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Abstract

Multi-phase fluid flow is a common occurrence in magmatic hydrothermal systems; and extensive modeling efforts using
currently established P–V–T–x properties of the NaCl–H2O system are impending. We have therefore performed hydrother-
mal flow experiments (360–465 �C) to observe vapor–liquid partitioning of alkaline earth and first row transition metals in
NaCl-dominated source solutions. The data allow extraction of partition coefficients related to the intrinsic changes in both
chlorinity and density along the two-phase solvus. The coefficients yield an overall decrease in vapor affinity in the order
Cu(I) > Na > Fe(II) > Zn > Ni(II) P Mg P Mn(II) > Co(II) > Ca > Sr > Ba, distinguished with 95% confidence for vapor
densities greater than �0.2 g/cm3. The alkaline earth metals are limited to purely electrostatic interactions with Cl ligands,
resulting in an excellent linear correlation (R2 > 0.99) between their partition coefficients and respective ionic radii.
Though broadly consistent with this relationship, relative behavior of the transition metals is not well resolved, being likely
obscured by complex bonding processes and the potential participation of Na in the formation of tetra-chloro species. At
lower densities (at/near halite saturation) partitioning behavior of all metals becomes highly non-linear, where M/Cl ratios
in the vapor begin to increase despite continued decreases in chlorinity and density. We refer to this phenomenon as “volatil-
ity”, which is broadly associated with substantial increases in the HCl/NaCl ratio (eventually to >1) due to hydrolysis of
NaCl. Some transition metals (e.g., Fe, Zn) exhibit volatility prior to halite stability, suggesting a potential shift in vapor spe-
ciation relative to nearer critical regions of the vapor–liquid solvus. The chemistry of deep-sea hydrothermal fluids appears
affected by this process during magmatic events, however, our results do not support suggestions of subseafloor halite precip-
itation recorded in currently available field data. Ca–Cl systematics in vent fluids are specifically explored, revealing behavior
consistent with partitioning due to phase separation. Interestingly, the effect of variable chloride on dissolved Na/Ca ratios
associated with plagioclase solubility (in single-phase solutions) appears fundamentally similar to that of phase separation on
vapor compositions such that vapors evolved in hydrothermal systems may naturally remain near equilibrium with the host
lithology. Conversely, residual liquids/brines left behind in the crust may be undersaturated with metals, enhancing the rate
and extent of hydrothermal alteration.
Published by Elsevier Ltd.
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1. INTRODUCTION

Relative to precursor seawater, the chemistry of deep-sea
hydrothermal fluids exhibits variable enrichment in trace
alkalis (Li, K, Rb), alkaline earths (Ca, Sr, Ba), transition
metals (Mn, Fe, Cu, Zn) and dissolved gases (H2, H2S)
depending on temperature, fluid/rock ratio, and the lithol-
ogy of reacting substrate. The most important ligands for
aqueous metal transport in natural systems are Cl�, HS�

and OH� (e.g., Crerar et al., 1985; Seward and Barnes,
1997). However, a robust database of natural fluid samples
demonstrates the acidic/reducing conditions typical of
hydrothermal systems essentially leaves only Cl� to charge
balance cations in solution (e.g., Von Damm et al., 1985b;
Campbell et al., 1988; Butterfield et al., 1994; Edmond
et al., 1995; Douville et al., 2002; Seyfried and Shanks,
2004; Schmidt et al., 2007; Mottl et al., 2011; Reeves et al.,
2011; German and Seyfried, 2014). Such studies further
reveal the Na/Cl ratios in these fluids are minimally depleted
(if at all) relative to the seawater value of 0.85. The physical
properties of NaCl solutions are, therefore, commonly
accepted as analogous to those of circulating hydrothermal
fluids (Bischoff and Rosenbauer, 1984, 1985), which appear
to routinely intersect the two-phase boundary resulting in
the formation of lower and higher density/chlorinity vapors
and liquids, respectively, that can coexist at equilibrium
(Bischoff, 1991). This is exemplified by temporal and/or spa-
tial variability in the chloride concentrations of fluid samples
acquired from a variety of locales (5–200% of seawater val-
ues) and consistent with high chlorine alteration minerals
(amphiboles) in dredged rift samples (Ito and Anderson,
1983; Vanko, 1986) and fluid inclusions of variable salinity
(from CO2-rich vapors to 50 wt% Na–Ca–Cl brines with sul-
fide daughter crystals) in alteration assemblages of both
ophiolites and active spreading centers (Kelley and
Delaney, 1987; Nehlig, 1991; Saccocia and Gillis, 1995;
Vanko and Laverne, 1998; Kelley and Fruh-Green, 2001;
Vanko et al., 2004). Furthermore, excess chlorine observed
in some fresh MORB glasses suggests assimilation of a con-
centrated brine or halite near the magma-hydrothermal
interface prior to eruption (Michael and Cornell, 1998;
Coombs et al., 2004; le Roux et al., 2006). Such data are
not only consistent with phase separation, but also phase
segregation, wherein the lower density/salinity vapor buoy-
antly rises to vent at the seafloor and the more saline liquid
possibly becomes sequestered in lower permeability regions
of the crust (Saccocia and Gillis, 1995; Fontaine and
Wilcock, 2006). The preferential partitioning of solutes
between liquids and vapors can thus serve to modify the
pH, oxidation state and/or electrolyte/volatile contents of
the evolving fluids (Drummond and Ohmoto, 1985;
Trommsdorff and Skippen, 1986; Bischoff and
Rosenbauer, 1987; Giggenbach, 1997; Heinrich et al.,
1999; Williams-Jones et al., 2002; Arnorsson et al., 2007;
Foustoukos and Seyfried, 2007a).

Partitioning of a solute between equilibrium liquid and
vapor phases is often described in terms of a distribution
constant such as

Kd ¼ Mvap=M liq ð1Þ
where Mvap and Mliq are the concentrations of the solute in
the coexisting vapor and liquid, respectively. Kd has also
been referred to as a “volatility ratio” (Drummond and
Ohmoto, 1985) for the intercomparison of solute affinity
for the vapor phase. Along the H2O steam saturation curve,
partitioning of non-electrolytes is well characterized by the
thermodynamic formulation of Japas and Levelt Sengers
(1989); and Kd values are therefore calibrated for many
species as a simple function of temperature given the fixed
densities of the coexisting vapor and liquid (Fernandez-Prini
et al., 2003). For example, the Kd values of H2S and H2

(infinite dilution) at 350 �C are approximately 5.1 and
16.1, respectively, illustrating both gases are more soluble
in the vapor than the liquid (Kd > 1), but the solubility of
H2S in the liquid is higher than that of H2. Note also that
Kd should converge to unity at the H2O critical temperature
(373.9 �C), a relationship obeyed by the non-electrolytes
where such data are available (Japas and Levelt Sengers,
1989; Fernandez-Prini et al., 2003).

The application of similar thermodynamic formulations
to electrolytes is more tenuous (especially due to their high
solubility in the liquid), requiring knowledge of or assump-
tions regarding activity/speciation in the coexisting aqueous
phases (Simonson and Palmer, 1993; Alvarez et al., 1994;
Palmer et al., 2004). Furthermore, such equations cannot
account for phase behavior in multicomponent solutions
at conditions beyond the critical point of pure H2O.
Decades of experimentation, however, have empirically
characterized the P–V–T–x (pressure–volume-tempera
ture-salinity/chlorinity) properties of coexisting vapors
and liquids in the NaCl–H2O system (Sourirajan and
Kennedy, 1962; Khaibullin and Borisov, 1966; Bodnar
et al., 1985; Bischoff et al., 1986; Rosenbauer and
Bischoff, 1987; Bischoff and Rosenbauer, 1988; Knight
and Bodnar, 1989; Marshall, 1990). These data have been
particularly helpful as a means to interpret the physical
and chemical conditions reflected in the chemistry of
deep-sea hydrothermal fluids and relict alteration minerals.
In many instances, predicted temperatures (�400–475 �C)
and the associated pressures (�250–500 bars) are well
above the critical point of pure H2O (Gillis, 1995;
Foustoukos and Seyfried, 2007b; Fontaine et al., 2009;
Alt et al., 2010; Pester et al., 2011, 2012), where a 3D critical
curve exists in P–T–x space (e.g., see Fig. 2). We refrain,
however, from using the terminology “supercritical phase
separation” commonly found in related literature, as this
is essentially a chemical misnomer that was adopted in ref-
erence to the critical point of water. Furthermore, this ter-
minology is inconsistently applied to mean relative to the
critical point of pure H2O or seawater (407 �C, 298 bars,
Bischoff and Rosenbauer, 1988), both of which are arbi-
trary constraints due to subseafloor phase segregation and
open system behavior (Liebscher and Heinrich, 2007).

