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Abstract

Experiments were conducted to investigate the partitioning of Li, Br, Rb, Cs and B between vapor, brine and halite during
subcritical and supercritical phase separation in the NaCl–H2O system (388–550 �C, 250–350 bars). Results indicate that Li
and Br partition preferentially into the low-salinity vapor fluids, while Rb and Cs become more enriched in the coexisting
brines. Under more extreme conditions of pressure and temperature in the two-phase region, especially near the vapor–
brine–halite boundary, strong salting-out effects imposed on neutral aqueous species enhance significantly partitioning of
all trace elements into the low-salinity fluid. Dissolved boron is strongly affected by this and a particularly strong enrichment
into vapors is observed, a trend that can be effectively correlated with changes in reduced density. Exclusion of Li, Br, Rb, Cs
and B from halite, when precipitated, further increases the solubility of these species in the coexisting Cl-poor fluid. In general,
the lack of distortion in the partitioning behavior of trace elements between vapor, brine and/or halite with the transition from
subcritical to supercritical conditions in the NaCl–H2O system precludes the need for special reference to the critical point of
seawater when interpreting phase relations in submarine hydrothermal systems. The combination of experimentally deter-
mined trace element partitioning data with constraints imposed by mineral solubility provides a means to better understand
the origin and evolution of hot spring vent fluids. For example, in Brandon hydrothermal system (21�S EPR) supercritical
phase separation and subseafloor mixing appear to be the main heat and mass transport mechanisms fueled by a shallow mag-
matic intrusion, with boron systematics ruling out major contributions from magmatic degassing processes accompanying the
near-seafloor volcanism.
� 2007 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Phase separation in the NaCl–H2O system is now com-
monly recognized as one of the dominant processes affect-
ing heat and mass transport in mid-ocean ridge
hydrothermal systems (Bischoff and Rosenbauer, 1987;
Butterfield et al., 1994; Von Damm et al., 1995; Berndt
and Seyfried, 1997; Von Damm, 2000; Seyfried et al.,
2003). This is indicated best by the deviation from seawater
values of the dissolved chloride concentrations in vent fluids
issuing from mid-ocean ridge hot springs (Oosting and Von
0016-7037/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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Damm, 1996; Berndt and Seyfried, 1997; Von Damm et al.,
1997; Fornari et al., 1998; Butterfield et al., 1999; Von
Damm, 2000; Lilley et al., 2003; Seyfried et al., 2003).

Phase separation of Cl-bearing aqueous fluids can occur
at a wide range of temperature and pressure conditions
(Fournier, 1986; Bischoff, 1991), resulting in the formation
of conjugate pairs of low (‘‘vapors’’) and high (‘‘brines’’)
salinity/density aqueous solutions that can be quantitative-
ly described by now well-established phase relations in the
NaCl–H2O system (Bischoff and Rosenbauer, 1984; Bisc-
hoff and Rosenbauer, 1988; Bischoff, 1991; Berndt et al.,
2001). Under extreme phase separation conditions
(P,T,x), the halite field of stability may be encountered,
which acts as an additional constraint on the composition
of coexisting Cl-bearing phase(s) (Berndt and Seyfried,
1997). Phase separation-induced changes in dissolved Cl
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Fig. 1. Diagram depicting the range of pressure and temperature
conditions investigated during trace element partitioning experi-
ments in the NaCl–H2O system. Sub- and supercritical phase
separation phenomena were established along 250, 300 and 350
isobars, while temperatures ranged from 388 to 550 �C. In contrast,
previous experimental studies were conducted at pressures and
temperatures close to the NaCl–H2O critical curve, limiting in this
way our understanding in trace element partitioning between
vapor, brine and halite phases. Phase relationships in the NaCl–
H2O system are described by Berndt et al. (2001).
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can affect bulk fluid composition owing to homogeneous
and heterogeneous equilibria effects (Von Damm, 2000;
Seyfried et al., 2003). For example, the Br/Cl ratios of vent
fluids at 9–10�N East Pacific Rise (EPR) have been inter-
preted to indicate halite precipitation/dissolution processes
directly linked to phase separation phenomena, which cause
these ratios to significantly deviate from seawater values
(Oosting and Von Damm, 1996; Berndt and Seyfried,
1997).

