapors or single-phase fluids.
Dashed lines represent linear regressions of the data.
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4. DISCUSSION

4.1. Comparison with previous H2(aq) solubility measurements

The experiments of Kishima and Sakai (1984a,b) and
Kishima (1989) provide the most extensive measurements
of H2(aq) solubility in mineral buffered fluids at elevated
pressures and temperatures. All experiments were per-
formed in the pure water system between 296–500 �C,
100–1000 bar in gold cell hydrothermal reactors (Seyfried
et al., 1987). Kishima and Sakai (1984a,b) measured H2

(aq) as buffered by hematite-magnetite (HM) and nickel-
nickel oxide (NNO), while Kishima (1989) measured H2

(aq) solubility as dictated by pyrite-pyrrhotite-magnetite
(PPM).

The experiments of Kishima and Sakai (1984a,b) and
Kishima (1989) indicate that along an isotherm, YH2

increases with increasing pressure, while along isobars,
YH2

decreases as temperature increases. In other words,
YH2

decreases in magnitude as density decreases and the
fluid becomes more gas-like. At 416 �C, for example, YH2

increases from 64 to 335 bar/molal as pressure increases
from 365 to 1000 bar. YH2

decreases from 785 to 175 bar/
molal as temperature increases from 300 to 490 �C at
1000 bar. The behavior of YH2

as a function of pressure
and temperature is decidedly non-linear (Kishima and
Sakai, 1984a; Kishima, 1989), but can be simplified consid-
erably by converting pressure to density (q). ln YH2

is then
an approximately linear function of ln q along an isotherm
(Fig. 3).

A linear relationship between gas solubility and fluid
density has been previously recognized based on observa-
tions of experimental data at temperatures below the criti-
cal point of pure water (Japas and Sengers, 1989, and
references therein). In fact, Akinfiev and Diamond (2003)
derived an equation of state (EoS) for aqueous non-
electrolytes that relies on the relationship between gas solu-
bility and fluid density in order to regress the values for sev-
eral empirical fit parameters. The empirical parameters
relevant to H2(aq) are based on experimental data collected
from 0 to 486 �C, 1 to 1000 bar in the pure water system
(i.e., infinite dilution), including the data of Kishima and
Sakai (1984a). The Akinfiev and Diamond (2003) EoS is
compatible with the Helgeson-Kirkham-Flowers EoS and
therefore the results can be compared with YH2

as generated
from experimental data (see Eq. (8) for conversion). There
is generally good agreement between the EoS predictions
and the diverse dataset of experiments along the vapor sat-
uration curve (see Fig. 1b in Akinfiev and Diamond, 2003).
However, at pressures above saturation the disagreement
between experimental data and EoS predictions increases.
At 327 �C and 486 �C (Fig. 3), the Akinfiev and Diamond
(2003) EoS predicts ln YH2

values that are approximately
0.5 natural log units lower than that given by the
hematite-magnetite experiments of Kishima and Sakai
(1984a). Depending on the value of ln YH2

a difference of
0.5 natural log units can lead to deviations between calcu-
lated and measured YH2

of up to 155 bar/molal. Given
the discrepancy between the hematite-magnetite experimen-
tal data and the Akinfiev and Diamond (2003) EoS, the
hematite-magnetite data have been fit to an empirical func-
tion of temperature and fluid density in order to facilitate
comparison with the experimental data collected in salt-
bearing fluids (this study, Ding and Seyfried, 1990). The
empirical equation is as follows:

lnYH2�KS ¼ 7:983� 0:001818Tþ 6:341lnq

� 0:005568Tlnqþ 0:7477lnq2 ð10Þ
Temperature is given in �C and density in g cm�3.

Fig. A2 provides a comparison of measured and calculated
YH2

values using Eq. (10).
The larger disagreement between the predictions of the

Akinfiev and Diamond (2003) EoS and the PPM experi-
ments of Kishima (1989, Fig. 3), may be the result of solid
solution in pyrrhotite (Barton and Skinner, 1979), which
lowers the activity of FeS. A lower FeS activity will cause
YH2

to be less than that calculated assuming a pure mineral.
Unfortunately, Kishima (1989) does not report the compo-
sition of pyrrhotite used in the experiments. However,
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calculations indicate that a minimal decrease in pyrrhotite
activity, Po0.8-0.9, causes YH2

to decrease and show good
agreement with YH2

as calculated from the HM and
NNO experiments (Kishima and Sakai, 1984a,b).