Vapors in deep-sea hydrothermal systems appear to
evolve at P–T conditions near the NaCl–H2O critical curve
(Pester et al., 2014a, 2014b), and can have chloride concen-
trations approximately two orders of magnitude higher
than those at steam saturation (T < 374 �C). It is therefore
important to better assess the effects of phase separation on
pH and metal transport at these conditions, especially given
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the relatively low chlorinity and pH of hydrothermal fluids
observed in the aftermath of eruptions and other sub-
seafloor magmatic events (Von Damm, 2000; Lilley et al.,
2003; Seewald et al., 2003; Seyfried et al., 2003; Pester
et al., 2014a). While the overall metal concentration in
hydrothermal fluids is controlled to a first order by temper-
ature dependant mineral solubility, phase separation can
potentially be decoupled from fluid-mineral equilibria
depending on flow rate/residence time considerations. Our
experimental investigation is focused primarily on divalent
metals, which appear to partition into the liquid phase
more than Na and other alkalis (Berndt and Seyfried,
1990; Foustoukos and Seyfried, 2007c). This not only
makes it more likely for the effects of phase separation to
be resolved in vent fluid data, but also suggests the impor-
tance of considering such partitioning in the development
of fully coupled multiphase reactive transport models.
There are several previous investigations of minor metal
partitioning relevant to our current study that have pro-
vided important insight into this subject (Bischoff and
Rosenbauer, 1987; Berndt and Seyfried, 1990; Simon
et al., 2004; Pokrovski et al., 2005,2008; Foustoukos and
Seyfried, 2007a; Rempel et al., 2012). However, due to
smaller data sets and/or differing experimental conditions,
sufficiently accurate partition coefficients have yet to be
derived for a range of components particularly important
to the evolution of seafloor hydrothermal systems. Herein
we report data obtained from multiple hydrothermal flow
experiments conducted at temperatures between 360 and
Fig. 1. Schematic diagram of the experimental flow system and Ti-alloy
terminates mid-cell as does the internal (Ti-sheathed) thermocouple where
location of the input line terminus helps to maximize residence time fo
sampling ports). External thermocouples and heating coils related to
description). Static pressure is maintained via computer interface betwee
valves that rapidly inlet/exhaust compressed air to the dome of the pressu
manual valve. See text for details.
460 �C and pressures coincident with vapor–liquid/va
por-halite stability. Furthermore, this is the first study to
explicitly examine the behavior of divalent metals and pH
at and near halite saturated conditions.

2. EXPERIMENTAL PROCEDURES

2.1. Flow-through experimental design

Flow experiments were carried out in one of two func-
tionally similar hydrothermal pressure vessels, but con-
structed of different materials. Exps. 1–3 were conducted
in a 316 stainless steel reactor (�110 cm3), whereas Exps.
4–8 utilized a newly designed Ti-alloy reactor (�165 cm3).
The experimental design is similar to that described in
Foustoukos and Seyfried (2007c) with modifications as
shown in Fig. 1. Capillary pressure tubing (1/16” O.D.)
connected the reactors to all external valves and pumps.
For the Ti-alloy cell, all wetted accessory tubing and valves
(including the pump head) were also constructed of Ti with
exception of the back-pressure regulating valve (316ss). The
vapor output line was run through a cold water bath to
assure warm fluid was not entering the back-pressure regu-
lator. Reaction vessel temperature was maintained by three
independent external heating coils using proportional con-
trol microprocessors. The temperature input signal for each
controller was provided by thermocouples placed in exter-
nal wells drilled in the side of each vessel. The reactors were
insulated in a 2” thick calcium-silicate cylinder packed with
reaction cell used for the present study. Source fluid input line (6)
temperature is logged by the digital thermometer (5). The centered

r vapor–liquid segregation (i.e. farthest from the vapor and liquid
cell temperature control are not shown for clarity (see text for

n a transducer (4.2) and the ER3000e unit (8) containing solenoid
re relief valve (9). Liquid samples were periodically retrieved using a
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glass wool. Thermocouples were also used to directly mon-
itor the internal fluid phase(s) where the temperature was
typically 3–7 �C higher than the external set-point from
400 to 500 �C, respectively. Given internal T was monitored
near the terminus of the input capillary, this demonstrates
incoming fluid was sufficiently pre-heated to avoid any cold
fingering effects. Thermocouples were calibrated against the
steam saturation pressure of pure H2O up to 360 �C and
those used for internal solution monitoring were further
calibrated up to 500 �C using a P–T isochore
(q = 0.45 g/cm3) for a known mass of pure H2O in the fixed
volume cell. Steel-sheathed (1/16”) mineral-insulated ther-
mocouples (Type J, iron-constantan) were used with the
exception that a Ti-sheathed Type E (chromel-constantan)
thermocouple was used for internal monitoring of the
Ti-alloy cell. Temperatures reported herein refer to those
measured in direct contact with the internal fluid phase.
Average, minimum and maximum interior temperatures
were monitored for each set-point. The min/max deviation
from the average value was typically ±1–2 �C but was, in a
few cases, as high as 4 �C at conditions associated with
halite stability. The latter is thus the most conservative tem-
perature error, which is greater than the reported uncer-
tainty of the thermocouples. External temperatures
remained invariant from the set (control) temperature.
Pressure was logged for each set-point using two in-line
pressure transducers, one of which provided the input sig-
nal to the back-pressure regulator. Uncertainties in pressure
are constrained by the capability of this regulator
(±0.5 bars under experimental conditions), which is an air
actuated (dome-loaded) valve connected to an ER3000e

electronic pressure controller (Tescom Industrial Controls,
see Fig. 1). Valve response time is �0.5 s for the full pres-
sure range, allowing decreases in pressure to be exacted
without initially undershooting the set-point.

Vapor samples were collected after having passed
through the back-pressure regulator to avoid any unneces-
sary decreases in pressure associated with opening a discrete
sampling valve to the pressurized exit line. This is important
due to the P–T sensitivity of vapor chlorinity at
near-critical conditions. Though operating at ambient tem-
perature, there was still concern of metal contamination for
the most dilute and acidic vapors due to contact with 316ss
in the valve. However, a test using 0.05 N HCl (trace-metal
grade) for similarly short residence times showed nmolal
(negligible) quantities of Fe and Ni. In Exps. 6–8, a com-
puter controlled Ti metering valve was utilized to eliminate
any possible contamination; and in these cases pressure
variability was ±2–3 bars. Liquid samples were taken, after
a sufficient amount of vapor had been acquired, by opening
a manual, flow-regulating valve (Ti). With one exception
(6-L4), liquid samples were not acquired in Exps. 6–8 due
to the more sluggish response of the Ti metering valve.

All starting solutions were prepared with deionized H2O
and ACS grade chloride/bromide salts with the exception
that Ni (Exp. 6) was introduced by dissolving the native
metal in HCl. In some experiments the bulk concentrations
of Fe and Ca were elevated in a manner consistent with that
of natural hydrothermal fluids (10 and 20 mmolal, respec-
tively). All solutions were titrated to a pH of �3.0 with
HCl prior to the addition of variably small amounts of for-
mic acid. Upon heating, formic acid breaks down into
equimolar amounts of CO2 and H2 and was thus used to
assure the f H2 in the cell was more than adequate to main-
tain redox sensitive transition metals in the most reduced
state. This also precluded precipitation of Fe-oxides given
the low pH in the system. Measured H2 concentrations in
the single/vapor phases ranged 2.5–16 mmol/kg.
Dissolved gas concentrations (CO2, H2, CH4, CO) are
reported from Exps. 2–4 (Tables S.2–S.4) when monitored
for reproducibility.

Throughout the experiments (and for 24 h prior), start-
ing solutions were continuously purged with either N2 or
CO2 directly in the reservoir for the delivery pump to
remove dissolved oxygen. Prior to introduction of a given
source fluid, the reactor (at ambient conditions) was also
flushed with N2. The pre-purged starting solution was then
introduced into the bottom of the cell (liquid-sampling line,
Fig. 1) until the internal volume of N2 was fully displaced
(out the vapor-sampling line). At this point the liquid sam-
pling valve was closed and the cell was heated, using the
back-pressure regulator to maintain pressure (while evacu-
ating excess fluid) equivalent to �15–20 bars above the
associated critical pressure for the target temperature, given
also the bulk salinity of the starting solution. Eventually,
flow of the starting solution was resumed, now being
pumped in through tubing that terminated near the center
of the internal cavity (Fig. 1). High-temperature,
single-phase flow was maintained until steady-state pH
(25 �C) and dissolved gas concentrations (CO2, H2) were
achieved. At this point a fluid sample was acquired
(denoted S in Supplementary Data Tables). The chemical
composition of this sample was compared to the reservoir
solution to assure the effect of dissolution/precipitation
reactions occurring in the cell was negligible. For most ele-
ments/experiments, the %RSD (2r) between the start solu-
tion and the reacted (single-phase) solution was always less
than 4%, but in the case of Exp. 4, Fe and Cu in the latter
were elevated by 6% and 11%, respectively. Greater vari-
ability was noted for Fe and Cu in Exp. 8, although the
cause of this is unclear. The chemistry of both the reacted
fluid and the starting fluid are therefore given in Table S.8.

While flowing continuously, the two-phase region was
typically approached by decreasing the set pressure on the
back-pressure regulator along a given isotherm.
Increasing temperature at constant pressure was also
employed, especially as a means to approach the halite sta-
bility field at pressures consistent with seafloor constraints
(P > �200 bars). At conditions in the two-phase region,
flow rate of the source fluid was typically 0.1–0.3 g/min,
sufficient to give steady-state vapor chlorinity in good
agreement with those predicted for equilibrium in the
NaCl–H2O system (Fig. 2). This confirms the concentration
range of minor species studied did not appreciably affect
phase relations. When a new P–T set-point was imposed,
the RI (refractive index, NaCl), pH (25 �C) and dissolved
gas concentrations were monitored until the new
steady-state vapor composition was established. Usually
only 15–20 min was required to achieve steady state, how-
ever, fluid was allowed to flow for at least 45 min prior to



Fig. 2. Isothermal representation of vapor–liquid phase relations
for a portion of the NaCl–H2O system (Driesner and Heinrich,
2007) compared with experimental data presented herein (Tables
S.1–S.6), including those of Berndt and Seyfried (1990). Isotherms
for temperatures emphasized in this study (410, 425 and 440 �C) are
shown (solid lines) in addition to 430 and 445 �C for reference
(dashed lines). The critical curve (dashed, shown from 390 to
450 �C) separates the vapor and liquid limbs of the two-phase
envelope. Experimental concentrations are total dissolved Cl
comparable to the NaCl (molal) equivalent represented in the
model isotherms. Low P vapor data from Exp. 6 exemplify effects
of hydrolysis (Eq. (2)) at/near halite saturation (see Fig. 3).

