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Abstract

In seafloor hydrothermal systems, vent fluids usually contain elevated dissolved iron (Fe) that is significantly enriched rel-
ative to deep ocean seawater. It is commonly thought that Fe is preferentially transported in dense Cl-rich fluids due to the
formation of aqueous Fe-Cl complexes. However, Fe enrichment in vapor-rich low-density fluids with low Cl concentrations
(<550 mmol/kg) underscores the efficacy of the low-Cl vapor-rich phase to transport Fe in both subaerial and submarine
hydrothermal systems. Currently, transport of Fe in low-density vapor-rich fluids is poorly understood due to the lack of high
temperature—pressure (T-P) solubility experiments and requisite thermodynamic data. Here, we report new data of Fe solu-
bility from experiments conducted at 400-500 °C, 215-510 bar, targeting fluids with low-density (~0.1-0.35 g/fcm?). The
experiments were performed in the KCI-H,O system with hematite-magnetite and K-feldspar-muscovite-quartz as mineral
buffering assemblages. Our results show that Fe solubility positively correlates with density and fluid chlorinity, which are
affected by temperature and pressure. The equilibrium constants (log K},,,) for Fe-buffering reaction Fe;O4(s) + 2HCl(aq)
= Fe,03(s) + FeCly(aq) + H,O were determined. The new data and the data calculated using Helgeson-Kirkham-Flowers
(HKF) equation of state were fit into a density model to extrapolate log Kj,,, for hematite-magnetite Fe buffering reaction
over a wide T-P range. The density models for magnetite dissolution reaction and pyrite-pyrrhotite equilibrium were also
fit based on HKF to allow redox constraints. We show that calculated Fe solubility are in good agreement with measured
values in vapor-rich fluids formed via phase separation in mineral buffered and basalt alteration experiments at elevated
T-P. The density model was further applied to model Fe transport in fluids at the Brandon hydrothermal field at East Pacific
Rise (EPR) 21°S, with T-P constrained by Si-Cl geothermobarometer. The calculations suggest that the reported Fe concen-
trations of vent fluids at Brandon reflect phase separation occurring at depth in the seafloor, with T-P up to 450 °C, 400 bar,
and redox conditions buffered by pyrite-pyrrhotite-magnetite equilibrium.
© 2021 Elsevier Ltd. All rights reserved.
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Testemale et al., 2009; Brugger et al., 2016; Xing et al.,
2019; Stefansson et al., 2019). However, Fe enrichment in
seafloor vent fluids with Cl concentration less than seawater
is widely reported for modern seafloor hydrothermal sys-
tems (Butterfield et al., 1990; Ding and Seyfried, 1992;
Edmonds et al., 1996; Seyfried et al., 2003; Von Damm
et al.,, 2003; German and Seyfried, 2014; Pester et al.,
2015; McDermott et al., 2018). Modern vent fluids are char-
acterized by a wide range of salinity from below 50 mmol/
kg to over 1000 mmol/kg Cl (Butterfield et al., 1990;
Butterfield et al., 1994; Von Damm et al., 1995; Gamo
et al., 1996; Seyfried et al., 2003; Gallant and Von
Damm, 2006; Seyfried et al., 2011; McDermott et al.,
2018). Lacking mineral phases that can act as a Cl sink, this
wide range of fluid salinity relative to precursor seawater
confirms the role of phase separation in the chemical evolu-
tion of seafloor hydrothermal vent fluids (Foustoukos and
Seyfried, 2007; German and Seyfried, 2014). The surpris-
ingly high Fe concentration in many of the CI depleted
vapor-rich vent fluids (up to > 10 mmol/kg Fe; by compar-
ison, seawater has <0.001 pmol/kg Fe; e.g., Von Damm
et al., 1985; Seyfried et al., 2003; McDermott et al., 2018)
indicates that such fluids cannot be discounted as a signifi-
cant Fe transport agent, the relatively low dissolved Cl
notwithstanding. However, the transport of Fe in vapor-
rich low-density fluids remains poorly understood. Yet,
the ubiquitous occurrence of Fe in such fluids in many
important natural hydrothermal systems makes it critical
to better constrain Fe transport in these conditions. These
data are especially relevant to provide information critical
to assess mass transfer during large scale hydrothermal pro-
cesses, such as deep oceanic crust alteration and magmatic-
hydrothermal ore formation.

Chloride is commonly known as the predominant ligand
responsible for Fe transport in hydrothermal fluids. Impor-
tant Fe-Cl complexes include Fe(II) species such as FeCl™,
FeCly(aq), FeCls and FeCl3 that are usually the predomi-
nant species at elevated temperatures (>100 °C) (Heinrich
and Seward, 1990; Ding and Seyfried, 1992; Testemale
et al.,, 2009; Lemire et al., 2013; Brugger et al., 2016;
Scholten et al., 2019; Xing et al., 2019), and Fe(III) species
such as FeCI*T, FeCl3 ,FeCl;(aq) and FeCly that are more
important at lower temperature (<100 °C), more oxidized
near surface conditions (Liu et al., 2006; Scholten et al.,
2019; Stefansson et al., 2019). In low-density vapor-like flu-
ids, neutral Fe(II)-Cl species such as FeCly(aq) or vapor
components in the form of FeCl,-nH,0 with n representing
hydration number may be the predominant Fe species
(Bischoff and Rosenbauer, 1987; Simon et al., 2004;
Pokrovski et al., 2005a; Pokrovski et al.,, 2008; Kokh
et al., 2016). Although a relationship between vapor/fluid
chlorinity and Fe solubility at elevated temperatures and
pressures has been suggested (e.g., Simon et al., 2004;
Pokrovski et al., 2005a; Pester et al., 2015), limitations of
available thermodynamic data effectively preclude quantita-
tive evaluation of Fe transport in various T-P-x conditions
of interest to a wide range of geochemical systems
(Pokrovski et al., 2013).