The addition of significant quantities of dissolved salts
(e.g., NaCl or KCl) complicates the prediction of H2(aq) sol-
ubility in natural geothermal fluids. As the concentration of
dissolved salt increases in an aqueous fluid at constant tem-
perature and pressure H2(aq) solubility decreases. The phe-
nomena of decreasing H2(aq) solubility with increasing salt
concentration has been deemed ‘salting-out’ and is a well-
documented process that affects the solubility of all neutral
aqueous species (e.g., Oelkers and Helgeson, 1991; Sharygin
et al., 2002). In the context of the current study, decreased
H2(aq) solubility in saline fluids will cause YH2-Cl to be larger
than YH2

since f H2 remains constant at a given pressure–
temperature condition, regardless of fluid composition
(Eq. (7)). The presence of salt does not change the behavior
of YH2-Cl as a function of pressure and temperature as com-
pared to YH2

. Values of YH2-Cl decrease as the fluid density
decreases (Fig. 4).

In addition to the results of the current study, the exper-
iments of Ding and Seyfried (1990) provide data for H2(aq)

solubility in salt-bearing aqueous fluids at conditions rele-
vant to MOR vent systems. These experiments utilized
the PPM mineral assemblage to buffer H2(aq) between
300–450 �C, 300–500 bar, and 560–2000 mmol/kg NaCl
(Table 2, Appendix A). YH2-Cl as calculated from the new
experimental data and those of Ding and Seyfried (1990)
show a similar trend to YH2

(Kishima and Sakai, 1984a,b;
Kishima, 1989) when plotted as a function of density and
temperature (Fig. 4). As expected, YH2-Cl calculated from
both sets of experiments are larger than those in the pure
Table 2
Experimental data from Ding and Seyfried (1990).

Temperature
(�C)

Pressure
(bar)

Cl
(mmol/kg)

H2

(mmol/kg)
H2S
(mmo

300 500 576 0.21 1.92
300 400 598 0.23 2.04
300 300 572 0.25 2.25
350 500 567 0.37 5.96
350 400 589 0.41 6.79
350 300 581 0.48 7.1
375 500 594 0.46 10.78
375 400 578 0.54 11.69
375 300 587 0.70 12
400 500 594 0.64 18.75
400 400 632 0.73 19.82
400 300 592 1.23 26.03
400 500 1454 0.47 13.8
400 500 1951 0.33 11.16
400 400 1316 0.49 15.73
400 400 2012 0.35 13.15
425 500 570 0.97 31.1
425 400 556 1.40 38.9
450 500 572 1.46 54.99

Na concentrations are, within error, equal to Cl.
The experiments of Ding and Seyfried (1990) were performed in flexible
All samples are single-phase fluids.
water system (Fig. 5). At 350 �C, YH2-Cl as calculated from
the PPM experiments (Ding and Seyfried, 1990) are
approximately two to three times larger than those pre-
dicted for the pure water system by the Akinfiev and
Diamond (2003) EoS or the data of Kishima and Sakai
(1984a,b, Fig. 5a). This offset between YH2-Cl and YH2

is
essentially constant because the experimental NaCl concen-
tration remains within a narrow range, 560–600 mmol/kg.
At 400–450 �C, the offset between YH2-Cl and YH2

changes
(Fig. 5b-d) because the KCl concentration in the current
study varies between 15–1000 mmol/kg, and NaCl varies
between 500–2000 mmol/kg in the study of Ding and
Seyfried (1990). At 400 �C, 215 bar, the KCl concentration
in the low-density vapor is 13 mmol/kg and YH2-Cl calcu-
lated at this condition, 9, is within error of YH2

, 6. In con-
trast, YH2-Cl is 192 at 450 �C, 500 bar, 570 mmol/kg NaCl,
while YH2

= 45 at the same pressure and temperature.
The difference between YH2-Cl and YH2

further increases
as dissolved NaCl concentrations reach 1–2 molal (Fig. 5b).