Table 1
Summary of experimental conditions and source fluid
compositions.

Exp 1–0.62 molal NaCl, 0.87 mmolal NaBr

V(5) + L(5)a 410 �C 307–283 bars
V(5) + L(5) 440 �C 393–365 bars
V(4) + L(3) 447–482 �C 400 bars
Exp 2–0.57 molal NaCl, 11 mmolal FeCl2, 1 mmolal MnCl2
V(6) + L(5) 410 �C 309–294 bars
Exp 3–0.95 molal NaCl, 11 mmolal FeCl2, 1 mmolal MnCl2
V(5) + L(5) 425 �C 356–336 bars
V(7) + L(3) 440 �C 395–344 bars
V(1) ± L-H 440 �C 304 bars
Exp 4–0.93 molal NaCl, 2 mmolal CaCl2, CuCl, FeCl2, MnCl2,

SrCl2, ZnCl2
V(9) + L(6) 425 �C 357–298 bars
V(3) ± L-H 465 �C 298–247 bars
Exp 5–0.61 molal NaCl, 20 mmolal CaCl2, 2 mmolal MnCl2, SrCl2,

ZnCl2
V (7) + L(11) 410 �C 308–250 bars
V(3) ± L-H 410–453 �C 250 bars
Exp 6–0.99 molal NaCl, 1 mmolal CaCl2, CuCl, FeCl2, MnCl2,

SrCl2, ZnCl2, BaCl2, CoCl2, NiCl2, MgCl2
V(11) + L(1) 440 �C 398–323 bars
V(4) ± L-H 440 �C 282–220 bars
Exp 7–0.2 mmolal NaCl, 250 lmolal CaCl2, SrCl2, BaCl2, MgCl2
V(13) + L(0) 363 �C 189–150 bars
V(2) ± L-H 363 �C 104–70 bars
Exp 8–0.2 mmolal NaCl, 250 lmolal CaCl2, CuCl, FeCl2, MnCl2,

SrCl2, ZnCl2, BaCl2, CoCl2, MgCl2
V(6) + L(0) 363 �C 185–125 bars
V(3) ± L-H 363 �C 112–65 bars

a Number of vapor (V) or liquid (L) samples acquired.
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acquiring samples for chemical analysis. A summary of
experimental conditions and starting solution compositions
is presented in Table 1.

2.2. Analytical procedures

Samples were collected in either sterile plastic syringes
(with PTFE stopcocks for gas analyses) or pre-weighed,
acid-cleaned LDPE bottles for immediate dilution with
either a trace-metal grade HCl (for metal analyses) or
deionized water (for Cl, Br analyses). The amount of sam-
ple acquired and the associated dilution factors were scaled
based on the RI (or predicted phase compositions for
vapors below detection by RI) such that accurate analysis
of the minor metals could easily be achieved. For example,
large samples of the highly dilute vapors (�10–20 ml) were
taken, which is a distinct advantage of the flow-through
configuration. Two hand-held refractometers were used in
the course of the experiments for monitoring chlorinity
changes, both factory calibrated to reference concentration
in wt% NaCl. One spanning the range 0–26 wt% was used
for the liquids whereas another, having a more refined
range of 0–10 wt%, was used for the vapors.

Cl and Br were analyzed by ion chromatography (2r:
±1% and 3%, respectively) and all cations were analyzed
by inductively-coupled plasma optical emission spec-
troscopy (ICP-OES) with uncertainties of ±4% (2r). The
vapors of Exps. 7–8 (363 �C) were extremely dilute and
were therefore analyzed by inductively-coupled plasma
mass spectrometry (ICP-MS). For most metals the uncer-
tainty in these analyses is ±5% (2r). The reproducibility
for Mg and Ca was considerably worse; but these data
are still reported unless the error exceeds 25%. Dissolved
gas concentrations were analyzed after head-space extrac-
tion using a gas chromatograph equipped with both a ther-
mal conductivity detector and a flame ionization detector
(including a methanizer). Target species were separated
using a carboxen 1010 plot column. pH (25 �C) was mea-
sured using a Thermo-Ross electrode that was continuously
calibrated throughout each experimental session. We note
that no effort has been made to correct for the effect of high
salinity on the liquid junction potential of the electrode,
which may be a minor source of error for some of the liquid
phase samples (Knauss et al., 1990). pH was measured on
multiple discrete samples immediately after retrieval to
avoid metal oxidation and attending acidification, which
especially affected the liquid samples as suggested by
decreasing pH measured on the same sample with increas-
ing time. For example, some of the heavier brines (unpre-
served) showed visible precipitate and pH values lower
than the vapor counterpart after less than 24 h.

The full fluid chemistry of Exps. 1–8 are given in Tables
S.1–S.8 (Supplementary Materials). For most samples of
Exps. 2–8, chloride is calculated based on charge balance
of the suite of cations in solution. This includes HCl via
pH measurement, which is an important constraint for
the more dilute vapors (see Section 3.3.1). Chloride was
independently analyzed for several samples to verify agree-
ment with the calculated values (Table S.9).
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3. RESULTS

3.1. Agreement with predicted NaCl–H2O (vapor–liquid)

phase equilibria

Vapor-phase chlorinity was generally reproducible for
equivalent P–T conditions. However, there were changes
in the internal fluid temperature with decreasing pressure
in the two-phase region despite consistent external temper-
ature control. This results, for example, in the difference in
chlorinity trends between Exp. 3 (425 �C), where T

remained constant, and Exp. 4 (425 �C), where the T

dropped over 6 �C attending decompression (Table S.4,
Fig. 2). For most experiments, we did not correct for this
by changing the external set-point. Such decreases in T

are consistent with continuous effects of latent heat given
the open (flowing) nature of the experimental design. In
general, our vapor data agree with model (NaCl–H2O) iso-
therms �2–5 �C higher than the actual measured tempera-
tures. This is nonetheless excellent agreement given
current models of vapor–liquid equilibria are empirical fits
of data acquired using a variety of experimental methods
(Bischoff and Pitzer, 1989; Driesner and Heinrich, 2007).
We do note that several thermodynamic equations of state
have been developed for the NaCl–H2O system (Hovey
et al., 1990; Anderko and Pitzer, 1993; Pitzer and Jiang,
1996; Oscarson et al., 2004; Sedlbauer and Wood, 2004;
Liu et al., 2006), but these too rely heavily on the same
experimental data.
(a)

Fig. 3. (a) Experimental pH (25 �C) vs. Cl. Hatched area (pH � 2.8–3.0
through the reactor at high temperature. For individual experiments, large
fluids. Exps. 2 and 3 were carried out in the 316ss flow cell whereas Exps
modify the pH of the single/vapor phase fluids to values higher than th
chlorinity. pH was always higher in the liquid samples, further demonstr
observed at/near halite saturation (b) H+/Cl� ratio compared to that of N
decompression in Exp. 6. In-situ HCl generation due to NaCl hydrolys
Na+/Cl� and H+/Cl�, respectively.
The disadvantage of the flow-through configuration is
manifest by acquisition of liquid-phase samples with higher
chlorinity than predicted for equilibrium (Fig. 2). It has
long been recognized that agitation by either stirring or
rocking of experimental cells is beneficial for obtaining
the equilibrium liquid phase (Khaibullin and Borisov,
1965; Bischoff and Rosenbauer, 1987; Berndt and
Seyfried, 1990; Shmulovich et al., 1999). Unlike the vapor
phase that must be salt-saturated, brine condensation can
result in metastable density stratification. An exercise con-
ducted during Exp. 5 demonstrates the existence of stratifi-
cation in the liquid phase (Fig. S.3). Predicted liquid
equilibrium thus proved unattainable with the open system
configuration of these experiments, especially given our
inability to sample liquids more closely associated with
the (mobile) vapor–liquid interface. This explains the irre-
producibility of the liquid phase chlorinity despite consis-
tency for the vapor phase. We will demonstrate, however,
that the majority of quantifiable fractionation of minor
metals is expressed in the vapor.

3.2. pH and reaction cell composition

There is a clear difference in the vapor Cl vs. pH trends
of the experiments carried out in the 316ss cell relative to
those in the Ti-alloy cell. While the Ti cell (expectedly) exhi-
bits little reactivity, it appears the 316ss cell modifies the pH
to values higher than those of the starting solutions for the
single-phase fluid and vapors of intermediate chlorinity
(b)

) represents pH values of starting solutions prior to having passed
r filled symbols of corresponding shape are the reacted single-phase
. 4 and 6 were carried out in the Ti alloy cell. The 316ss appears to
e incoming source fluid, though these effects decrease with vapor
ating the high vapor affinity of HCl. Abrupt decreases in pH were
a+/Cl� (context of total cation charge balance) in vapors attending

is (Eq. (2)) accounts for the concomitant decrease and increase in
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(Fig. 3a). In these cases (Exps. 2 and 3), the observed
decrease in pH (25 �C) with chlorinity/density results from
a combination of the decreasing residence time of the vapor
(i.e. time to react with the cell) as well as decreasing activity
of H+ due to the increasing association constant (Ka) of
HCl (Ho et al., 2001). In addition to pH changes, reactivity
of the 316ss cell should be expected to contribute, for exam-
ple, excess Fe. As illustrated below, however, this did not
pose a problem in these experiments (2 and 3) due to the rel-
atively high Fe (and Mn) concentrations in the source fluid
(Table 1).