Hence, measurement of Fe solubility in fluids with
relatively low to intermediate densities at elevated T-P

conditions is important to understand Fe transport and
its response to various factors, such as P, T, redox, and fluid
salinity, where low-density vapor-rich fluids can be predom-
inant, such as seafloor vent systems. These data also pro-
vide key information regarding fluid-rock interaction
processes more broadly in deep oceanic crust. Here, we
report new data on Fe solubility in vapor-rich, low-
density fluids, through laboratory phase separation experi-
ments conducted at 400-500 °C, 215-510 bar in a KCI-H,O
and K-Feldspar-muscovite-quartz-hematite-magnetite sys-
tem. H,S was not considered in our experiment because
its concentrations are commonly much lower than that of
Cl in seafloor vent systems (Diehl and Bach, 2020). The
experimental data were used to determine the equilibrium
constants for Fe solubility reaction in low-density vapor-
rich fluids. The empirical density model was fit based on
the new experimental data and the equilibrium constants
calculated with the HKF equation of state (EoS). Density
models for magnetite solubility reaction and pyrite-
pyrrhotite equilibrium were also fit based on HKF EoS
for aqueous species as a means of comparison and to con-
strain the redox effects. Predictions of Fe solubility using
the new data show good agreement with data from previous
experiments and field observations. Thus, the results
reported in the present study provide new insights on
quantitative understanding of the effects of T-P and fluid
chemistry on Fe transport during phase separation and
fluid-rock interactions in seafloor hydrothermal systems.

2. METHODOLOGY
2.1. Experiments

Experiments were conducted using a fixed volume
(150 ml) titanium hydrothermal reactor (Scheuermann
et al., 2018; Fowler et al., 2019). The cone seal reactor is
made of high-strength Ti-alloy that is capable of high tem-
perature—pressure experiments up to 500 °C, 510 bar. The
interior surface of the reactor was passivated with 20 wt%
nitric acid at 300 °C for 10 hours following the procedure
described in Fowler et al. (2019). This passivation process
allows formation of an inert TiOy(s) coating on all wetted
internal surface, so as to inhibit possible reaction with
included redox and pH buffers. The effectiveness of this
treatment has been demonstrated by Fowler et al. (2019)
via injecting a known amount of H, into a passivated Ti-
alloy reactor at same conditions and measuring the fluid
concentration periodically over five days. As was reported
by Fowler et al. (2019), no change in the dissolved H,(aq)
concentration was found within error, indicating that Ti-
alloy does not participate in reactions involving H(aq)
after passivation.

The hematite-magnetite (HM) mineral assemblage was
used to buffer redox, while also acting as a source of Fe.
pH buffering was provided by K-feldspar-muscovite-
quartz (KMQ) assemblage together with constraints
imposed by K-bearing fluid composition. Approximately
5-7 g of each mineral was added to the reactor, amounts
sufficient for requisite buffering reactions relative to total
solution volume of the reactor. The starting solution was
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prepared using reagent grade KCl and deionized water, with
the KCI concentration adjusted to be ~ 1000 mmol/kg. It is
noted that we used KCI-H,O fluids instead of NaCl-H,O to
maintain consistency between the composition of the fluid
and minerals (e.g., K-feldspar) and to avoid reactions
involving Na-K solid solutions.

Immediately prior to loading minerals and fluids into
the reactor, ultrapure argon gas was flushed for 20 minutes
to expel dissolved O,. Moreover, ~200 pmol/kg formic acid
(CH,0,) was added to the staring fluid. Formic acid
decomposes into H, and CO, at T > 250 °C (McCollom
and Seewald, 2003; Pester et al., 2015), providing an addi-
tional mechanism to remove dissolved O, in the initial
stage. A 1/16” Ti-sheathed type E thermocouple
(Chromel-Constantan) was inserted into the reactor with
direct contact with the fluid reactant to directly and pre-
cisely monitor the solution temperature (Fig. 1a). The ther-
mocouple has an accuracy of £ 1.5 °C and was calibrated
before the experiment using a dry block probe calibrator
(Omega Hot Point®). A Teledyne ISCO syringe pump
was used to control system pressure, which can reach up
to a maximum of 517 bar. The syringe pump was connected
to the reactor via a piston separator, composed entirely of
titanium alloy for requisite corrosion resistance. Thus, fluid
can be added or withdrawn during an experiment, while
pressure is maintained constant (£0.1 bar). During the
experiment, the autoclave was positioned at a slight angle
above horizontal (gas sampling valve at upper side; see
Fig. 1a), in order to promote vapor and liquid segregation,
as well as minimizing temperature gradients along the long
axis of the reactor. Experiments started at lowest pressure
of each isothermal series and the pressure was increased
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after each sample extraction. For each T-P condition, the
entire system was allowed sufficient time to achieve equilib-
rium: a minimum of 4 days at 400 and 425 °C, and 3 days at
450 °C and 500 °C, consistent with previous studies on
silicate-fluid and Fe-oxide-fluid equilibrium at similar con-
ditions (Kishima and Sakai, 1984; Foustoukos and
Seyfried, 2007; Scheuermann et al., 2020).

During sampling, ~0.3 g fluid was removed to flush the
capillary line, before acquiring fluid derived entirely from
within the reactor at experimental conditions. Because the
reactor was positioned with a slight angle, vapor and liquid
phases were allowed to be segregated effectively during sam-
pling. This ensures the sampled vapor fluids via the capil-
lary line at the upper side of the system are genuinely
vapor phase without contamination from the remaining lig-
uid phase. The aliquots for cation analysis were diluted
with 1 M ultrapure HCI to prevent Fe precipitation. The
aliquots for H,(aq) analysis were collected using a gas-
tight syringe attached with a gas-tight Teflon valve. Addi-
tional aliquots were taken for pH,s.c measurement and
anion analysis. After the experiment, the solid mineral
phases inside the reactor were collected for powder X-ray
diffraction (XRD) analysis to confirm the consistency of
the buffering minerals.