Data at 500 �C, collected as part of the current study,
deviate from the pattern seen at lower temperature. YH2-Cl

at 500 �C are 1.3–3 times lower than values predicted for
the pure water system (Fig. 5e). It is possible that the
Akinfiev and Diamond (2003) EoS and Kishima and
Sakai (1984a,b) data overestimate YH2

at 500 �C, since
these datasets have an upper bound of 486 �C. Alterna-
tively, the relatively small differences between YH2

and
YH2-Cl and the low Cl concentration of the experimental
samples (33–182 mmol/kg Cl) suggests that at such high
temperatures YH2

and YH2-Cl may converge to similar val-
ues. We therefore posit that the pattern seen in Fig. 5e,
YH2-Cl < YH2

, is the result of inconsistency between datasets
and does not indicate ‘salting-in’ behavior.
l/kg)
Density
(g cm�3)

YH2-Cl

(bar/molal)
YH2S-Cl

(bar/molal)

0.81 1073 84
0.80 945 74
0.78 843 64
0.73 711 77
0.71 599 64
0.69 488 58
0.69 591 67
0.66 479 58
0.63 350 53
0.63 438 50
0.60 362 51
0.52 202 42
0.70 590 68
0.73 843 84
0.66 543 64
0.71 746 77
0.56 293 50
0.49 190 37
0.48 195 39

gold cell hydrothermal reactors (Seyfried et al., 1987).



Fig. 5. Comparison of YH2-Cl with YH2
as a function of pressure along various isotherms. YH2

in the pure water system come from the
Akinfiev and Diamond (2003) EoS (filled circles) or the experiments of Kishima and Sakai (1984a,b, empty circles). The data of Kishima and
Sakai (1984a,b) were extrapolated using Eq. (10). The red squares represent the data of Ding and Seyfried (1990) and the blue squares are
from this study. NaCl or KCl concentrations can be found in Tables 1 and 2. Error bars for data from this study are calculated based on
experimental uncertainty, ±40 mmol/kg H2(aq). Larger error bars correspond to samples with lower H2(aq) concentrations and thus larger
values of YH2-Cl.
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Fig. 6. YH2S-Cl as calculated in the NaCl-H2O system (Ding and
Seyfried, 1990, red symbols) compared with the data of Kishima
(1989, black symbols) in the pure water system. The shape of the
symbols indicates the temperature as given in the legend. Tie lines
are to guide the eye.
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ln YH2-Cl as calculated from the salt-bearing experiments
(this study, Ding and Seyfried, 1990), were fit to the follow-
ing empirical equation of temperature (�C) and density
(g cm�3)

lnYH2�Cl ¼ 7:651� 0:001214Tþ 0:0626lnq

þ 0:00736Tlnqþ 0:3876 lnqð Þ2 ð11Þ
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Fig. 7. YH2
/YH2S (blue circles) and YH2-Cl/YH2S-Cl (black circles) calcula

Seyfried (1990). At constant temperature, the range of values is a functi
YH2S = 3.63 � 107 T -2.595.
Eq. (11) is based on experimental data collected from
single-phase fluids and low-density vapors between 300–
500 �C, 210–510 bar and 0–2000 mmol/kg dissolved NaCl
(or KCl). While data for samples containing greater than
1000 mmol/kg NaCl were included in the regression of
equation (11), YH2-Cl calculated for these high salinity sam-
ples deviate from measured values more strongly than those
calculated for less saline fluids (Fig. A3). The incorporation
of both single-phase and low-density vapors in the regres-
sion of equation (11) is based on the growing recognition
that phase separation does not represent a discontinuity
in the description of solubility (Scheuermann et al. 2018,
2019). This can be seen in the H2 solubility data as ln
YH2-Cl is a linear function of ln q for samples taken along
the 400 and 450 �C isotherms (Fig. 4).