3.3. Partitioning of alkaline earth and transition metals

Given charge balance must be conserved, the vapor–liq-
uid partitioning of metals in a chloride matrix is most sim-
ply demonstrated by a change in the metal/chloride ratio
(M/Cl, molal) relative to that of the precursor
(single-phase) starting solution. Within the two-phase
region, evolved (higher chlorinity) liquids retain M/Cl
ratios consistent with those of the starting solution, due
mostly to mass balance constraints. Conversely, quantita-
tive changes take place in the vapor composition as chlorin-
ity and density decrease with increasing extent of phase
separation (Fig. 4). Thus, for the systems studied here,
vapor–liquid partitioning of minor metals within the
broader NaCl–H2O system appears predictable over a
broad range of the two-phase envelope in a manner that
is independent of P and T. Prior to full treatment of these
data, however, we first note divergent behavior in vapor
chemistry observed at/near halite saturation.
Fig. 4. Metal/Cl (M/Cl) ratio vs. Cl in Exp. 4. The M/Cl was
roughly equivalent for all minor metals in the single-phase/start
solution (star). Coexisting vapor and liquid chlorinity decreases
and increases, respectively, with the extent of phase separation.
Accordingly, divalent metals exhibit quantifiable decreases in vapor
affinity until halite saturation is approached and apparent “volatil-
ity” (Section 3.3.1) is observed. The two lowest chlorinity samples
represent vapor-halite coexistence. Due to mass balance, there is
little change in the M/Cl with increasing liquid chlorinity, though
the values are slightly offset relative to the start solution in a
manner inverse with observed trends in the vapor.
3.3.1. Metal volatility and hydrolysis at extreme P–T

conditions

At sufficiently extreme two-phase conditions (relatively
low isothermal P and/or high isobaric T) the liquid
becomes (halite) saturated, and chloride-normalized metal
concentrations increase abruptly in the vapor phase
(Figs. 4, S.5, Cl < �0.01 molal). This behavior is similar
to the observations of Foustoukos and Seyfried (2007c)
for trace alkalis (Li, Rb, Cs) and Br. For the divalent met-
als, however, this constitutes an unexpected reversal in the
trends of decreasing vapor affinity with chlorinity/density
along most of the vapor branch; and herein we refer to this
phenomenon as “volatility”. Data of both Exps. 4 and 6
further demonstrate Cu(I), Fe(II) and Zn(II) able to
increase in concentration and achieve M/Cl ratios in excess
of the starting fluid (Figs. 4, S.5). This volatility is often asso-
ciated with a sharp decrease in the Na/Cl ratio and pH
(25 �C), indicating halite hydrolysis (Figs. 2, 3) (Armellini
and Tester, 1993; Fournier and Thompson, 1993; Liebscher,
2007) as follows:

NaClðSÞ þH2OðVÞ ¼ NaOHðSÞ þHCl0
ðVÞ ð2Þ

Though Kd values for HCl highly favor concentration in the
vapor (Simonson and Palmer, 1993), source fluid composi-
tions (pH) were not sufficient for partitioning to account
for the low pH (25 �C) of halite saturated vapors; and mass
balance requires in-situ acid generation (via Eq. (2)) in order
for HCl to surpass NaCl as the dominant vapor species. For
example, Fig. 3b reveals a nearly 1:1 correspondence
between increases and decreases in H+/Cl� (or
hydronium/Cl) and Na+/Cl� ratios respectively. These data
further support the suggestion that vapor-halite coexistence
is required for significant hydrolysis in NaCl dominated sys-
tems (Fournier and Thompson, 1993), contrasting with the
system CaCl2–H2O wherein HCl is abundantly produced
on the vapor–liquid solvus (Bischoff et al., 1996). The Ca
(and other metal) concentrations in our experiments, how-
ever, are sufficiently low that possible contributions to the
hydrolysis effect are not clearly resolved in the data.
Furthermore, the increase in vapor M/Cl with halite stability
for all the minor metals suggests their incorporation in solid
hydroxide or oxide phases with lower solubility than
Cl-bearing salts (similar to Eq. (2)) is not as significant as it
is for Na, although, hydrolysis of the alkaline earths may
be occurring at the most extreme conditions (see Fig. S.5).
An implicit connection between saturation ± hydrolysis
and metal volatility, however, is not clear. It is broadly coun-
terintuitive that equilibrium precipitation of any saturated
solids/minerals might enhance the solubility of the constitu-
tive metals in the coexisting aqueous phase(s). Volatility may
reflect preferential exclusion from the halite lattice
(Foustoukos and Seyfried, 2007c), a simple explanation
given our observations expand the occurrence of this phe-
nomenon to a more diverse suite of cations. Still, we can
place little further constraint on the nature of solids that
may be coexisting with vapor ± liquid at these extreme con-
ditions, or their influence on volatility, especially considering
potential complications such as precipitation kinetics or, for
example, the low melting temperature of a likely candidate
such as Na2ZnCl4 (410 �C, Rice and Gregory, 1968).
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3.3.2. Normalization of vapor data and partitioning behavior

of minor metals

Barring conditions approaching halite stability, there is
a broad region of vapor–liquid coexistence where, for each
minor element, the change in M/Cl with chlorinity in the
vapor gives a nearly equivalent slope regardless of the
M/Cl of the single-phase/start solution (Fig. 5). This slope
may be defined as SV for the vapor limb. Given the consis-
tency of SV despite variable P–T conditions (and an order
of magnitude M/Cl, Fig. 5a), we can normalize the vapor
compositions from different experiments to that of the asso-
ciated starting fluids (Fig. 6) and regress a partition con-
stant defined as BV/S where

logðMvap=M startÞ ¼ BV =S � logðClvap=ClstartÞ ð3Þ

and Mvap, Clvap and Mstart, Clstart are the metal and Cl con-
centrations in the vapor and starting solutions, respectively.
This relationship requires that regression of the vapor data
pass through the graphical origin; and the slope (BV/S) for
each minor metal is inherently normalized to Na (BV/S � 1),
which ultimately dictates phase behavior in both the exper-
iments and marine hydrothermal systems (Fig. 6). Similar
to our work, minerals were not present in the experiment
of Berndt and Seyfried (1990), and these data are included
in the regressions. The data of Exps. 7–8 (�360 �C) were
not included in any regressions for reasons discussed later
(a)

(b)

Fig. 5. Cl vs. (a) Ca/Cl, and (b) Zn/Cl for Exps. 4, 5 and 6. The
slope of regressions (SV) for the non-volatile vapor samples (see
text) are nearly equivalent regardless of the M/Cl of the single-
phase fluid (stars). Corresponding liquid-phase samples and
volatile vapor samples not included in the regressions (see Fig. 6)
are shown in grey-scale.
(Section 4.1). BV/S values are given in Table 2. As a result
of this normalization, SV (Fig. 5) can also be more accu-
rately defined as:

SV ¼ BV =S � 1 ð4Þ

In application to natural hydrothermal systems, these rela-
tionships simplify modeling certain aspects of phase separa-
tion given assumptions regarding the composition of
subsurface liquids will often be required. Though not incor-
porated in BV/S regressions, the similarly normalized liquid
compositions, again, show little deviation or change in
slope (Fig. 6). However, for metals with BV/S > 1, a slight
parallel offset above the unity line is observed that generally
increases with BV/S and the Cu(I) data fall below unity in a
similar manner (see also Fig. 4). Our results for Br (Table 2,
Fig. S.4) agree with the majority of previous investigations
in that NaBr has a slightly higher vapor affinity than NaCl
(Berndt and Seyfried, 1990, 1997; Liebscher et al., 2006;
Foustoukos and Seyfried, 2007c).

3.3.3. Vapor–liquid partition coefficients for minor metals

Ideally, a vapor–liquid coefficient is required to describe
the bulk system and fully account for mass balance. This
can be derived by treatment of the data in the form of

logðMvap=M liqÞ ¼ B � logðClvap=ClliqÞ ð5Þ

that can be simplified to

log KdðMÞ ¼ B � log KdðClÞ ð6Þ

where Mliq and Clliq are the metal and Cl concentrations in
the liquid phase, respectively (Kd notation also shown in
Eq. (1)). This is similar to the relationship of Eq. (3), allow-
ing a regression through the graphical origin, and the
resulting slope (B) characterizes the vapor–liquid partition
coefficient (Fig. 7a, again, B � 1 for Na). However, in this
case, the origin (where Kd = 1) strictly represents a position
along the system’s critical curve, whereas that in Fig. 6
(after Eq. (3)) may represent any position on the
two-phase (vapor–liquid) envelope. Fewer data may be
treated according to Eq. (6) due to the limited P–T–x range
in which liquid samples remain undersaturated in transition
to ambient conditions. The data correlations for the B

regressions are less robust than those resulting in the BV/S

coefficients, likely related to the putative salinity stratifica-
tion in the liquid phase during the experiments. As might
be expected, there is, regardless, a good linear correlation
between the BV/S and B values (Table 2, Fig. S.2). This
can be used to calculate B with reasonable uncertainty for
the divalent metals lacking sufficient liquid phase data for
direct regression (e.g., Ni, Co).