The highly incompatible trace alkali elements (Li, Rb,
Cs) and B have long been considered important indicators
of subseafloor chemical and physical processes (Spivack
and Edmond, 1987; Palmer and Edmond, 1989; Chan
et al., 1993; Seyfried et al., 1998). Indeed, temporal variabil-
ity of dissolved Li and B concentrations in Cl-depleted flu-
ids issuing from vents at the Main Endeavour Field on the
Juan De Fuca Ridge (MEF-JDF), suggest that these ele-
ments may be useful tracers of subseafloor magmatic activ-
ity and phase separation processes (Foustoukos et al.,
2004). Quantitative constraints on subseafloor hydrother-
mal processes are possible when sufficient experimental
data are available to establish the role of temperature, pres-
sure and dissolved chloride on the distribution of these spe-
cies between coexisting phases. Insights from field data
from subaerial magmatic/hydrothermal systems have
underscored the potential usefulness of the partitioning of
theses elements between vapors and brines to constrain sub-
surface geochemical processes (Audetat et al., 1998).

Previous experimental studies conducted to investigate
the distribution of Li, Br and B in supercritical/subcritical
vapors and brines (Bischoff and Rosenbauer, 1987; Berndt
and Seyfried, 1990; Berndt and Seyfried, 1997; Liebscher
et al., 2005) were restricted in temperature and pressure,
as well as limited by the close-system experimental
approaches adopted. The relatively high contrast in density
and composition between coexisting vapors and brines
anticipated for physical conditions deep in the two-phase
region (Bischoff, 1991; Berndt et al., 2001), presents serious
experimental challenges for a closed and fixed volume gold
reaction cell (Seyfried et al., 1987). Thus, existing experi-
mental data describe elemental partitioning at pressures
and temperatures in the close vicinity of the NaCl–H2O
critical curve (Fig. 1). In order to investigate trace element
partitioning under more realistic conditions of phase sepa-
ration, an open-system experimental approach is necessary,
one that provides sufficient volume to accommodate low-
density vapor phases.

Here, we present experimental data for the partitioning
of trace elements between vapor and brine obtained during
hydrothermal experiments performed in a flow-through
reactor at a wide range of pressures and temperatures
(Fig. 1). In details, experiments involved formation of con-
jugate vapor/brine pairs along the 250, 300, and 350 isobars
and at temperatures ranging from 388 to 550 �C, stimulat-
ing subcritical and supercritical phase separation processes
(critical point of seawater: 410 �C—300 bars). Most impor-
tantly, experimental data from the halite–vapor system
were obtained, allowing for first time the halite stability
field to be reached, while monitoring the composition of
coexisting low-density vapors.
Experimentally derived partition coefficients for Br and
B are especially needed for constraining phase separation
and water/rock interaction processes in subseafloor reac-
tion zone of the vent fields near 21�S on EPR where chem-
ical and physical data suggest existence of unusually high
temperatures and pressures. Fluids issuing from vents at
this site exhibit some of the highest temperatures ever mea-
sured (�404 �C) with dissolved chloride concentrations
(�300 mmol/kgsol), suggesting near-seafloor phase separa-
tion phenomena linked to a shallow heat source (Von
Damm et al., 2003). The trace alkali and B data may allow
the near-seafloor model of phase separation to be quantita-
tively examined.

The experimental data for these and other species also
permit a more general examination of the transition from
subcritical to supercritical phase separation on the direction
and magnitude of partitioning between vapors and brines.
Thus, data can provide a better understanding of whether
partitioning behavior changes abruptly from one critical
condition to the other or is a continuous process, governed
more by fundamental characteristics of the aqueous system
at a given temperature, pressure and bulk composition.