4.2. Previous measurements of H2S(aq) solubility and

calculation of YH2S-Cl

Measurements of H2S(aq) solubility at conditions rele-
vant to this work have been made by Kishima (1989) in
the pure water system (300–500 �C, 100–1000 bar) and
Ding and Seyfried (1990) in the NaCl-H2O system (300–
450 �C, 300–500 bar, 560–2000 mmol/kg NaCl). Both
Ding and Seyfried (1990) and Kishima (1989) used the
pyrite-pyrrhotite-magnetite assemblage to buffer H2S(g):

2 PyrrhotiteþPyriteþ4 H2O¼ 4 H2SðgÞ þMagnetite ð12Þ
YH2

S and YH2-Cl can be calculated using a modified
version of equation (7). Requisite thermodynamic data
for calculating f H2S, assuming pure minerals, are taken
from SUPCRT92.
00 420 440 460 480 500

ture (oC)

D+S (1990)
Kishima (1989)

ted using the experimental data of Kishima (1989) and Ding and
on of pressure. The black line is an empirical fit to the data, YH2

/



Fig. 8. Comparison of (a) H2(aq) and (b) H2S(aq) concentrations in
equilibrium with pyrite-pyrrhotite-magnetite calculated using two
methods: (1) the assumption that concentration is equal to
thermodynamic activity as calculated by SUPCRT92 and (2)
YH2-Cl and YH2S-Cl values generated using Eqs. (11) and (13),
respectively. NaCl concentration for the method 2 calculation is
550 mmol/kg. The red squares represent the experimental data of
Ding and Seyfried (1990). Method 1 significantly over predicts
dissolved gas concentrations due to uncertainties regarding calcu-
lation of Eq. (9) in SUPCT92. The differences between calculation
methods 1 and 2 highlight the need for the new experimental data
in order to accurately interpret redox conditions of mid-ocean ridge
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Similar to YH2-Cl, YH2S-Cl is an approximately linear
function of fluid density at constant temperature
(Fig. A4). The data of Ding and Seyfried (1990) were there-
fore used to regress the following equation for YH2S-Cl:

lnYH2S�Cl ¼ 2:512þ 0:009898Tþ 2:462lnq

þ 0:01325Tlnqþ 5:36 lnqð Þ2 ð13Þ
Eq. (13) is based on experimental measurements

between 300–450 �C, 300–500 bar and 550–2000 mmol/kg
NaCl (Table 2), conditions entirely within the single-
phase field. Similar to Eq. (11), Eq. (13) reproduces
YH2S-Cl values most accurately for fluids with NaCl content
less than 1000 mmol/kg (Fig. A5).

YH2S-Cl displays similar behavior to YH2-Cl in that values
of YH2S-Cl decrease with decreasing fluid density and YH2S-Cl

is larger than YH2S owing to salting-out effects (Fig. 6). The
magnitude of YH2S-Cl, however, is smaller than that of
YH2-Cl. YH2S-Cl reaches a maximum of 84 bar/molal at
300 �C, 550 mmol/kg NaCl, while at the same temperature
and salt concentration the maximum value of YH2-Cl is
1072 bar/molal. These differences between values of
YH2S-Cl and YH2-Cl are consistent with previous data that
demonstrate increased solubility of H2S(aq) as compared
to H2(aq), at constant temperature, pressure and salt concen-
tration (Drummond, 1981). As temperature increases above
300 �C the difference between YH2-Cl and YH2S-Cl decreases
(Fig. 7). The decrease in YH2

/YH2S is greatest at lower tem-
peratures and decreases with increasing temperature. The
presence of salt does not significantly alter YH2-Cl/YH2S-Cl,

as compared to YH2
/YH2S at the same temperature and

pressure. For example, at 300 �C, 500 bar (500 mmol/kg
NaCl) and 400 �C, 400 bar (500 mmol/kg NaCl), YH2-Cl/
YH2S-Cl is 12.9 and 3.9, respectively. At the same pressures
and temperatures in the pure water system YH2