The “ray-diagram” approach to solute partitioning
(Palmer et al., 2004; Liebscher, 2007; Pokrovski et al.,
2013) relates Kd(M) to the densities of the coexisting vapor
and liquid phases (qvap and qliq, respectively) as follows:

log KdðMÞ ¼ n � logðqvap=qliqÞ ð7Þ

rather than the charge-balance approach represented by
Eqs. (5) and (6). Noted earlier, the thermodynamic formu-
lation of Japas and Levelt Sengers (1989) has shown such a
relationship is valid at the infinite dilution limit (i.e. qvap



(a) (b) (c)

(d) (e) (f)

Fig. 6. Experimental data normalized for extraction of vapor-based partition coefficients (BV/S, Section 3.3.2) for (a) Sr, (b) Ca, (c) Mn(II), (d)
Zn, (e) Fe(II) and (f) Cu(I), Mg and Ba. Panel (a) shows the corresponding Na data from all the experiments. Na expectedly shows no
deviation from the unity line (short dash, y = x) except at/near halite saturation, likely due to hydrolysis (see text, Fig. 3). A curve fit to this
deviation is shown for reference in the other panels. Vapor data are regressed through the origin and the slope constitutes the partition
coefficient BV/S. Regressions are represented by the 95% prediction limit for each metal and the reported error of BV/S is the 95% confidence
interval. Regressions of Ni and Co not shown for clarity. All coefficients are summarized in Table 2. Liquid-phase data (x > 0) and “volatile”

vapor data not included in the regressions are shown in grey scale. Vapors were considered “volatile” at/near halite-saturated conditions
where Na starts to deviate from the unity line (�x < �1.5). Sample 6-V11 (Exp. 6) was also excluded for Fe and Cu. A similar plot for Br,
including additional experimental data from Berndt and Seyfried (1990, 1997); Liebscher et al. (2006) and Foustoukos and Seyfried (2007c) is
presented in Supplementary Materials (Fig. S.4).
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and qliq are that of pure H2O at steam saturation) to tem-
peratures very near the H2O critical point for a wide range
of non-electrolytes (e.g., Fernandez-Prini et al., 2003); and
reasonable agreement with such a formalism has also been
suggested for NaCl (Fernandez-Prini et al., 1993; Alvarez
et al., 1994). While far from infinite dilution, the NaCl
dominated composition of crustal fluids/seawater is the rea-
son why P–V–T–x properties of the NaCl–H2O system are
empirically determined. Models thus readily allow calcula-
tion of solution densities in this two component system
(Bischoff, 1991; Driesner, 2007), resulting in translation of
the ray-diagram concept such that the NaCl solution is
the solvent, and partitioning of additional, dilute (relative
to NaCl) solutes may be resolved (Pokrovski et al., 2005).
In this case density calculations must assume the molality
of total chloride is effectively equivalent to mNaCl. This
is reasonable for these experiments, even where the vapor
HCl/NaCl ratio is high (e.g., Fig. 3b) because at such con-
ditions total Cl is sufficiently low that density is no longer
meaningfully different from that of pure water (at equiva-
lent P–T). Empirical density correlations may be used in
a manner exclusive of predicted vapor–liquid phase
relations (Driesner, 2007; Driesner and Heinrich, 2007),
allowing estimation of vapor and liquid densities using
explicitly our experimentally measured P–T–x values (Tables
S.1–S.8, calculated after Driesner (2007)). This embraces
any disagreement with phase equilibria models (i.e.
Fig. 2), which is unavoidable. The derivation of partition
coefficients according to Eq. (7) inherently implies a linear
relationship between log (qvap/qliq) and log Kd for total
chloride (Kd(Cl) or Kd(NaCl)) within the NaCl–H2O system
itself. Accordingly, despite the apparent excess chlorinity



Table 2
Partition coefficients and 95% confidence intervals.

Samplesa BV/S
b Samples Bc nd

Br 18 0.92 ± 0.04 17 0.95 ± 0.01 3.38 ± 0.06
Na 50 1.000 ± 0.003 36 0.991 ± 0.003 3.54 ± 0.03
Cu(I) 18 0.91 ± 0.05 6 0.89 ± 0.02 3.17 ± 0.09
Fe(II) 37 1.23 ± 0.02 19 1.14 ± 0.01 4.07 ± 0.05
Zn 27 1.34 ± 0.01 17 1.17 ± 0.01 4.17 ± 0.08
Ni(II) 10 1.44 ± 0.05 1.23 ± 0.1 4.4 ± 0.4
Mn(II) 46 1.44 ± 0.01 30 1.23 ± 0.01 4.40 ± 0.07
Co(II) 10 1.51 ± 0.04 1.27 ± 0.1 4.5 ± 0.4
Mg 10 1.44 ± 0.03 1.23 ± 0.09 4.4 ± 0.3
Ca 31 1.64 ± 0.02 21 1.35 ± 0.02 4.82 ± 0.1
Sr 31 1.81 ± 0.02 21 1.44 ± 0.02 5.15 ± 0.1
Ba 14 2.01 ± 0.03 4 1.54 ± 0.02 5.51 ± 0.1

a Used in regression, including data of Berndt and Seyfried (1990) for Br, Na, Ca, Sr, Ba.
b See Eq. (3).
c See Eq. (6), Ni, Co and Mg calculated using B = 0.55*BV/S + 0.44 (Fig. S.2).
d See Eq. (7).

(a) (b)

Fig. 7. (a) logKd(M) vs. logKd(Cl) for Cu(I), Mn(II) and Sr and regression of the vapor–liquid partition coefficient, B, based on Cl charge
balance (see Eqs. (1), (5), (6)), where star symbol is the origin (and critical point). Reported error of B is the 95% confidence interval. Data
from Berndt and Seyfried (1990) are included in the Sr regression. Mn data from the two-phase basalt alteration study of Bischoff and
Rosenbauer (1987) also show good agreement. B values for all metals are reported in Table 2. (b) The “ray diagram” approach to solute
partitioning based on calculated vapor/liquid densities in the NaCl–H2O system (Eq. (7)). Shown are all vapor–liquid pairs from Exps. 1–5.
Vapor/liquid densities (given for all samples in Tables S.1–S.8) were calculated after Driesner (2007) using the experimental P–T–x values. The
correlation: logKd(Cl) = 3.57 ± 0.02*log (qvap/qliq), and the resulting relationship n = 3.57 ± 0.02*B was used to calculate the n values (Eq. (7))
reported in Table 2. The upper and lower (dashed) lines bounding the regression represent independently calculated model isotherms for 600
and 380 �C, respectively (Driesner, 2007; Driesner and Heinrich, 2007). Nonlinearity in these isotherms ultimately reflect uncertainties in
empirical representation of near-critical behavior (may or may not be real).
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in many of the sampled liquids, an excellent density corre-
lation with Kd(Cl) is observed for our reported vapor–liquid
pairs that falls within a broader range of independently
modeled phase equilibria (isotherms between 380 and
600 �C, Fig. 7b). Therefore, to be internally consistent, n

values for minor metals (Eq. (7), Table 2) were calculated
after the regression shown in Fig. 7b, and the resulting rela-
tionship n = 3.57 ± 0.02*B.
4. DISCUSSION

4.1. Uncertainties and potential limitations

The uncertainties reported for all coefficients (BV/S, B, n,
Table 2) reflect the 95% confidence interval of regressions
(with propagation where appropriate); and the relative dif-
ferences in partitioning for most metals are statistically
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significant. Regardless of general P–T–x conditions, how-
ever, the regressions themselves are a necessary oversimpli-
fication, being unable to account for likely non-linear
behavior at conditions very near the critical curve.
Absolute uncertainties are therefore more difficult to con-
strain. Potential error in B values resulting from the appar-
ent excess salinity of liquid samples may be more easily
evaluated by incorporating a limited form of Eq. (3) into
a system of mass balance equations (e.g., Berndt et al.,
1996; Foustoukos and Seyfried, 2007c) that impose model
NaCl–H2O vapor–liquid phase relations (see
Supplementary Materials). These calculations reveal higher
B values with maxima on the order of +2% for Fe(II) and
increasing to +8% for Ba (Figs. S.1, S.2). While notewor-
thy, this approach too carries uncertainty, as much closer
agreement was observed depending on the NaCl–H2O
equation of state. For general purposes, we therefore see
no reason to value these results rather than those obtained
by direct regression of the experimental data.

Noted earlier, the P–T conditions explored here are par-
ticularly relevant to deep-sea hydrothermal systems, but the
empirical construct with which the coefficients were derived
(e.g., Fig. 7) indicates they may be relevant over a broader
range of P–T space, at least, where NaCl–H2O phase rela-
tions are well characterized experimentally (to �600 �C).
There is, however, a fundamental thermodynamic anomaly
in the NaCl–H2O coexistence curve near the critical temper-
ature of pure H2O (Levelt Sengers et al., 1986; Harvey and
(a)

Fig. 8. (a) Vapor chlorinity with decreasing pressure at 363 �C from Ex
Driesner and Heinrich (2007). For temperatures near and below that of cr
phase boundary (where P � H2O steam saturation for T < 374 �C and mo
again with decreasing P, a phenomenon not observed at higher temperat
electrolyte partition coefficients at such temperatures (see Section 4.1). An
halite saturation is also observed in both experiments 7–8. (b) Vapor com
drop substantially along with total chlorinity upon intersection of the two
the higher temperature experiments (2–6) is evident with Fe > Zn > Mn >
stability. These data show Ba > Sr and in some cases Ca (not show
continuously increase with decreasing pressure to levels comparable to F
Levelt Sengers, 1989; Anisimov et al., 2004) that may com-
plicate extrapolation of partition coefficients across this
region. This is most simply demonstrated by the “bird’s
beak” pattern in pressure-composition space for tempera-
tures less than �380 �C (Khaibullin and Borisov, 1966;
Bischoff et al., 1986) that is also reproduced in our data
from Exps. 7–8 (Fig. 8a). Given the low densities of NaCl
saturated vapors are intuitively predicted to decrease with
pressure, the result is a region for each isotherm where
vapor chlorinity appears to increase with decreasing pres-
sure/density (Fig. 8a). This, for example, effectively con-
founds the relationship of Eq. (7). Interpretation of data
from Exps. 7–8 (363 �C) is therefore not straightforward
because there is not a continuous decrease in chlorinity with
decreasing pressure (density), and the attending change in
M/Cl is intrinsically non-linear (Fig. 8b). It is for this rea-
son these data were excluded when deriving the partition
coefficients. When viewed in pressure-composition space,
however, these data still show the general pattern of
Fe > Zn > Mn in the vapor phase and the alkaline earths
are very low in concentration. Thus, while the accuracy of
either n or B values is less certain outside the experimentally
calibrated range, use at higher temperatures seems likely to
be less problematic.