2.2. Analytical Procedures

The solution pH,sec was measured immediately after
sampling, using a ThermoRoss micro-electrode, with an
uncertainty of £ 0.1 pH units. The pH electrode was cali-
brated using standard pH buffers with pHysoc 4, 7, and
10 before each measurement. The concentration of Fe, K,
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Fig. 1. Illustration of the reactor and the experimental setup. (a) Conceptual diagram showing the experimental system. Phase separation was
simulated by monitoring pressure via ISCO syringe pump. The reactor was placed with a tilted angle that vapor-like phase was at the upper
side of the reactor, whereas the fluid phase was at the lower side. Gas samples were collected via the gas sampling valve. (b) Detailed view of
the reactor. Thermocouple was inserted into the solution for accurate control of temperature.
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Na and SiO,(aq) was analyzed using an ICAP-6500
inductively coupled plasma optical emission spectroscopy
(ICP-OES). The concentration of Cl was analyzed by ion
chromatography (IC). Samples measured by ICP-OES were
analyzed three times and those measured by IC were run
twice. Uncertainties for ICP-OES and IC measurements
are 3% and 2%, respectively. The concentration of H,(aq)
was measured by an Agilent 6980 gas chromatography
(GC) equipped with a carbon molecular sieve column
(Carboxen™ 1010 PLOT) and a thermal conductivity
detector. The GC data was calibrated with a gas standard
containing 1% H, gas before analysis.

Minerals collected before and after the experiment were
acid digested and analyzed for chemical composition with
ICP-OES. For the acid digestion, the minerals were firstly
powdered, and then weighed for ~ 0.1 g and mixed with a
10 mL mixture of HF, HNO;, and deionized water in a
sealed Teflon cylinder. The digestion was allowed for 2
hours at 200 °C. Standard rock samples (BHVO-1 and
G-2) provided by the United States Geological Survey
(USGS) were digested and analyzed concurrently with the
experimental samples as reference standards. The USGS
standards returned within + 10% of the stated values of
the major oxides.

The XRD patterns of minerals were collected on a
Rigaku Miniflex® X-ray diffractometer with cobalt radia-
tion (Co-Kal radiation, A = 1.78892 A). Phase identifica-
tion and Rietveld refinement was conducted using Match!
software package. Crystal structure data of minerals were
collected from the COD database.

3. RESULTS

The chemistry of the fluid samples from the experiment
are summarized in Table 1. The results show that composi-
tion of the low-density vapor-rich fluids is characterized by
significantly lower dissolved Fe, K, SiO,(aq) and Cl, but
higher H,. The Fe and Cl concentrations in the vapor-
rich fluids increase with pressure for a given temperature
(Fig. 2). Such correlation for Fe and Cl concentration with
pressure indicates coupled Fe and Cl behavior in these
fluids.

Density has been emphasized as an important factor
controlling metal partitioning of vapor-liquid equilibria
(Pokrovski et al., 2005a; Pester et al., 2015). In the present
study, the vapor/fluid density was calculated using equa-
tions reported by Driesner and Heinrich (2007). Their
empirical parameters allow for calculation of volumetric
properties for the fluids. We further used the molar weight
of KCI in the density calculation equation to obtain the
optimum fluid density for KCI-H,O system of our experi-
ment (Table 1). Such treatment yields agreement within
10% of experimental measurements of KCI-H,O density
at hydrothermal conditions, 300-700 °C, 800-2000 bar
(Khaibullin and Borisov, 1966; Bodnar and Sterner,
1985). The fluid data were plotted in Fig. 3b. As shown, a
linear correlation was observed for Fe solubility and fluid
density. Such correlation can be described using the empir-
ical equation:

log m(Fe) = 4.79(£0.19) + 4.14(£0.33) log p, Adj.R? = 0.902
(1)

Table 1

Chemical composition of experimental samples.

T P Phase  Density’ H, pHosc  Fe K Cl Na SiOx(aq)
©) (bar) g/cm’® (umol/kg) (umol/kg)  (mmol/kg)  (mmol/kg) (mmol/kg) (mmol/kg)
400 215 \Y 0.116 1222 3.86 21 11.2 13.3 0.01 1.4
400 240 A% 0.150 545 3.53 23 15.16 16.32 0.067 2.37
400 260 \% 0.193 372 3.60 36 25.62 27.22 0.116 3.11
400 280 L 0.517 145 4.10 2554 674 659 2.68 13.96
400 330 L 0.604 40 4.2 3853 931 1012 4.06 21
425 322 A% 0.240 294 3.26 90 80 79 0.12 5.14
425 335 \Y 0.341 219 2.39 1100 383 390 0.62 9.84
425 338 A% 0.415 236 3.58 2040 618 602 0.95 13.64
450 350 \% 0.205 890 3.55 46 43 45.24 0.176 5.8
450 380 \Y 0.253 519 3.06 202 93 96 0.88 7.9
450 400 A% 0.297 346 3.09 606 187 183.16 1.52 10.5
450 415 A% 0.381 300 3.63 1393 528.9 534.97 1.689 15.57
450 430 L 0.451 131 3.09 5782 800 826.6 5.9 20.9
450 470 L 0.488 127 343 5464 790 819.3 5.55 21.7
500 400 \% 0.203 4237 3.03 92 31 33 0.099 6.95
500 430 \Y 0.238 2210 3.03 76 49 52 0.168 7.88
500 470 Vv 0.281 1650 3 166 83 87 0.319 10.15
500 510 A% 0.265 1206 2.95 506 173 182 0.629 12.88

Concentration of elements indicates the solution composition relative to vapor/liquid.

V = vapor-rich fluid; L = dense liquid fluid.

T The densities of vapor-rich fluid and co-existing liquid fluids are calculated based on Driesner and Heinrich (2007) with modifications made

to account for KCI-H,O system.



Y. Xing et al./ Geochimica et Cosmochimica Acta 314 (2021) 209-222

213

a. "
| L]
1000 o L /
|
- m
= | / ]
X | / %
% ! . "3
| / 7
£ i
/ o
[ >
[V /
100 4 / O %
) T |
= - B 400°C
- | 425°C
s ® W 450°C
B 500°C
1 0 T T T T T T T
200 250 300 350 400 450 500 550
P (bar)

1000
5 . ’
s /
A /
> 2
= /m
3 y &
E 7/
E 100+ ‘
ey ? 3
o / ’
/
’
7/
= 2 m 400°C
- m 425°C
, B 450°C
Z8 m 500°C
w
1 0 T T T 1 T T 1
200 250 300 350 400 450 500 550
P (bar)

Fig. 2. Measured concentration of Fe (umol/kg) and Cl (mmol/kg) relative to pressure (P, bar) in vapor-like fluids. (a) Fe solubility as a
function of pressure. (b) Cl concentration as a function of pressure. Dashed lines represent the linear trend line. y axis in (a) and (b) are in

logarithm scale.