2. METHODS

2.1. Experimental procedures and design

Experiments, reported here, were conducted using a
novel experimental approach involving a flow-through
hydrothermal reactor to simulate open-system conditions.
In effect, the experimental system included a fixed volume
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(103 ml) flow cell (Fig. 2), which was connected to a series
of high-pressure metering pumps (Shimatsu LC-10A, Bisc-
hoff HPLC 2250), facilitating continuous flow of source flu-
id at constant pressure and flow rate. To more accurately
regulate pressure, however, the outlet side of the reactor
was connected to a computer-controlled metering valve.
Accordingly, the rate of fluid input and output as well as
the total pressure of the system were precisely and accurate-
ly maintained at pre-selected values throughout the
experiment.

Phase separation experiments are extremely pressure
and temperature sensitive, since slight changes in conditions
can cause significant changes in the chemical composition
of coexisting vapor/brine pairs in the two-phase region of
the NaCl–H2O system (Bischoff, 1991; Berndt et al.,
2001). Thus, an essential part of the experimental configu-
ration is the need for accurate monitoring of pressure and
temperature of the fluid throughout the flow cell. To meet
this need, J-type thermocouples (Fe-constantan) were
Capacity: 103 ml
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Fig. 2. Schematic illustration of the flow-through reaction cell utilized t
NaCl–H2O system. The use of an open-system approach allows supercr
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placed directly within the vessel and in contact with the
aqueous solutions (Fig. 2). Watlow time proportioning con-
trollers with auto tuning capabilities regulated power to a
series of band heaters external to the reactor, each of which
could be independently controlled. Simultaneous monitor-
ing of pressure was established by a Heise ST-2H digital
pressure indicator, which served as an additional check
on pressure provided by the fluid delivery system described
above. The high precision pressure transducer is accompa-
nied with a NIST traceable certificate of calibration
(www.heise.com), limiting pressure uncertainties to
0.025% of the operating pressure. Temperature uncertain-
ties are ±1 �C based on previous calibrations conducted
with steam-saturated water at 300–360 �C (Foustoukos
and Seyfried, 2007). Both temperature and pressure mea-
surements were digitally recorded through RS-232 commu-
nications, allowing P–T conditions to be continuously
monitored during the length of fluid flow and sampling
procedure.
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The phase separation experiments were performed at
conditions representing the vapor–brine and halite–vapor
region of the NaCl–H2O system (Fig. 1). Thus, the starting
fluid was a 3.2 wt% NaCl aqueous solution enriched with
trace amounts of Br, Li, Rb, Cs and B. Phase separation
was induced by incremental increase of temperature, while
maintaining constant pressure conditions in the flow cell.
To more effectively induce phase separation, however, the
source fluid was preheated to 370 �C prior to entering the
reaction chamber (Fig. 2). Moreover, to better permit seg-
regation of the buoyant vapor from the more dense brine,
the hydrothermal reactor was positioned in an upright ori-
entation, which facilitated retrieval of pure vapors and
brine samples.

Fluids were analyzed for Li, Br, Rb, Cs and B by ICP-
MS, while Cl and Na were measured by ion-chromatogra-
phy (IC). Uncertainties in reported concentrations of the
major dissolved elements (e.g. Na, Cl) are estimated to be
±2% at the 1r level, whereas for the trace elements the
uncertainty is approximately ±5% indicated by replicate
measurements and comparison tests using both IC and
ICP-MS techniques. Fluid composition is described in
mol/kgsolution units to be consistent with concentration
expressions used in the oceanographic community.