/YH2S is
12.3 and 4.1. The presence of NaCl (or KCl) appears to
cause both H2(aq) and H2S(aq) to ‘salt-out’ equally and
therefore the YH2-Cl/YH2S-Cl ratio is equal to its counterpart
in the pure water system. Further study will be necessary to
provide a more thorough explanation for the observation
that salt does not appear to change the YH2-Cl/YH2S-Cl ratio
as compared to YH2

/YH2S.
The importance of accurately quantifying YH2S-Cl and

YH2-Cl can be seen by calculating the H2S(aq) and H2(aq) con-
centrations in equilibrium with a given mineral assemblage
at hydrothermal conditions (Fig. 8), with and without
explicit consideration of YH2S-Cl and YH2-Cl data. When
dissolved gas concentrations are calculated using the
assumption that concentration is equal to the thermody-
namic activity, as calculated by the HKF EoS, calculations
show substantial overestimation of the equilibrium
concentration.

4.3. Dissolved gases as a constraint on hydrothermal

alteration at the Piccard vent field

At 4957–4987 m depth, the Piccard vent field (also
known as the Beebe vent field) on the Mid-Cayman Rise
is the deepest known hydrothermal system on earth
(Connelly et al., 2012). The extreme depth notwithstanding,
the Cl concentration of end member fluids, 350 mmol/kg, is
less than that of seawater, indicating phase separation
occurs in the subsurface (McDermott et al., 2018). A mini-
mum temperature limit of 483 �C can be calculated assum-
ing phase separation occurs at the seafloor pressure of
approximately 500 bar. This is a minimum temperature
because in the rare cases where phase separation occurs
near the seafloor both vapor and conjugate liquid actively
vent to the seafloor (Von Damm et al., 2003). Only the
vapor has been observed at Piccard and thus phase
separation more likely occurs at depth within the oceanic
crust. Application of the recently calibrated Si-Cl geother-
mobarometer indicates phase separation occurs at 540
vent fluids.



Fig. 9. Phase diagrams displaying the stability fields of redox
controlling mineral assemblages in relation to the calculated values
of (A) f H2 and (B) f H2S (red circles) at the Piccard hydrothermal
field. Given the systematics of YH2-Cl and YH2S-Cl and the measured
concentrations of H2(aq) and H2S(aq), redox conditions at Piccard
must lie to the right of the f H2 = f H2S boundary. At temperatures
greater than 400 �C, the HMP and PPM triple junctions lie to the
left of the f H2 = f H2S boundary, thereby distinguishing redox
conditions at Piccard from those found in lower temperature
basalt-hosted systems. Indeed, f H2 at Piccard suggests amphibolite
facies alteration and f H2S is consistent with an elevated fluid/rock
ratio as compared to many other mafic hosted systems. Mineral
abbreviations are py-pyrite, po-pyrrhotite, mgt-magnetite, hmt-
hematite, Fe-anth- iron anthophyllite, cpy-chalcopyrite, bn-bornite
and cc-chalcocite.
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± 15 �C, 625 ± 30 bar (Scheuermann et al., 2018). The esti-
mated pressure equates to approximately 1.2 km below the
seafloor (Scheuermann et al., 2018), a value consistent with
geophysical observations of overall crustal thickness, 2–
3 km (ten Brink et al., 2002). These pressure–temperature
conditions are also consistent with those obtained using a
wider suite of geochemical proxies (McDermott et al.,
2018). Moreover, the Cu concentrations of the end-
member fluids, 127–235 mmol/kg (McDermott et al.,
2018), are significantly higher than measured in basalt-
seawater laboratory experiments at 400 �C, <30 mmol/kg
(Seewald and Seyfried, 1990; Seyfried and Janecky, 1985).
Cu is well-known to respond (i.e. precipitate) more quickly
than other elements as temperature cools (e.g., Seewald and
Seyfried, 1990; Syverson et al., 2017) and therefore its ele-
vated concentration provides further evidence for a deep-
seated source of the Piccard vent fluid chemistry
(McDermott et al., 2018).