4 4
a.
34 3
© o
s L
S =
g g
2, L,
@ Vapor-rich fluid
14 4
@ Dense fluid !
T T T T T T T T
1.0 1.5 2.0 25 3.0 -1.0 -0.8 -0.6 -04 -0.2
log m(Cl) log p

Fig. 3. Fe concentration (umol/kg) vs. Cl (mmol/kg) and fluid density, p (g/cm?). (a) log m(Fe) - log m(Cl). (b) log m(Fe) -log p. Black solid
lines represent linear fitting. In (a), the equation of linear fitting is: log m(Fe) = -0.29(40.13) 4+ 1.31(20.06) - log m(Cl), Adj.R*> = 0.969.

where m(Fe) represents Fe concentration, pmol/kg; p is the
fluid density, g/cm®; Adj.R? is the adjusted R-square. The
lo error of the fitted coefficients was estimated by least-
squares regression of the experimental data.

XRD analyses document the presence of hematite and
magnetite in the mineral assemblage after the experiment
(Supplementary Figs. S1 and S2). The chemistry of hema-
tite and magnetite also confirm that the chemical composi-
tion of both minerals remained constant during the
experiment (Supplementary Table S1), providing redox
buffering effects as required. The fH, was also calculated
for fluid samples of our experiment (see more details in
the discussion; Table S8).

4. DATA TREATMENT
4.1. Fe speciation

Metal transport in subcritical and supercritical fluids at
elevated T-P conditions has been commonly attributed to
(electrically) neutral species (Simon et al., 2004; Pokrovski
et al., 2005a; Williams-Jones and Heinrich, 2005; Hurtig
and Williams-Jones, 2014; Mei et al., 2014; Hurtig and
Williams-Jones, 2015; Kokh et al., 2016). Despite the com-
plexity of Fe(II/II)-Cl complexation has been recognized
in dense Cl-bearing fluids, the neutral FeCly(aq) or
FeCl,-nH>O has typically been used to account for Fe



214 Y. Xing et al./ Geochimica et Cosmochimica Acta 314 (2021) 209-222

transport in Cl-bearing fluids with relatively low to interme-
diate densities at elevated T-P, based on abundant and lar-
gely consistent experimental and theoretical data (Chou
and Eugster, 1977; Boctor et al., 1980; Bischoff and
Rosenbauer, 1987; Heinrich and Seward, 1990; Ding and
Seyfried, 1992; Fein et al., 1992; Simon et al., 2004;
Pokrovski et al., 2008; Lemire et al., 2013; Kokh et al.,
2016). Other neutral species could be significant in certain
circumstances depending on bulk fluid chemistry and T-P
conditions. For example, the neutral Fe(Il) hydroxide spe-
cies, e.g., Fe(OH),(aq) or Fe(OH),-nH,0, may be impor-
tant for Fe transport in Cl-free systems and/or alkaline
fluids (Tremaine and LeBlanc, 1980; Ziemniak et al.,
1995), yet their role in Cl-dominant, acidic fluids seems
improbable. The study by Kokh et al. (2016) inferred the
possible importance of Fe-HS species in H,S-rich vapor.
However, the stoichiometry and stability of such species
are still unknow due to the lack of experimental and/or
spectral data. The sulfur-rich vapor of Kokh et al. (2016)
have H,S contents (>0.1 m H,S) that are significantly
higher than vent fluids in mid-ocean ridge (MOR)
hydrothermal systems (commonly < 0.01 m H,S in vent flu-
ids; Diehl and Bach, 2020). Owing to the high of CI/H,S,
Fe-Cl species are suggested to be the predominant species
in MOR systems (e.g., Bischoff and Rosenbauer, 1987).
As illustrated in Fig. 3a, both vapor-like fluids and the
dense liquid phase in our experiment when present, are well
aligned in their Fe-Cl compositions, suggesting consistency
of Cl stoichiometry and speciation for Fe-Cl complexes in
these fluids. Hence, FeCl,(aq) is considered as the predom-
inant Fe species in fluids of our experiment, in line with the
previous experimental studies on Fe solubility in CI-
dominant subcritical-supercritical hydrothermal systems
(Bischoff and Rosenbauer, 1987; Simon et al., 2004;
Pokrovski et al., 2005a; Pokrovski et al., 2008).

4.2. Development of the density model

For thermodynamic extrapolation of equilibrium con-
stants of key solubility reactions, the widely used HKF
EoS requires water density above 0.35 g/em® (Tanger and
Helgeson, 1988; Johnson and Oelkers, 1992), which pre-
vents the application of this model to the T-P range of
the present study, where water density often falls below this
limit (Table 1). Instead, a density model incorporating
macroscopic parameters, i.e., temperature and pure water
density, was usually adopted as a means to estimate and
extrapolate equilibrium constants of the Fe-solubility con-
trolling reactions over a wide range of T-P conditions in a
manner consistent with previous interpretation of experi-
mental and theoretical data (Anderson et al., 1991;
Manning, 1994; Pokrovski et al., 2013). This approach
has been successfully applied in several solubility studies
reaching the low-density regime where HKF is not applica-
ble (Anderson et al., 1991; Manning, 1994; Pokrovski et al.,
2005b; Manning, 2013; Pokrovski et al, 2013;
Scheuermann et al., 2018; Zotov et al, 2018;
Scheuermann et al., 2019). Alternatively, a vapor model
involving hydration number in neutrally charged metal
complexes has been developed in several recent studies to

interpret the solubility data for metals such as Ag, Cu
and Mo in the vapor-like fluids (Migdisov and Williams-
Jones, 2013; Hurtig and Williams-Jones, 2014, 2015;
Velizhanin et al., 2020). However, the hydration number
of such vapor metal complexes changes with vapor/fluid
density (Mei et al., 2014; Lemke and Seward, 2018), and
it commonly requires supporting solubility data at various
T-P conditions to more effectively regress requisite hydra-
tion parameters and component stoichiometry (Williams-
Jones and Heinrich, 2005; Migdisov and Williams-Jones,
2013; Pokrovski et al., 2013; Hurtig and Williams-Jones,
2014, 2015; Velizhanin et al., 2020). The empirical EoS
model developed by Akinfiev and Diamond (2003) is an
alternative that is capable of well-predicting thermody-
namic properties of neutral species at low-density vapor-
like fluids, which however requires determination of several
adjustable empirical parameters from abundant experimen-
tal data and good knowledge of ideal gas/vapor speciation/
thermodynamics.