2.2. Theoretical modeling

Recent advances in the dissociation equilibria of
1:1 aqueous complexes (NaCl(aq), LiCl(aq), HCl(aq), NaOH(aq),
LiOH(aq)) at low water-density conditions (�0.3 g/cm3) (Ho
et al., 1994, 2000a,b, 2001), permit calculations of aqueous
species distribution in the low-chloride fluids within the va-
por–brine and vapor–halite stability fields. Aqueous specia-
tion, however, is not yet plausible for the more saline brines
due to the possible existence of polyatomic ionic species
(Pitzer and Schreiber, 1987; Oelkers and Helgeson, 1990;
Oelkers and Helgeson, 1993a,b; Driesner et al., 1998;
Sharygin et al., 2002). Thermodynamic data for the Rb,
Cs and Br aqueous species (Rb+, Cs+, Br�, RbCl(aq),
RbBr(aq), RbOH(aq), CsCl(aq), CsOH(aq), CsBr(aq), NaBr(aq))
were retrieved from Sverjensky et al. (1997) and Shock et al.
(1997), whereas for the B aqueous species (BðOHÞ4�,
B(OH)3(aq), NaB(OH)4(aq)) data were derived from Pokrov-
ski et al. (1995). Activity coefficients for charged aqueous
species were calculated using the extended Davies model
(Davies, 1962) following methodologies described in Fous-
toukos and Seyfried (2007).

Results from the preliminary speciation modeling sup-
port significant formation of neutral complexes
(B(OH)3(aq), NaBr(aq), NaCl(aq), LiCl(aq), RbCl(aq), CsCl(aq))
under low water-density conditions, as it has previously
been suggested by theoretical studies that take into account
the effect of weakened dielectric constant of H2O on the dis-
tribution of neutral-charged aqueous complexes (Oelkers
and Helgeson, 1990; Sharygin et al., 2002; Sue and Arai,
2004). Considering the abundance of chloro-complexes
and the dominance of NaCl(aq) in the reactant fluids, Br,
Li, Rb and Cs partitioning coefficients between vapor and
brine/halite phases can be expressed as elemental ratios
with Cl
Del=Cl ¼
ðM el=MClÞv
ðM el=MClÞb

ð1Þ

where (Mel/MCl)v and (Mel/MCl)b are the elemental chloride
ratios for vapors and brines/halite, respectively. Del/Cl val-
ues greater than unity indicate the preferential fractionation
into the vapor phase, while the opposite (brine enrichment)
is true when Del/Cl is less than 1.

Elemental fractionation can also be expressed as appar-
ent vapor–brine partitioning coefficients Km

Km ¼ ðM elÞv=ðM elÞb ð2Þ

where (Mel)v and (Mel)b designates the total dissolved
concentrations of each element in the corresponding
phase. Km values, when correlated with the density of
vapor and brine fractions, have been shown to model
accurately the relative tendency for vapor partitioning
and the overall hydration of the dissolved elements in
chloride-bearing fluids (Palmer et al., 2004; Pokrovski
et al., 2005).

Comparisons between predicted and measured chlo-
ride concentrations of vapors and coexisting brines can
provide additional confidence in the overall interpreta-
tion of the experimental data depicting phase relation-
ships in the NaCl–H2O system. In general, the bulk
composition and density of the vapor/brine endmembers
can be assessed by vapor–brine equilibrium tables as
summarized in Bischoff (1991). Advances in thermody-
namic modeling, however, allow a more detailed analysis
of these data. Indeed, by making use of the mathemat-
ical model Salt-Therm 1.0 (Berndt et al., 2001), accurate
estimations of the dissolved Cl concentrations in vapor–
brine conjugated pairs over a wide range of conditions
are possible. The code includes an integrated compila-
tion of compositional and density data retrieved from
NaCl–H2O experiments and theoretical studies (Haas,
1976a,b; Pitzer et al., 1984; Tanger and Pitzer, 1989;
Bischoff, 1991; Anderko and Pitzer, 1993). More specif-
ically, density, viscosity, temperature and the corre-
sponding phase relations are stored as multispline
functions of enthalpy, pressure and salinity. Expressing
these physical properties as enthalpy-based functions
provides smoothly fitted and detailed estimations of the
NaCl–H2O phase relationships along a wide range of
pressure and temperature conditions (Mercer and Faust,
1979; Hayba and Ingebritsen, 1994). Previous studies
have successfully implemented the code to investigate
the chemical and thermal evolution of the low-salinity
vent fluids at the MEF-JDF, providing evidence of
supercritical conditions controlling water/rock interac-
tions deep in the roots of the hydrothermal system (Sey-
fried et al., 2003). A less intricate approach is followed
for the pure H2O system, with thermodynamic properties
calculated from Sengers et al. (1983) and Haar et al.
(1984) equations of state.