In addition, we wish to emphasize that overall effects
due to the presence of additional ligands (e.g., HS�) and/or
soluble minerals requires further constraint. For example,
several recent investigations have concluded that vapor
(b)

ps. 7–8. Solid line corresponds to the model isotherm predicted by
itical H2O (373.9 �C) vapor chlorinity drops dramatically at the two-
derate bulk chlorinity) but subsequently increases before decreasing
ures (see Fig. 2). This anomaly likely complicates the derivation of
increase in total chloride resulting from hydrolysis (Eq. (2)) at/near
position with decreasing pressure for Exp. 8. Metal concentrations

-phase boundary, see also panel (a). The general pattern observed in
alkaline earths and increases in concentration associated with halite
n for clarity). Cu concentrations initially drop dramatically but
e and Zn, a pattern not exhibited by the other metals.



(a)

(b)

Fig. 9. Aqueous M–O bond distance (a) and M–Cl bond distance
(b) for the divalent metals vs. associated vapor–liquid partition
coefficients (B, Eq. (6)). M–O values are taken from Marcus (1988)
where the ambient hydration shell consists of 6 water molecules for
Mg and the transition metals (octahedral) and approximately 7, 8,
9 waters for Ca, Sr and Ba, respectively (Marcus, 1988; Seward
et al., 1999; Fulton et al., 2003). An excellent linear correlation is
observed for the alkaline earths. The transition metal M–Cl data
represented by the crossed circles (b) are the average bond lengths
in the tetrahedral [MCl4]2� complex of crystalline
[N(CH3)4]2�[MCl4] taken from Wiesner et al. (1967) and Lauher
and Ibers (1975). All other M–Cl values are vapor-phase dichloride
bond lengths where the molecules (MCl2) are linear for Mg, Ca and
the transitions but SrCl2 and BaCl2 are quasilinear and bent,
respectively (Hargittai, 2000). A correlation for alkaline earths is
still observed, though less robust than in panel (a). The transition
metal data (connected by tie-lines to guide the eye) demonstrate the
ionic radii vary systematically regardless of whether the coordina-
tion structure is octahedral, tetrahedral or linear.
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solubility of Fe and Zn is not appreciably enhanced by the
presence of dissolved sulfide at geologically reasonable con-
centrations, whereas the effect on Cu and Au solubility may
be substantial (Nagaseki and Hayashi, 2008; Pokrovski
et al., 2008; Etschmann et al., 2010; Lerchbaumer and
Audetat, 2012; Rempel et al., 2012).

4.2. Implications of speciation

Partitioning behavior of metals can be linked to the sta-
bility of aqueous species, specifically chloro-aqua com-
plexes in the context of our experiments. In general, the
extent of cation–anion association in electrolyte solutions
increases with both increasing temperature and decreasing
density due mainly to the concomitant decrease in the rela-
tive permittivity (dielectric constant) of water. Ideally we
might compare our experimental data with thermodynamic
calculations predicting the speciation of each metal in the
vapors/liquids. However, due to challenging conditions,
experimental data for apparent molal properties of elec-
trolytes at near-critical or two-phase conditions are scarce
(White et al., 1988; Majer et al., 1991); and even when avail-
able, extrapolation to infinite dilution in accordance with
conventional asymmetric standard states and the
Debye-Hückel limiting law can result in substantial error
(Levelt Sengers et al., 1992). Similarly, thermodynamic for-
mulations such as the revised HKF equation of state
(Tanger and Helgeson, 1988; Shock et al., 1992) diverge
anomalously in regions of high water compressibility
(q < �0.6 g/cm3). Thus, our discussion is necessarily quali-
tative when applied to this region of P–T–x space.

4.2.1. Influence of ionic radius

The charge/radius ratio of both the cation and the anion
are important factors governing the degree of hydration
and ion pair formation (Pitzer, 1977; Fulton et al., 2006)
and is a good starting point for comparison. Davies
(1951), for example, has shown a strong linear relationship
between this parameter and the association constants
(logKa) of alkali and alkaline earth metal hydroxides in
aqueous solution. Similarly, there is an excellent correlation
between B constants and both the aqueous M–O internu-
clear distances (charge effects cancel out) and the dichloride
(M–Cl) bond lengths for the alkaline earth metals (Fig. 9).
Thus, for these metals, the partition coefficients agree with
the suggestion that as water is replaced by a ligand of for-
mal negative charge (e.g., Cl�) the stability increment
through purely electrostatic forces will increase with the
reciprocal of the cationic radius (Irving and Williams,
1953). In other words, as the radii increase in the order
Mg < Ca < Sr < Ba, stability of the associated
chloro-complex should respectively decrease. Such a corre-
lation (Fig. 9) is not surprising because spectroscopic stud-
ies show that while the number of hydration waters around
a cation decreases with increasing T (decreasing density),
the aqueous ionic radius remains essentially constant
(e.g., Hoffmann et al., 1999; Seward and Driesner, 2004;
Fulton et al., 2006). Yet, we have found no such simple cor-
relation for the transition metals as the ionic radii are all
quite similar; and though they do vary, they appear to do
so systematically regardless of the coordination structure
(octahedral, Oh, or tetrahedral, Td, Fig. 9, see also next sec-
tion). The stability/speciation of and bonding in transition
metal complexes, however, is inherently different than for
the alkali or alkaline earth elements because the partially
filled d orbitals of transition elements may foster bonds that
are partly covalent in nature (e.g., Shadle et al., 1995; Figgis
and Hitchman, 2000). Regardless, the generality of correla-
tion based on ionic radii is still evident as the transition
metals all behave broadly similar to Mg (Fig. 9). A simple
explanation for the lower partition coefficient of Fe is its
unique ability to form abnormally strong complexes
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relative to the other first-row transition metals (Irving and
Williams, 1953; Gruen and McBeth, 1963).

4.2.2. Potentially dominant chloro-complexes

While systems of interest here have not yet been
observed under two-phase conditions, spectroscopic studies
have yielded great insight into speciation in
high-temperature electrolyte solutions. In general, an
increase in the extent of chloro-complexation under equiv-
alent conditions can be described as; alkalis < alkaline
earths < transition metals. Interestingly, though predicted
by molecular dynamics simulations, contact ion pair forma-
tion was not resolved in 0.2–0.5 molal alkali-bromide solu-
tions to temperatures as high as 450 �C and solution
densities as low as �0.4 g/cm3, though a decrease (�40%)
in waters of hydration was observed (Fulton et al., 1996;
Ferlat et al., 2002). This contrasts with noteworthy ion pair
formation for the divalent metals. For example, in ambient
CaCl2 solutions, there is no evidence of Cl� within the first
hydration shell of Ca2+ (species � [Ca(OH2)7]2+) at concen-
trations up to 6 molal, whereas, in a 1 molal solution at
400 �C, 350 bars, the ions are mostly associated, having a
CaCl2

0/CaCl+ ratio of �4 (Fulton et al., 2003, 2006;
Badyal et al., 2004). For alkaline earths, excess chloride
does not appear to significantly change the coordination
structure or increase the extent of association (Fulton
et al., 2006) and the predominant species may therefore
be �[MCl2(OH2)x]0.

Ion association equilibria is more complicated for tran-
sition elements due to enhanced bonding ability and a
change from octahedral to tetrahedral coordination with
increasing temperature/chlorinity. Furthermore, in NaCl
dominated solutions, Na can act as a ligand donor to the
metal center (Susak and Crerar, 1985; Hoffmann et al.,
1999; Chen et al., 2005; Fulton et al., 2006). Dehydration
across the coordination transition can therefore be repre-
sented by two end-members consisting of an ambient
hexa-aqua complex and a high-temperature tetrachloro
complex:

½MðOH2Þ6�
2þ

low-T ;Oh

þ 2Naþ þ 4Cl� ¼ 2Naþ � � � ½MCl4�2�
high-T ;T d

þ 6H2O

ð8Þ

where the Na+ ions may be closely associated with the
chloro complex assuming favorability of neutral species
near criticality (Hoffmann et al., 1999; Mei et al., 2014).
The exception is Cu(I) for which CuCl2

� (linear) appears
most stable at high T (Fulton et al., 2000; Brugger et al.,
2007). Regardless, Eq. (8) demonstrates transition metal
speciation may be complicated, especially at moderate tem-
peratures (�150–350 �C) where both octahedral and tetra-
hedral species might coexist (Susak and Crerar, 1985;
Hoffmann et al., 1999; Migdisov et al., 2011). It is for this
reason, for example, that interpretation of mineral solubil-
ity data in relation to the derivation of association con-
stants is generally limited by the assumption of no higher
order species than MCl2

0 (e.g., for Fe(II), Ding and
Seyfried, 1992; Fein et al., 1992). While such bulk values
do not necessarily hinder metal solubility calculations at
conditions associated with the experiments, unconstrained
extrapolation of constants derived in this region to high-
er/lower temperatures or, conversely, extrapolation into
this region, may be problematic. Therefore, so too may
be the derivation of temperature/salinity independent parti-
tion coefficients for transition metals at moderate tempera-
tures, further compounding issues related to the
aforementioned thermodynamic anomaly for T < 380 �C
(Section 4.1, Fig. 8).