In the present study, the density model as outlined above
was adopted to estimate the equilibrium constants of the Fe
solubility reaction (reaction [2]). There are several advan-
tages of the density model as it: (i) allows estimation of
equilibrium constants for reactions when limited solubility
data are available; and, (ii) avoids the complexity of the
hydration number as required for the vapor model. We fol-
low the line of reasoning from numerous other studies in
support of FeCl,(aq) as the predominant Fe-bearing species
for the development of the density model.

The Fe solubility reaction in our experiment is expressed
as:

Fe;04(s) + 2HCl(aq) = Fe,0s(s) + FeCly(aq) + H,O, Kum
(2)

where K, is the equilibrium constant that is calculated as:
log Kum = log a(FeCl,) —2log a(HCI) (3)

a(FeCl,) and a(HCI) denote the activity of FeCl,(aq)
and HCl(aq), and are calculated as:

a(FeCl) = ypcp m(FeCly) “4)
a(HCl) = ypq; m(HCI) (5)

m(FeCl,) and m(HCI) are the molal concentration of
FeCly(aq) and HCI (aq), with v, and y,, denoting their
activity coefficients, respectively. For neutral species, their
activity coefficients were taken as 1 (Manning, 1994;
Anderson, 2005; Manning, 2013; Scheuermann et al., 2019).

Values of m(FeCl,) were estimated from measured Fe
concentration taking FeCl,(aq) as the predominant species
(Table 2). m(HCI) was estimated from pH measurements
assuming HCl(aq) is the predominant species at in-situ T-
P conditions, which fully decomposes to H* and CI" upon
quenching at 25 °C (Table 2). This is supported by calcula-
tions of the association constants of HCl(aq) based on data
provided by Ho et al. (2001), showing strong stability of
neutrally charged HCl(aq), indicating the predominance
of HCl(aq) rather than H' at in-situ conditions of the
experiments (see Table S2 for calculated association con-
stants for HCl(aq)). Similarly, KCl(aq) also shows strong
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Table 2
Parameters for calculation of log K,
T, °C P, bar Water density, g/cm® m(HCI), mmol/kg H,O m(FeCly), umol/kg H,O log Ky
400 215 0.116 0.14 21 3.04
400 240 0.149 0.30 23 2.42
400 260 0.189 0.25 36 2.76
425 322 0.229 0.55 90 2.47
425 335 0.257 4.07 1100 1.82
425 338 0.263 0.26 2041 4.47
450 350 0.202 0.28 46 2.76
450 380 0.242 0.87 202 243
450 400 0.271 0.81 606 2.96
450 415 0.293 0.23 1393 4.40
500 400 0.178 0.93 92 2.02
500 430 0.200 0.93 76 1.94
500 470 0.232 1.00 166 2.22
500 510 0.266 1.12 506 2.60

stability and is the predominant species accounting for
potassium concentration at the experimental conditions
(Table S2 shows the association constants for KCl(aq);
Ho and Palmer, 1997). Therefore, during the experiments,
reaction that buffers HCl(aq) can be expressed as:

3KAISi; Og(s) + 2HCl(aq) = 2K Cl(aq) + KAl;Si;010(OH)(s) + 6SiOs(s)
(6)

The experiment setup allows the measured composition
of collected fluids to be representative of that at experimen-
tal conditions (Ding and Seyfried, 1992; Scheuermann
et al., 2020). The rapid sampling capability notwithstand-
ing, special emphasis was placed on pH measurement,
which was performed immediately. This was done to more
effectively preclude the possibility of quench effects on pH
determination. Therefore, HCl(aq) formed at the in-situ
conditions of the experiment contributes to the measured
pHasec, and thus m(HCI) can be well estimated from this
approach.

The density model proposed by Anderson et al. (1991)
includes seven T-P independent parameters, which are ulti-
mately related to specific thermodynamic variables involved
in the reaction. Accurate determination of these parameters
requires T-P data sufficient for full regression of all param-
eters as defined. A more simplified version of the fully
developed density model, however, has been suggested to
be capable of describing thermodynamic properties of solu-
bility reactions of minerals with good accuracy (Pokrovski
et al., 2005b; Zotov et al., 2018). Thus, we applied a 2-
parameter model involving water density for the mineral
buffered Fe-solubility reaction (reaction [2]). Efforts were
made to fit the data into density models with additional
parameters. However, owing to limitations of the range in
experimental data, our attempts to fit a greater number of
parameters show no significant improvement compared to
the 2-paramter fitting. Therefore, the 2-parameter density
model was adopted. Experimental data were linked with
equilibrium constants at 300 to 500 °C, 100-800 bar calcu-
lated with HKF EoS (Supplementary Table S3, S4 and S5)
for fitting where model applies. It is important to note that
despite the capability of HKF for extrapolating equilibrium
constants of neutral or charged species in fluids with density

above 0.35 g/cm3 , the uncertainties of such extrapolations
can be significant at conditions within the critical region
of water due to uncertainties imposed on thermodynamic
parameters intrinsic to the HKF EoS (Johnson and
Oclkers, 1992). Moreover, it is noted that two experimental
data points, at 425 °C, 338 bar, and 450 °C, 415 bar, are
sufficiently close to the two-phase boundary of the starting
KCI-H,O solution to render the physical conditions uncer-
tain. Therefore, these two data points were excluded from
the dataset used for model fitting. The HKF EoS data used
were derived from an updated version of the SUPCRT
database, with details on the source of the thermodynamic
data provided in Table S3. In particular, HKF parameters
of FeCly(aq) were from Sverjensky et al. (1997); HKF
parameters of HCl(aq) were from Tagirov et al. (1997).
Accordingly, the density model is

10gK = 5.19(£0.08) + 3.83(£0.21) - log p,., Adj.R*> = 0.873
(™)

p,, is pure water density (g/cm?).