Statistical analysis of the experimental data was con-
ducted using the package Arc 1.06 (http://www.stat.umn.
edu/arc) (Cook and Weisberg, 1999). The software is
structured based on Lisp-Stat (Tierney, 1989), permitting
data analysis by utilizing dynamic graphical methods.

http://www.stat.umn.edu/arc
http://www.stat.umn.edu/arc


1 pH measured at 25 �C—1 bar.
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3. RESULTS

A series of 5 experiments was performed to assess trace
element vapor–brine–halite fractionation patterns under
subcritical (250 bars) and supercritical (300–350 bars)
conditions in the NaCl–H2O system (Fig. 1). The majority
of samples analyzed, however, were low-salinity vapor
phases produced in the vapor–brine and halite–vapor
stability fields (Table 1). The scarcity of pure brine samples
(experiment 1—sample 1, experiment 2—sample 3), reflects
the difficulties of withdrawing the small amount of brine
generated for the chemical and physical conditions,
especially in the vicinity of the halite stability (Bischoff,
1991). For the vapor and brine samples that were obtained,
pressure and temperature conditions remained constant
during acquisition (Table 1) by system controls, precluding
compositional modification during the sampling process.
Dissolved Cl concentrations of the samples are in excellent
agreement with concentrations predicted from phase
relations in the NaCl–H2O system (Berndt et al., 2001)
(Fig. 3). Results indicate that vapor–brine equilibrium
was attained, and no entrainment of high-salinity fluids
occurred during sampling of the vapor fractions.

Confidence developed on the high quality of vapor
phases collected, allowed the chemical composition of
the conjugate brines to be determined following simple
mass balance constraints as described by Berndt et al.
(1996):

X brineSalinitybrine þ X vaporSalinityvapor ¼ Salinitybulk ð3Þ
X brine þ X vapor ¼ 1 ð4Þ
X brineMbrine þ X vaporMvapor ¼ Mbulk ð5Þ

where Xbrine and Xvapor stand for the mass fractions of brine
and vapor, respectively, while Mbrine and Mvapor designates
the total dissolved concentrations of each element of the
subscripted phases.

Owing to charge balance constraints, and aqueous speci-
ation effects, it is not surprising that the absolute concentra-
tions of trace element species (Na, Li, Cs, Rb) follow
dissolved chloride with increasing phase separation in the
NaCl–H2O system. This was also the case for Br because
of the apparent stability of NaBr(aq) (Table 1). At relatively
high temperatures and low to moderate pressures, especial-
ly near the vapor–brine–halite boundary (Fig. 1), trace ele-
ment concentrations on a chloride-normalized basis increase
in the vapor fraction, although this is significantly greater
for Br/Cl and Li/Cl than for Rb/Cl and Cs/Cl (Fig. 4a).
This behavior is most likely caused by salting-out effects im-
posed on neutral aqueous species dissolved in the increas-
ingly concentrated brine (Pitzer and Schreiber, 1987;
Oelkers and Helgeson, 1990; Oelkers and Helgeson,
1993a,b; Sharygin et al., 2002; Grover and Ryall, 2004).
This becomes even more noticeable with halite precipitation
(Fig. 4a), which may relate to the additional effect of the
strongly immiscible nature of trace elements in the halite
structure. This is especially well recognized for Br (Stoessel
and Carpenter, 1986; Stoessel, 1992; Berndt and Seyfried,
1997) but may affect the other species as well. The overall
lagging trends revealed by Rb/Cl and Cs/Cl, however,
may be caused by constraints introduced by differences in
cation–anion electronegativity for the CsCl(aq), RbCl(aq),
LiCl(aq) and NaBr(aq) aqueous species (Berndt and Seyfried,
1990) (Fig. 4a). Salting-out effects also influence HCl(aq),
accounting in part for the pH1 decrease observed in vapors
(Table 1; Fig. 4b), which agrees well with results of previous
experimental and theoretical studies (Bischoff et al., 1996;
Pokrovski et al., 2002; Heinrich et al., 2004; Sue and Arai,
2004).