While isothermally increasing salinity or decreasing
pressure of a single-phase solution will have opposite effects
on density, both will increase the extent of ion association
(e.g., Mesmer et al., 1988; Oscarson et al., 2004).
Therefore, upon phase separation, the drive for association
will be further enhanced for all electrolytes in the resulting
liquid. Under such low-pressure, high-chlorinity conditions,
suggestions of more complex species (ionic clusters), though
possible, become rather arbitrary (Anderko and Pitzer,
1993; Oelkers and Helgeson, 1993; Sedlbauer and Wood,
2004). The greatest uncertainties, especially for the transi-
tion metals, lie in the extent to which the dominant species
in the vapor is equivalent to that in the liquid, and how spe-
ciation is affected by the NaCl/MCl2 ratio relative to the
H2O/Cl ratio given also a dynamic range of density (e.g.,
Bazarkina et al., 2014). A relevant portion of the equilibria
depicted in Eq. (8) may therefore be presented as:

2Naþ � � � ½MCl4�2� þ 2H2O ¼ ½MCl2ðOH2Þ2�
0 þ 2NaCl0

ð9Þ

where formation of trichloro and dichloro species may be
increasingly favored with the increasing H2O/Cl ratio in
the vapor even though the bulk vapor NaCl/MCl2 is greater
than or equal to that in the coexisting liquid. For example,
Liu et al. (2011) used spectral data to derive association
constants (Ka values) for both [CoCl2(OH2)2]0 and
[CoCl4]2�; and we have used these to calculate the distribu-
tion of aqueous species attending dilution of a 1 molal
NaCl + 1 mmolal CoCl2 solution with H2O at 450 �C and
500 bars. The results show that [CoCl2(OH2)2]0 becomes
the dominant Co(II) complex for Cltot < 0.7 molal.
Though already at the limit of reliability for activity/con-
centration models, this condition is still far removed from
the low-density vapors of interest here, and the diminished
permittivity of H2O may outweigh any increase in
H2O/NaCl ratios. Testemale et al. (2009) have similarly
derived Ka values for [FeCl4]2� and, at the specific P–T

noted above, the log Ka for the Fe(II) species is �30%
higher than that of [CoCl4]2�. In a case where the tetra-
chloro complex is dominant in the vapor for both metals,
this is consistent with the lower B values of Fe(II), and
the more stable chloro-complex having a higher vapor affin-
ity. Therefore, we do not rule out the possibility the parti-
tion coefficients can be proportional to ion association
constants. Furthermore, our ability to empirically derive
partition coefficients using formalisms rooted in the ther-
modynamic behavior of non-electrolytes (Eqs. (6), (7))
favors the idea that significant shifts in metal speciation
are not occurring along most of the vapor–liquid solvus,
and that the same (possibly fully associated) complex is
dominant in both phases. However, more unusual patterns
of volatility, such as enhanced solubility of Fe, Zn and Cu
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at conditions less extreme than halite saturation (Figs. 4,
S.5), could possibly reflect a shift in speciation (e.g., to
the left in Eq. (9)). This is consistent with observed changes
in the Fe isotopic composition of vapors collected during
Exp. 4 (Syverson et al., 2014).

4.3. Phase separation in deep-sea hydrothermal systems

Time-series observations of hydrothermal fluid chem-
istry generally reveal short-lived periods of extremely low
chlorinity concomitant with episodic magmatism (<1–
2 years); and these events give way to significantly longer
periods of steady-state hydrothermal circulation wherein
vent fluids are moderately depleted to enriched in Cl rela-
tive to seawater (Von Damm et al., 1998; Lilley et al.,
2003; Von Damm, 2004; Pester et al., 2012, 2014a). The
results of our study allow us to assess with greater detail
the potential role of phase separation in contributing to
the chemical evolution of deep-sea hydrothermal fluids.
The composition of dilute fluids associated with magmatic
events (Von Damm, 2000, 2004; Lilley et al., 2003;
Seewald et al., 2003; Seyfried et al., 2003; Fornari et al.,
2012), for example, suggests vapor densities become suffi-
ciently low that Fe exhibits volatile behavior (Pester
et al., 2014a). Previous investigators have furthermore
invoked subseafloor halite precipitation or dissolution in
explanation of the significantly low Br/Cl ratios in vapors
sampled during the 1991 eruptions on the East Pacific
Rise (EPR, 9–10�N) (Oosting and Von Damm, 1996;
Berndt and Seyfried, 1997; Von Damm, 2000). Such devia-
tions in the Br/Cl ratio (relative to seawater) are seldom
observed given both elements appear similarly conservative
during hydrothermal alteration. However, the experimental
data (Figs. 3, S.4) disagree with both scenarios involving
halite because coincident with these low Br/Cl were pH
(25 �C) values also atypically low for EPR vent fluids.
Active halite precipitation should otherwise produce acidic
vapors (via hydrolysis) with high Br/Cl, whereas dissolution
of alkaline (NaOH-bearing), potentially Br-depleted halite
would have similarly inverse effects. Thus, though still pos-
sible, vapors bearing chemistry fully consistent with sub-
seafloor halite saturation have yet to be recovered.

Barring magmatic intrusions, phase separation during
more steady-state periods appears to be occurring at P–T

conditions near the critical curve in accordance with the
physical properties of the fluids (Norton, 1984; Jupp and
Schultz, 2000; Driesner and Geiger, 2007; Pester et al.,
2014a). Intersection of the two-phase boundary is likely a
fundamental driver of hydrothermal circulation and
ridge-axis venting. However, logistical issues still exist
regarding the persistent emanation of Cl-depleted fluids
from many intermediate to fast spreading ridge segments
because build-up of a stably-stratified (subseafloor) brine
layer should eventually shut down the convection cell;
and off- or along-axis migration of Cl-rich brines may be
required (Fontaine and Wilcock, 2006; Larson et al.,
2009; Pester et al., 2011). Conversely, Cl-depleted fluids
appear distinctly absent from many slower spreading ridges
(Mid-Atlantic Ridge, MAR, and Central Indian Ridge,
CIR). Though certainly unconstrained, this suggests
another mechanism such as mineral hydration might
contribute “pre-enriched” fluids to the main hydrothermal
circulation cell. For example, slow spreading ridges may have
broader and deeper recharge zones that incorporate a fluid
flux modified by integrated serpentinization of more distal
ultramafic lithologies. Nonetheless, the Fe/Mn ratios in
many Cl-enriched vent fluids reflect temperatures that fall
within the vapor field of the two-phase envelope (Pester
et al., 2011, 2014b). Despite having chlorinity higher than
seawater, this suggests these fluids still represent a vapor
phase, having been derived from an even higher chlorinity
source fluid. We therefore explicitly consider this scenario
when evaluating vent data in the context of vapor–liquid
partitioning (e.g., fluids from 13�N, EPR, and
Kairei-Edmond, CIR, see below). However, given sampling
heterogeneity and the complexity of natural systems, the
extent to which data at any given spatial (ridge system, seg-
ment, or vent field) or temporal scale may be assumed to
result from the same or similar chemical/physical forcings
is uncertain.

4.3.1. The example of Ca: phase separation vs. fluid-mineral

equilibria

Calcium has one of the higher partition coefficients, and
its solubility appears much less sensitive to modest changes
in temperature than any of the transition metals (Berndt
et al., 1989; Seewald and Seyfried, 1990; Seyfried et al.,
2002; Pester et al., 2012). This makes it more likely to
reflect/preserve the effects of phase separation; and this pro-
cess is a possible explanation for the general increase in
Ca/Cl ratios with chlorinity in natural vent fluids. One
way to quickly evaluate agreement with partitioning behav-
ior is to observe statistical output (e.g., R2, confidence
bands) when data are treated in a manner similar to
Fig. 5, but the slope of the regression (SV) is forced to cor-
respond to the metal in question. This most simple method-
ology inherently presumes all vent fluids included in the fit
are variably saline vapors derived from the same or similar
source fluid(s), and, for example, the Ca–Cl relationships
from both EPR, 13�N (Fig. 10a) and Kairei-Edmond
(CIR, Fig. 10b) are contextually consistent. Similarly, data
from Fenway (PACMANUS, Fig. 10c) may reflect phase
separation of a fluid having near seawater chlorinity, with
the Cl-enriched fluid representing a conjugate liquid. We
note Fig. 10a and b in particular because the data of
EPR, 13�N encompass samples acquired within close proxi-
mity, but separated in time of sampling by 25 years, and,
while the CIR fluids are venting from compositionally sim-
ilar (basaltic) substrate, the Kairei and Edmond vent fields
are located �160 km apart (Gallant and Von Damm, 2006;
Kumagai et al., 2008). Thus, to attribute the observed rela-
tionships solely to the effects of phase separation is tenuous
given also potential mineral solubility effects.