The location of the Piccard field within the axial depres-
sion of the Mid-Cayman rise, as well as abundant mafic out-
crops and geochemical evidence (e.g., plume CH4/Mn and
high SiO2(aq) in the vent fluid) suggests that the fluid chem-
istry issuing from Piccard vents is controlled by reaction
with mafic lithologies (Stroup and Fox, 1981; German
et al., 2010; McDermott et al., 2018). Furthermore, the C
isotopic composition of CO2 (�4.8 to �3.8 ‰,
McDermott et al., 2018) suggest mantle input, possibly from
active degassing of magma (Kinsey and German, 2013).

However, in contrast to many other systems hosted in
mafic volcanic lithologies, the end member H2(aq) concentra-
tion, 19.9 mmol/kg, is noteworthy, in that it is greater than
that of H2S(aq), 12 mmol/kg (McDermott et al., 2018).
Experimental studies of basalt alteration at temperatures
between 300–425 �C indicate that f H2 and f H2S are buf-
fered within the range bracketed by the HMP (hematite-
magnetite-pyrite) and PPM assemblages (Fig. 9; Seyfried
and Ding, 1995; Seyfried et al., 2002). f H2S is larger than
fH2 as buffered by either HMP or PPMmineral assemblages
(Fig. 9), which correspondingly results in H2S(aq) concentra-
tions greater than H2(aq), since YH2S-Cl is less than YH2-Cl

(Fig. 7). Experimentally determined H2S(aq) concentrations
range between 3–20 mmol/kg, while H2(aq) is 0.1–2 mmol/
kg (Bischoff and Rosenbauer, 1987; Seewald and Seyfried,
1990; Seyfried et al., 2002; Seyfried et al., 2002). Similar dis-
solved concentrations of both gases have been measured in
natural vent fluids at well-studied, mafic hosted sites such
as East Pacific Rise (EPR) 9�N, TAG, and Main Endeavor
Field (Von Damm et al., 1985; Humphris and Tivey, 2000;
Seyfried et al., 2003; Foustoukos and Seyfried, 2005). Since
YH2-Cl is greater than YH2S-Cl (Fig. 7), the observation from
the Piccard site (H2(aq) concentration greater than that of
H2S(aq)) requires the presence of a mineral assemblage differ-
ent than either HMP or PPM.

Calculated f H2 and f H2S indicate that redox conditions
at Piccard are, indeed, well removed from the HMP or
PPM triple junctions. At the conditions estimated by the
Si-Cl geothermobarometer (540 �C, 625 bar), Eq. (11)
yields YH2-Cl of 18 bar/molal. Given the discrepancy
between experimental YH2-Cl and predicted YH2

values at
500 �C (Fig. 5e), it is possible that YH2-Cl may be up to three
times larger. This uncertainty is accounted for in the error
displayed in Fig. 9a and b. Unlike YH2-Cl, experimental data
for YH2S-Cl reach only to 450 �C and direct calculation of
YH2S-Cl (Eq. (13)) at 540 �C, 625 bar results in a YH2S-Cl

value of 0.1 bar/molal and a resulting YH2-Cl/YH2S-Cl ratio
that is inconsistent with experimental data up to 500 �C
(Fig. 7). Instead, YH2S-Cl is estimated based on the value
of YH2-Cl and extrapolation of the trend of YH2-Cl/YH2S-Cl

taken from Fig. 7. This method yields YH2S-Cl = 6
bar/molal. It is important to bear in mind that the esti-
mated subsurface conditions at Piccard require an extrapo-
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lation of YH2-Cl and YH2S-Cl of at least 40 �C beyond the
range of experimental measurements. While it is difficult
to determine exactly the error involved with this extrapola-
tion, the results of Fig. 7 indicate it is unlikely to change the
YH2-Cl/YH2S-Cl relationship and therefore f H2 remains
greater than f H2S.