As pressures and temperatures representing conditions
deep in the two-phase region are investigated, increases in
boron concentrations in vapors are observed. This can be
attributed to a number of factors including salting-out

effects, as well as to the polar gas-like behavior of boron,
which under low pH conditions renders the neutral
B(OH)3(aq) species stable (Styrikovich et al., 1960; Berndt
and Seyfried, 1990; Schmidt et al., 2005). Again, following
patterns observed for halide-bonded alkaline and alkaline
earth elements, dissolved boron concentrations in the vapor
are enhanced subsequent to halite precipitation (Table 1).
On a chloride-normalized basis (Fig. 4b), however, a sur-
prisingly linear correlation is observed, which exists over
a wide range of chemical and physical conditions. This
strongly supports a conservative behavior of boron during
extreme phase separation; an observation that has impor-
tant implications for distinguishing fluid/rock interaction
and phase separation effects on boron in submarine and
epithermal hydrothermal systems.

4. DISCUSSION

To better understand trace element partitioning between
vapor, brine and halite, quantitative analysis of the appar-
ent (Km) and the Cl-normalized (Del/Cl) partitioning coeffi-
cients is required. Fractionation patterns, however, can be
also expressed in terms of the salinity contract between
Cl-bearing phases and H2O density. As can be inferred
from above, elevated dissolved salt concentrations enhance
salting-out effects, which enrich neutral aqueous species in
the low-salinity vapor. Changes in the density of water,
however, influence the thermodynamic properties of dis-
solved species on a more fundamental level, and thus, can
be used to constrain the partitioning of species between va-
por and brines over a broad range of pressure–temperature
conditions.

4.1. Apparent partitioning coefficients

One formulation to express vapor–brine distribution is
to describe apparent partitioning coefficients as a function
of the density contrast between coexisting phases. This ap-
proach has been widely used for studies involving mass
transport in steam (Styrikovich et al., 1955; Smith et al.,
1987; Simonson et al., 2000; Pokrovski et al., 2002; Palmer
et al., 2004) and for Cl-enriched vapors produced during
supercritical phase separation (Pokrovski et al., 2005). Rep-
resentation of the relationship between Km and the densities



Table 1
Chemical composition of fluid samples collected during phase separation experiments in the multiphase NaCl–H2O system

Phase
regiona

T

(�C)
P

(bars)
Cl
(mM)b

Na
(mM)

B
(lM)

Li
(lM)

Br
(lM)

Rb
(lM)

Cs
(lM)

Salinity wt%
NaCl

pHc

Experiment 1

Start 576 566 5023 557 1377 174 97 3.365 6.9
v–b 1 390 249 1158 1155 11147 1442 2910 364 202 6.770 6.8
v–b 2 392 ± 1 250 ± 1 76 76 3086 99 201 22 12 0.445 6.2
v–b 3 392 ± 1 248 42 42 3335 57 118 12 6.7 0.244 5.3
v–b 4 400 ± 2 249 21 21 3940 32 61 5.4 2.8 0.121 3.9
v–b 5 408 ± 1 250 25 25 3660 39 73 7.7 4.2 0.148 5.4
v–b 6 421 ± 1 249 13 10 4527 20 42 2.3 1.3 0.075 4.9
v–b–h 7 443 ± 1 248 ± 1 5 5 4619 73 64 15 8.2 0.030 4.4
v–h 8 450 ± 1 246 4 4 4992 27 46 6.3 3.5 0.025 4.2
v–h 9 460 ± 1 249 3 3 4905 21 48 3.7 2.1 0.020 4.2
v–h 10 471 244 3 3 5504 108 102 48 28 0.018 4.4