Fig. 4a shows the log K}, calculated from the experi-
mental data and the density model. The predictions using
the density model are in good agreement with the experi-
mental data and the values calculated based on HKEF.
Although the density model is able to be fitted indepen-
dently from the new solubility data, comparison with equi-
librium constant calculated with HKF in mediate-high
density fluids and including such data into the fitting can
not only examine the reliability of the assumed speciation
model (e.g., FeCly(aq)) but also serve to improve the fitting
quality and extend the applicability of the density model to
a wide T-P-density conditions. At the low-density range,
deviations between the density model and the experimental
data are likely the results of experimental uncertainties con-
cerning the extremely difficult conditions for the samples to
be experimentally produced, as well as uncertainties of ther-
modynamic properties of other species involved.

Linear extrapolation of equilibrium constants calculated
based on HKF has been suggested as applicable to the low-
density region for certain reactions (e.g., anhydrite solubil-
ity, Scheuermann et al., 2019; quartz solubility, Manning,
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Fig. 4. Diagram showing log K vs. log p,, for Fe solubility reaction
buffered by HM. (a) log K calculated with the experimental data
and HKF are compared with the density model. In particular, the
HKF EoS of aqueous species used for calculation were from
Sverjensky et al. (1997) for FeCly(aq) and Tagirov et al. (1997) for
HCl(aq). (b) log K calculated with the experimental data and the
data by Ding and Seyfried (1992). The density model is expressed
by the solid line.

1994). However, the appropriateness of such extrapolation
for other solubility reactions has yet to be rigorously tested
with experimental data. In the case of the HM buffered Fe
solubility reaction (reaction [2]), we show that the density
model (equation [7]) predicts values that are in good agree-
ment with the experimental data (Fig. 4).To further test the
capability of this model to a wide T-P, we calculated the log
Kj,,,, of reaction [2] for the experimental data of Ding and
Seyfried (1992) who measured Fe solubility in HM buffered
NaCl-H,O fluids (0.03 to 1.24 m NaCl) at 200 to 450 °C
and pressure from 300 to 500 bar. The calculation of log
K, followed equations [3-5]. We found that these data,
too, agree well with predictions from the simplified density
model (Fig. 4b), lending strength to the usefulness of this
approach. Thus, above results suggest that the simple
density-based model is capable of providing reasonable
extrapolation of equilibrium constants for solubility reac-
tions over a relatively wide T-P range in fluids at

supercritical-subcritical conditions where experimental data
are extremely limited.

5. DISCUSSION
5.1. Effects of redox

The empirical density-based models utilized herein allow
prediction of Fe solubility in fluids with low-intermediate
density under pH and redox (HM) buffered conditions.
However, Fe solubility is sensitive to redox constraints
more generally, as has been reported in many studies
(e.g., Bischoff and Rosenbauer, 1987; Ding and Seyfried,
1992; Xing et al., 2019). In natural seafloor hydrothermal
systems, where fluid chemistry is predominantly buffered
by altered basalt-fluid equilibria, reactions that control
the Fe solubility and the system redox likely vary between
the more oxidizing, HM equilibrium and the more reduc-
ing, pyrite-pyrrhotite-magnetite  (PPM)  equilibrium
(Bischoff and Rosenbauer, 1987; Seyfried and Ding, 1995;
German and Seyfried, 2014; Scheuermann et al., 2020).
Therefore, the effects of fluid redox conditions need to be
accounted for to meet more broadly based applications.
To accomplish this, the Fe buffering reactions were
extended to include magnetite solubility and pyrite-
pyrrhotite equilibrium, as follows:

Fe;04(s) + Hy(g) + 6HCl(aq) = 3FeCly(aq) + 4H,0, Ky
(®)
2FeS(s) + 2HCl(aq) = FeS;(s) + FeCly(aq) + Ha(g), Kpp
)
where K., and K,,, are equilibrium constants for reactions
[8] and [9], respectively. As shown for the HM bulffer (reac-
tion [2]), the simplified density model (equation [7]) is able
to predict Fe solubility in low-density fluids (Fig. 4). Hence,
this approach is used to extrapolate K,,,, and K,, to the
low-density region where HKF EoS for aqueous species is
not directly applicable. For fitting of the density model,
K,e: and K,, in fluids with density > 0.35 g/cm3 (300~
500 °C, 300-800 bar) were calculated (Tables S6 and S7)
based on an updated SUPCRT database. In particular,
the thermodynamic data for H,(g) were based on Peng-
Robinson-Stryjek-Vera (PRSV) EoS (Stryjek and Vera,
1986; Proust and Vera, 1989); thermodynamic data for min-
erals were from Holland and Powell (2011) (Table S3).
The results are as following:

log Ke = 17.73(£0.21) + 11.86(%0.80) - log p,, Adj.R*> = 0.879
(10)
log K,, = 5.09(%0.03) +2.75(+0.13) - log p,,Adj.R*=0932 (11)

5.2. Prediction of Fe solubility

The newly determined density models were tested by
comparing predicted m(FeCl,) with data reported in earlier
experimental studies of Bischoff and Rosenbauer (1987)
and Foustoukos and Seyfried (2007). The study of
Bischoff and Rosenbauer (1987) involved phase separation



Y. Xing et al./ Geochimica et Cosmochimica Acta 314 (2021) 209-222 217

of seawater coexisting with basalt to buffer key aspects (e.g.,
metal contents, pH, fH,) of the evolving vapor and liquid.
Foustoukos and Seyfried (2007) investigated the effects of
phase separation on Fe and volatile species, i.e., H, and
H,S, transfer by performing experiments at T-P conditions
that are analogous to Bischoff and Rosenbauer (1987), but
using PPM assemblage to provide requisite buffering of key
aqueous and gaseous species. These experimental studies
reported well-controlled T-P for fluid-vapor equilibria and
chemical composition of the low-density vapor-rich fluid
that is ideal for calculation of m(FeCl,) and comparison
with measured data. In particular, the data by
Foustoukos and Seyfried (2007) allow direct testing of the
HKF-based density model for reactions [8] and [9] as
PPM were used in their experiments.