The more reducing nature of Piccard as compared
with other basalt-hosted systems may result from the
high temperatures that stabilize amphibolite facies min-
eral assemblages that unlikely at lower temperatures.
For example, thermodynamic calculations indicate that
the reaction

3 Fe� anthophylliteþ 4 H2O

¼ 7 Magnetiteþ 24 Quartzþ 7 H2ðgÞ ð14Þ
yields f H2 values that are in good agreement with the cal-
culated value at Piccard (Fig. 9a). Thermodynamic data for
Fe-anthophyllite (Fe7Si8O22(OH)2) come from Holland and
Powell (2011), and all other mineral data are from
SUPCRT92. While the composition of amphibole solid
solutions in nature can depart from that depicted by reac-
tion (14), the general agreement between reaction (14) and
Piccard f H2 suggests that amphibole solid-solutions are
capable of coexisting with high fH2 at temperatures exceed-
ing 500 �C. Additionally, assuming an ideal solid-solution
mixing model with Mg7Si8O22(OH)2, and setting activity
of Fe-anthophyllite to 0.1 (0.1 mole fraction Fe) yields
log f H2 that is 0.5 log units lower than depicted in
Fig. 9a. This lower f H2 as controlled by Fe-Mg solid
solution is within error of our calculation of f H2 based
on YH2-Cl and measured H2(aq) concentration.

Additionally, given the temperature and pressure condi-
tions likely at Piccard, amphibole minerals are a reasonable
alteration assemblage and have been observed in rocks sam-
ples recovered from active and fossilized vent systems.
Recent drilling at the subaerial basalt-hosted Reykjanes sys-
tem (Iceland) has shown that amphibolite facies assemblages
are pervasive at depths of�4.5 km (Friðleifsson et al., 2017).
Amphibole group minerals have also been observed in sec-
tions of fossilized submarine hydrothermal systems at Pito
Deep, Hess Deep and ODP Hole 1256 (Coogan et al.,
2002; Heft et al., 2008; Alt et al., 2010; Harris et al., 2017).
These locations lie within the Eastern Pacific Ocean and
are likely representative of modern EPR vents. Interestingly,
the active vents at EPR show redox conditions similar to
HMP and PPM, as discussed previously. The lack of geo-
chemical evidence in actively venting fluids for amphibolite
facies alteration may result from overprinting by fluid-
mineral reactions at less extreme conditions during dis-
charge. Due to the depth at which it lies, it is possible the vent
fluid chemistry at Piccard preserves the signature of very high
temperature alteration processes that also occur in the deep-
est portion of other mafic hosted vent systems.

Calculated f H2S at Piccard indicates that H2S(aq) con-
centrations may be controlled by equilibrium with
magnetite-chalcocite ± bornite (Fig. 9b). In basalt-hosted
systems, the lack of pyrrhotite or pyrite in the f H2S con-
trolling mineral assemblage requires high fluid/rock ratios
in order to render these primary sulfide minerals unstable
(Foustoukos and Seyfried, 2005). It is also possible, as sug-
gested by McDermott et al. (2018), that the high fluid/rock
ratio prevents saturation of the fluid with respect to any sul-
fide mineral. Calculations of fluid/rock mass ratios at Pic-
card yield a range of 2–16, based on vent fluid Li and Rb
concentrations, respectively (McDermott et al., 2018). At
other mafic hosted systems fluid/rock ratios are generally
less than 2 when calculated using Li and Rb (Von Damm
et al., 1985; Butterfield and Massoth, 1994; Kadko and
Butterfield, 1998). Thus, the unique relationship between
H2(aq) and H2S(aq) concentration at Piccard appears to be
the result of the elevated fluid/rock ratio, which lowers f

H2S, and the extremely high temperature basalt alteration,
which produces elevated f H2.

5. CONCLUSIONS

Hydrothermal experiments were performed in order to
calibrate and evaluate the f H2-concentration relationship
in saline hydrothermal fluids. Accordingly, YH2-Cl can
now be calculated from 300 to 500 �C, 210 to 510 bar in flu-
ids with up to 2000 mmol/kg NaCl or KCl. Similar to the
pure water system, YH2-Cl decreases with decreasing fluid
density, as the result of changes in pressure, temperature
and/or salt concentration. At the conditions investigated,
a fluid with 550 mmol/kg NaCl will cause YH2-Cl to be 3–
5 times as large as YH2