Only in the laboratory can we unambiguously isolate the
effects of chloride variability on fluid-mineral equilibria rel-
ative to the effects of phase separation (vapor–liquid equi-
libria). We therefore attempt a comparison between the
vapor–liquid fractionation of Ca and an empirical model
for plagioclase solubility (Pester et al., 2012) derived using
the combined experimental data of Berndt and Seyfried
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(1993) and Seyfried et al. (2002). These solubility experi-
ments were conducted at temperatures specifically relevant
to mid-ocean ridge hydrothermal systems (400–425 �C) but
at pressures sufficiently high that the fluids were maintained
as a single phase (300–500 bars). These data demonstrate
that, for any given plagioclase (solid solution) composition,
the dissolved Ca/Cl ratio will increase with total chlorinity
in NaCl dominated solutions. Accordingly, this is another
possible explanation for the broader Ca–Cl systematics
observed in vent fluids (where Cl � 2*Ca + Na, Fig. 11).
Remarkable, however, is that this empirical solubility rela-
tionship reproduces well the predicted change in a vapor’s
Ca/Cl ratio under variable extents of phase separation
(Fig. 11a). Therefore, vent data consistent with a single
vapor-partitioning curve for Ca (e.g., Fig. 10) will inher-
ently also be consistent with a given plagioclase solubility
curve. For example, Fig. 11a suggests phase separation of
a fluid initially with seawater chlorinity and in equilibrium
with An70 can produce a vapor with compositional charac-
teristics that are difficult to resolve from the An70
(mineral-fluid) solubility curve. In contrast, the evolved liq-
uids retain Ca/Cl ratios similar to the initial single-phase
solution, departing from the An70 curve. The fate of these
liquids (e.g., L1, Fig. 11a) would likely involve longer resi-
dence times in the crust where they may or may not
re-equilibrate with the host lithology before encountering
again the two-phase boundary at a higher temperature.
We recognize the broad uncertainty in arbitrarily intermin-
gling two empirical models derived (necessarily) at
(a) (b)

Fig. 10. Dissolved Ca vs. Cl in hydrothermal vent fluids from selected site
require the slope correspond to the Ca partition coefficient (SV = 0.639
translated into linear (axes) elemental plots for data from (a) EPR, 13�N
EPR, 21�N (Von Damm et al., 1985a; Von Damm et al., 2002) (fit line exte
and Edmond, CIR (Gallant and Von Damm, 2006; Kumagai et al., 2008
2011). Only fluids with exit temperatures > 250 �C are considered. Error b
solid line depicts the Ca/Cl ratio of seawater (hatched symbol, a, c). Add
though that in panel (c) is placed to suggest the possibility the Cl-enrich
somewhat different chemical/physical conditions, and do
not imply such a model is quantitatively representative of
integrated subseafloor processes. Nonetheless, Fig. 11
demonstrates how either single or multiple episodes of
phase separation, with or without subsequent
re-equilibration with �An70, might account for most of
the EPR vent fluid compositions. Further information is
required if, for example, we wish to explore whether or
not the Cl-enriched and Cl-depleted fluids from EPR,
13�N (Figs. 10a, 11) evolved via phase separation of the
same parent liquid. Interestingly, the Cl-enriched fluids
recovered in 2008 had �3� more dissolved CO2 than the
nearby Cl-depleted fluids, ruling out this scenario and sug-
gesting the possibility of either different source fluids or
multiple episodes of phase separation (Pester et al., 2011).

Finally, we note that within the broader context of
hydrothermal fluid compositions (Fig. 11b), the extent to
which a given plagioclase solid solution quantitatively
reproduces Ca solubility associated with bulk basalt alter-
ation is still uncertain. Experiments demonstrate basalt
crystallinity may be a significant influence on appreciable
timescales, where increasing crystallinity (more diabasic)
decreases dissolved Ca (Mottl and Holland, 1978; Berndt
et al., 1989). Furthermore, the magnitude of temperature
effects increases with decreasing crystallinity. Regardless,
for a fixed chlorinity, the magnitude/range of the Ca/Cl
ratio(s) observed in vent fluids can be summarily explained
within these contexts (Fig. 11b). The similarity in Ca–Cl
systematics predicted by the (vapor) phase separation and
(c)

s. Data are regressed in a manner similar to Fig. 5 (SV, Eq. (4)) but
). Shown here, fit results (and 95% confidence bands) have been
(Grimaud et al., 1984; Michard et al., 1984; Pester et al., 2011) and
nded for clarity, exempting data from Hanging Gardens), (b) Kairei
), and (c) PACMANUS (Fenway vents), Pual Ridge (Reeves et al.,
ars show most data agree with Ca (vapor) partitioning within 5%. A
itional (dashed) lines of fixed Ca/Cl ratios are shown for reference,
ed fluid represents a conjugate liquid.
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plagioclase solubility models suggests that, for any given
sequence of chemical and physical factors, it may be diffi-
cult to unambiguously unravel the relative significance of
each process on the compositional evolution of hydrother-
mal fluids. We emphasize, however, that while evolving
vapors leave the system to vent at the seafloor, the residual
liquids left behind may, for many metals, be persistently
undersaturated with respect to the surrounding mineralogy
(e.g., L1, Fig. 11a), providing a mechanism that continu-
ously drives hydrothermal alteration. In this case, the pro-
cess of phase separation coupled with phase segregation
may actually enhance the rate and/or extent of alteration.
More importantly there still exists the possibility of a fun-
damental link between quantitative vapor–liquid partition
coefficients and the relative stability of dominant aqueous
complexes that ultimately affect mineral solubility.
5. SUMMARY AND CONCLUSIONS

We have derived both chloride and density dependent
vapor–liquid partition coefficients for alkaline earth and
first row transition metals in NaCl dominated fluids.
Elements are normalized to Na = 1, this being the cation
that most dictates phase behavior in natural hydrother-
mal systems. Statistically robust relationships indicate
decreasing affinity for the vapor phase in the order
(a)

(b)
Cu(I) > Na > Fe(II) > Zn > Ni(II) PMg P Mn(II) > Co(II) >
Ca > Sr > Ba. These values should accurately describe com-
positional variability in coexisting vapors and liquids at
temperatures between �380 and 600 (+) �C for vapor den-
sity > �0.2 g/cm3. Data from experiments conducted at
360 �C did not give consistent results, which might be
expected given the known thermodynamic anomalies in
the NaCl–H2O coexistence curves for temperatures near
and below the critical point of pure H2O.

The four alkaline earth elements exhibit a linear correla-
tion (R2 > 0.99) between their partition coefficients and
respective aqueous ionic radii, reflecting purely electrostatic
interactions with chloride ligands. Such a relationship is not
conclusive for the transitions metals, due likely to more
complex bonding and coordination structures. It is,
nonetheless, possible the partition coefficients are propor-
tional to related ion association constants, with implica-
tions for near-critical mineral solubility. Such a
development would indeed facilitate implementation of
multi-phase/component reactive transport models at chal-
lenging hydrothermal conditions.

Representative vapor–liquid partitioning gives way to
opposing, non-linear behavior as the halite stability field
is approached, where vapor M/Cl ratios begin to increase
Fig. 11. Dissolved Ca vs. Cl in hydrothermal vent fluids in the
context of plagioclase solubility. The empirical relationship
log(mCa2+/m2Na+) = 0.0435 (xAn) � 6.97 predicts the dissolved
Ca/Na ratio (2*Ca + Na = Cl) in equilibrium with a given plagio-
clase solid-solution (xAn = % anorthite) at temperatures consistent
with subseafloor hydrothermal alteration (Pester et al., 2012).
Relationships for An80, An70 and An60 are given (solid curves).
Panel (a) superimposes modeled phase separation scenarios on the
mineral solubility curves. Phase separation curves were calculated
using Eq. (5) and mass balance Eqs. S.1–S.3 as described in
Supplementary Materials. Star symbols represent (starting) fluid
compositions in equilibrium with a given plagioclase. The Ca
concentrations of lower chlorinity vapors generated via phase
separation follow closely the associated solubility curves. For
reference, the difference between the vapor and plagioclase curves is
on the order of that between the Ca and Sr partition coefficients.
Liquid compositions are not shown for the An80 and An60
examples. The An70 model is multifaceted where phase separation
of an equilibrated fluid with seawater chlorinity (at 410 �C)
produces liquids along a trajectory including L1. Prior to a second
phase separation event (at 425 �C) L1 may or may not re-equilibrate
with An70. The latter scenario is consistent with data from EPR, 9–
10�N whereas the former is consistent with EPR, 13�N. Panel (b), a
compendium of vent data (Grimaud et al., 1984; Michard et al.,
1984; Von Damm et al., 1985a, 1998, 2002; Campbell et al., 1988;
Butterfield et al., 1990, 1994, 1997; Butterfield and Massoth, 1994;
Edmond et al., 1995; Charlou et al., 1996, 2000, 2002; Von Damm,
2000, 2004; Seyfried et al., 2003, 2011; Gallant and Von Damm,
2006; Foustoukos and Seyfried, 2007b; Kumagai et al., 2008;
Foustoukos et al., 2009; Pester et al., 2011, 2012). Combined data
from Juan de Fuca Ridge represent Main Endeavour, Axial
(ASHES), Coaxial and Cleft segments. Additional MAR sites
(averaged values given temporally stable composition) vary from
near seawater (MARK, 23�N) to the more enriched fluids of TAG
(26�N) and Rainbow (36�N), respectively. Kairei and Edmond
fluids (CIR) are also averaged for clarity (see Fig. 10b).
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despite continued decreases in vapor chlorinity/density.
This “volatility” is broadly concomitant with substantial
increases in the HCl/NaCl ratio (eventually to >1) due to
hydrolysis of NaCl. The chemistry of deep-sea hydrother-
mal fluids collected during seafloor eruptions suggests the
short term evolution of sufficiently low-density vapors that
certain transition metals will exhibit volatile behavior (e.g.,
Fe). However, experimental results do not fully agree with
inferences that these vapors reflect halite precipitation/dis-
solution processes.

The Ca–Cl systematics in fluids representative of more
steady-state (longer term) hydrothermal circulation inevita-
bly reflect integrated effects of both phase separation and
mineral alteration. Empirical models that isolate the effects
of both processes surprisingly reveal that changes in the rel-
ative distribution of Ca and Cl in an evolving vapor (phase
separation only) are similar to changes in the Ca/Cl ratio
with total chlorinity imposed by mineral (plagioclase) solu-
bility. Because vent fluids sampled at the seafloor generally
represent the more buoyant vapor phase, it appears difficult
to gauge the relative contribution of each process to the
measured chemical compositions (noting also field samples
are generally consistent with both processes/models). The
compared models do, however, suggest phase separation
and concomitant phase segregation may result in the con-
tinuous production of undersaturated residual liquids,
enhancing the rate and extent of subseafloor hydrothermal
alteration.
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