Hence, at different redox conditions, the Fe solubility
can be calculated as follows:

Hematite-magnetite buffering reaction (reaction [2]),

logm(FeCl,) = log Ky — 2logm(HCI) (12)
Magnetite dissolution reaction (reaction [8]),
log m(FeCly) = (logK,,, + 6log m(HCI) +1log fH,)/3
(13)
Pyrite-pyrrhotite equilibrium (reaction [9]),
log m(FeCl,) = logK,, + 2log m(HCI) — —log fH,
(14)

where fH, is the fugacity of Hy(g). fH, can be calculated
from measured dissolved H,(aq) ([Hx(aq)]) when available,
via Ypa.c1 values reported in Scheuermann et al. (2020)
with Yi.c1 = fHs / [Ha(aq)] for NaCl (or KCl) dominant
fluids. Values of Y. were calculated from temperature T
(°C) and fluid density p (g/cm’) using the empirical equa-
tion reported by Scheuermann et al. (2020):

Y ¢ = 7.651 — 0.001214T + 0.0626Inp
+0.00736TInp + 0.3876(Inp)’ (15)

The calculated fH, for data from Bischoff and
Rosenbauer (1987) and Foustoukos and Seyfried (2007)
are provided in Table S9.

The predicted Fe concentrations are compared with the
measured data in Fig. 5. It is shown that the measured data
of Foustoukos and Seyfried (2007) are mostly close to val-
ues predicted for the PP buffer. The observed uncertainty is
likely the result of uncertainties of fH, values (e.g., O, con-
tamination, pH uncertainties), or Fe precipitation during
sampling. But overall, the result is in good agreement with
the experiment for which PPM mineral assemblage was
used as the Fe source and redox buffer. Regarding data
of Bischoff and Rosenbauer (1987), our calculations show
that measured m(Fe) is between PP and HM buffers, in
agreement with their experimental conditions. Thus, the
results show that the empirical density model used to
constrain the Fe solubility under various redox and P-T
conditions for vapor-like fluids with relatively low-density
(~0.1-0.35 g/cm?), effectively expands the usefulness of pre-
dictions rooted in thermodynamic data ultimately derived
from the HKF model, at conditions for which it rigorously
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Fig. 5. Comparison of measured solubility of Fe (molal), i.e., m
(Fe), with values predicted from the density model. Here we show
the experimental data from studies of Bischoff and Rosenbauer
(1987) for seawater-basalt experiment at 392 °C, 251 bar, and
Foustoukos and Seyfried (2007) for equilibrium of NaCl-H,O with
PPM at 390 °C and 241-254 bar.

applies. Moreover, this quantitative understanding of Fe
solubility also provides a possibility of using Fe as an addi-
tional indicator of redox and mineral assemblages that con-
trol fluid chemistry in various geological hydrothermal
systems.

5.3. Applications to seafloor hydrothermal system

The apparent success of the application of the density
model to other experimental systems encourages more chal-
lenging applications intrinsic to seafloor hydrothermal
vents where phase separation effects and dissolved chem-
istry of Fe-rich vapors are well recognized. The Brandon
hydrothermal field is located at the southern East Pacific
Rise (21.5°S, EPR) with vent fluids reaching temperatures
up to 405 °C (Von Damm et al., 2003). The physical condi-
tions were measured to be 405 °C and 287 bar at the time of
sampling, near the critical point of seawater (407 °C and
298 bar). Von Damm et al. (2003) suggested that phase sep-
aration at Brandon occurs at/near seafloor, given that the
Cl concentrations of vent fluids (down to 297 mmol/kg)
deviate moderately from seawater (~550 mmol/kg). How-
ever, calculations based on equations of Driesner and
Heinrich (2007) indicate that higher T-P conditions, rather
than 405 °C and 287 bar, are required to generate the dis-
solved Cl as observed at Brandon. This implies that phase
separation may have actually occurred at deeper levels in
the ocean crust. To predict Fe solubility in these vent fluids,
the T-P conditions need to be better constrained. The solu-
bility of quartz, i.e., SiO,(aq), combined with dissolved Cl
concentration, can be used to estimate T-P conditions of
the subsurface phase separation in basalt-hosted seafloor
hydrothermal systems, known as Si-Cl geothermobarome-
ter (Foustoukos and Seyfried, 2007; Fontaine et al., 2009;
Scheuermann et al.,, 2018). Foustoukos and Seyfried
(2007) who applied a revised Si-Cl correlation, provided
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an estimate of T-P conditions, suggesting that phase separa-
tion occurred at deeper levels, up to 420 °C and 320 bar.
Recently, Scheuermann et al. (2018) performed new exper-
iments measuring quartz solubility at elevated T-P condi-
tions. These new solubility data show that the density
equation of Fournier (1983) predicts quartz solubility that
can well match the experimental data over a wide T-P
and salinity range. We therefore applied the Si-Cl geother-
mobarometer to Brandon vent fluids based on the recent
experimental data of quartz solubility by Scheuermann
et al. (2018), with the density equation of Fournier (1983)
adopted for calculation of dissolved SiO,(aq). Vapor ClI
concentrations at various T-P conditions were calculated
based on Driesner and Heinrich (2007) for NaCl-H,O sys-
tem. Fig. 6a shows the isothermal lines for vapor/fluid
SiO,(aq)-Cl composition. The data of endmember fluids
at Brandon are mostly scattered between 420 and 450 °C.
Application to Si-Cl geothermobarometer using the end-
member fluid composition of 297 mmol/kg Cl and
9.6 mmol/kg SiO,(aq), implies subsurface phase separation
up to 450 °C and 400 bar (Fig. 6b).