. The large deviation of YH2-Cl from
YH2

in fluids of seawater salinity necessitates the use of YH2-

Cl in order to accurately calculate the fH2 of MOR vent flu-
ids. Application of the new experimental data and previous
determination of YH2S-Cl provides improved understanding
of high temperature basalt alteration at the Piccard
hydrothermal field, Mid-Cayman Rise. Calculated values
of f H2 are indicative of amphibolite facies alteration, while
f H2S suggests an elevated fluid/rock ratio, consistent with
dissolved Li and Rb concentrations. While amphibole
group minerals are common in rock samples recovered
from both active (Reykjanes, Iceland) and fossilized (e.g.,
Pito Deep) mafic hosted vent systems, fluids from most
modern systems do not maintain the geochemical signature
of these high temperature reactions. Piccard may be the first
active system to provide a previously unavailable window
into high temperature (>500 �C) hydrothermal alteration
processes likely typical of deeper zones of mafic-hosted
MOR systems in general.
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APPENDIX A

Ding and Seyfried (1990) experimental and analytical

procedures

The experiments of Ding and Seyfried (1990) were per-
formed in gold cell hydrothermal reactors (Seyfried et al.,
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1987) at the pressures and temperatures indicated in Table 2.
Fluid samples were collected using procedures described in
Seyfried et al. (1987) and Seewald and Seyfried (1990). In
order to accurately measure both H2(aq) and H2S(aq) concen-
trations a quick quench method was used (e.g., Seewald and
Seyfried, 1990; Foustoukos and Seyfried, 2005). Fluid-
mineral equilibria was assessed using the same methods
described in this study.

The analytical techniques have been described by
Seewald and Seyfried (1990). Analytical uncertainty (2r)
for dissolved ionic species is 2% and 5% for H2(aq) and
H2S(aq) (see Figs. A1–A5 and Table A1).
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Fig. A1. Comparison of XRD spectra from the minerals used in the
present study with those in the RRUFF online database. In each
image the red spectra represent the spectra taken after the experiment
and the black spectra are from the RRUFF database. The sample
numbers from the RRUFF database are: Magnetite R061111,
Hematite R040024. The increase in wt% K2O, Al2O3, and SiO2

between the pre- and post-experiment hematite suggests incorpora-
tion of either K-feldspar or muscovite in the post-experiment
hematite sample. The exact mineral is difficult to determine through
Rietveld fitting of XRD data due to the low-intensity of the peaks
and overlapping peaks between K-feldspar and muscovite.

Fig. A3. Comparison of measured and calculated YH2-Cl values.
Measured values correspond to the experimental data generated in
this study and Ding and Seyfried (1990), while calculated values are
from Eq. (11). Empty squares represent samples with NaCl greater
than 1000 mmol/kg. The black lines represent equivalence. Panel B
shows the same data as A, but over a smaller range of values.
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Fig. A2. Comparison of measured and calculated YH2
values.

Measured values correspond to the experimental data of Kishima
and Sakai (1984a,b), while calculated values are from Eq. (10). The
black line represents equivalence. Error bars represent±50 bar/molal.



Fig. A4. ln YH2S-Cl as a function of ln q. Experimental data are
from Ding and Seyfried (1990).
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Fig. A5. Comparison of measured and calculated YH2S-Cl values.
Measured values correspond to the experimental data of Ding and
Seyfried (1990). Calculated values are from Eq. (13). The black line
represent equivalence. Empty squares represent samples with NaCl
concentrations greater than 1000 mmol/kg.

Table A1
Chemical composition of minerals.

Al2O3 CaO Fe2O3T K2O MgO MnO Na2O P2O5 SiO2 TiO2 total
wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt%

Magnetite 0.37 0.01 90.53 0.11 0.23 0.03 3.07 0.04 2.22 0.04 96.65
0.35 0.22 84.75 0.21 0.25 0.03 3.08 0.15 2.60 0.03 91.68

Hematite 2.81 0.02 79.91 0.10 0.12 0.12 3.00 0.04 6.38 0.90 93.40
4.58 0.19 70.91 1.41 0.81 0.20 2.68 0.26 11.18 0.85 93.07

Values reported are the average of three measurements.
Values in plain text represent analysis pre-experiment. Bold text represents analysis after the experiment.
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APPENDIX B. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2020.05.020.
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