Fe solubility for Brandon vent fluids can be calculated
taking explicit account of the newly calibrated T-P of
450 °C and 400 bar. The values of m(Fe) were calculated
for different redox buffers as discussed above to constrain
the redox condition. At more reduced conditions, f'H, is
required for the calculation (equations [13] and [14]).
However, neither fH, nor [Hj(aq)] were reported for
Brandon vent fluids (Von Damm et al., 2003). Von
Damm et al. (2003) did report dissolved H,S(aq). For
sulfur-rich vent fluids formed in basalt hosted hydrothermal
systems at deeper levels of oceanic crust, iron sulfides
phases (Xmagnetite) are typically the predominant mineral
phases that buffer fluid redox and H,S (Seyfried and Ding,
1993; German and Seyfried, 2014). Hence, we assume that
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pyrite-pyrrhotite equilibrium at depth in the ocean crust
accounts for the dissolved H, and H,S in Brandon vent
fluids, as follows:

FBSZ(S) + Hz(g) = FCS(S) + st(g), KHZ*HZS (16)
The equilibrium constant Ky, g5 is calculated as:
logK s = log fHaS — log fH» (17)

Values of fH,S were converted from measured dissolved
H,S(aq) wusing the empirical equation reported by
Scheuermann et al. (2020):

1nYH2S—Cl = 25]2 + 0009898 -T + 2462 . lnp

+0.01325-T - Inp 4 5.36 - (Inp)’ (18)

[H,S(aq)] represents dissolved H,S(aq) concentration
(mmol/kg); T is temperature in °C; Ypos.co = fHoS /
[H,S(aq)]. The calculated fH, were shown in Fig. 7.

Results show that the measured values of m(Fe) at Bran-
don are in good agreement with calculated m(Fe) for pyrite-
pyrrhotite equilibrium, but are significantly higher than
that calculated for hematite-magnetite equilibrium
(Fig. 8). The slightly lower values for some data points
may be caused by fluid-mixing near the seafloor (Janecky
and Seyfried, 1984; German and Seyfried, 2014). The
results thus suggest that vent fluids of Brandon hydrother-
mal field were likely formed in reducing condition in keep-
ing with the PPM-fluid equilibrium. A result such as this is
also supported by the calculated fH,, which is in good
agreement with theoretical PPM buffering line (Fig. 7;
Table S9). The results demonstrate the effectiveness of the
density model developed in the present study in predicting
Fe solubility at T-P-p,, conditions where HKF model is
not directly applicable, greatly expanding our capability
of quantitatively constraining fluid-rock equilibrium and
metal transport in deep seafloor hydrothermal systems.
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Fig. 6. Estimation of T-P condition of phase separation at Brandon hydrothermal field using Si-Cl geothermobarometer. (a) Dissolved
SiO,(aq) as a function of Cl concentration. Data of endmember vent fluids at Brandon are plotted in colored squares. Dashed lines are
isothermal SiO,-Cl lines calculated using the density model of Fournier (1983). (b) Si-Cl geothermobarometer as applied to the Brandon
hydrothermal field using endmember fluid composition, i.e., 297 mmol/kg CI and 9.6 mmol/kg SiO»(aq). Fluid CI iso-concentration line as
indicated in solid line is calculated based on Driesner and Heinrich (2007). SiO5(aq) iso-concentration line as indicated in dashed line is
calculated using equation of Fournier (1983). The intersection of Cl and SiO,(aq) lines suggests T-P of 450 °C and 400 bar.
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Fig. 8. Measured Fe solubility of Brandon vent fluids compared
with values predicted using density model assuming various redox
buffers. The equilibrium T-P of Brandon vent fluids were estimated
at 450 °C, 400 bar using Si-Cl thermobarometer. Measured values
are plotted in gray triangles. Predicted m(Fe) at different redox
conditions are shown in colored squares. PP: pyrite-pyrrhotite;
HM: hematite-magnetite.

The successful application of the new density model for flu-
ids with density above ~ 0.1 g/cm®, and temperature up to
500 °C, similar to that constrained by our experiments, is
significant. Due to the unusual difficulty of the sample col-
lection during the experiment, uncertainties of T-P mea-
surement may impose relatively large uncertainties in the
measured chemical composition, hence the models still need
to be improved with further solubility data at similar con-
ditions. Using these models for evaluating Fe solubility in
fluids with even lower density (<0.1 g/cm®) and/or at higher
T-P is possible, although this will require experimental data

at these conditions using approaches not unlike those out-
lined in the present contribution.

6. CONCLUSIONS

We report new experimental data for dissolved Fe in
vapor-dominated fluid at 400-500 °C and 215-510 bar in
equilibrium with KMQ and HM buffers. The new data
show that vapor/fluid density and chlorinity are both
important factors controlling Fe solubility. Pressure and
temperature affect Fe solubility in a complex way by
changing density and chlorinity through phase separation.
Combining the new experimental data on Fe solubility in
low-density fluids (~0.1-0.35 g/cm®) and the HKF data
available in SUPCRT database, an empirical density model
was generalized to describe the equilibrium constant for
HM buffered Fe solubility reaction, which can then be
applied to model Fe in vapor-like low-density hydrothermal
fluids. Density models for magnetite dissolution reaction
and PPM buffered systems were also determined using this
approach. Calculations show that the density model devel-
oped in the present study can reproduce well solubility data
from previous experimental studies and vent data from sea-
floor hydrothermal systems, such as Brandon vent (21.5°S,
EPR). Combined with the Si-Cl geothermobarometer data,
we further suggest that phase separation at Brandon occurs
at deeper crustal levels, with peak T-P conditions of phase
separation up to 450 °C and 400 bar. The regressed Fe sol-
ubility data allow more quantitative redox-related con-
straints to be placed that origin and evolution of vent
fluid chemistry at Brandon, where PPM buffered condition
are indicated. From a broad perspective, the new solubility
data and the density model developed in this study greatly
extend our ability to understand controls on Fe mobility in
low-density fluids, when limited experimental data are
available. Such information is critical for understanding
hydrothermal processes such as phase separation and metal
mobility in deep seafloor hydrothermal systems, which are
important source of global ocean metal budget.
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