Experiment 2

Start 583 575 4743 573 1359 173 682 3.410 6.5
v–b 1 389 252 ± 1 114 3520 94 285 34 132 0.665 5.6
v–b 2 390 251 ± 1 32 3611 29 103 10 40 0.189 5.4
v–b 3 390 ± 1 247 1197 1180 6014 1000 2851 369 1451 6.996 6.2
v–b 4 400 ± 1 252 15 14 4073 13 43 3.3 12 0.085 5.2
v–b 5 396 ± 1 248 ± 1 13 12 3971 12 45 2.7 10 0.074 5.0
v–b 6 409 ± 1 252 11 11 3785 12 36 2.2 8.2 0.065 5.0
v–b 7 422 ± 1 249 ± 1 8 7 4305 13 30 1.4 5.1 0.044 4.5
v–b 8 424 ± 1 251 8 7 4488 34 1.6 5.7 0.044 4.6
v–b 9 437 ± 1 250 5 4 4890 27 82 7.7 31 0.028 4.1
v–b 10 439 ± 1 251 5 4 4459 36 73 9.1 37 0.028 4.0
v–b 11 436 ± 1 248 ± 1 5 5 4636 26 42 4.2 17 0.032 4.0
v–b–h 12 456 ± 1 248 4 4 4940 20 45 8.1 33 0.023 3.8
v–h 13 460 ± 1 248 3 3 5494 22 60 8.2 33 0.020 3.8
v–h 14 470 ± 1 249 3 3 6264 32 102 18 74 0.018 3.6
v–h 15 485 ± 1 248 3 2 6404 39 134 29 126 0.017 3.5
v–h 16 486 ± 3 250 ± 2 3 2 6651 86 173 41 193 0.015 3.5

Experiment 3

Start 574 556 11563 733 593 3.357
v–b 1 394 ± 1 251 ± 1 48 49 7185 70 56 0.283
v–b 2 401 ±1 251 20 20 7691 30 29 0.116
v–b 3 417 ± 1 250 ± 1 10 10 9463 16 24 0.058
v–b–h 4 422 ± 3 250 ± 1 7 7 10777 15 17 0.040
v–h 5 449 ± 1 251 ± 1 4 4 11656 133 47 0.023
v–h 6 442 ± 1 250 6 5 9343 84 24 0.033
v–h 7 451 ± 1 250 5 5 11628 36 26 0.029
v–h 8 461 ± 3 249 ± 1 4 3 13182 37 28 0.022
v–h 9 465 ± 2 250 ± 1 4 3 13330 98 52 0.021

Experiment 4

Start 573 617 4601 667 1461 188 99 3.351
1 388 ± 1 300 570 594 3981 644 1463 190 99 3.331

v–b 2 410 ± 1 299 308 308 306 660 77 40 1.800
v–b 3 421 ± 1 298 ± 1 53 57 4196 72 154 14 7.2 0.310
v–b 4 421 ± 1 299 ± 1 35 37 3774 52 107 8.5 4.3 0.207
v–b 5 434 ± 1 298 ± 1 24 27 4413 40 77 5.2 2.7 0.142
v–b 6 441 ± 1 298 ± 1 21 22 4552 37 75 4.5 2.4 0.123
v–b 7 452 ± 1 298 ± 1 16 18 5119 33 60 3.1 1.7 0.093
v–b 8 461 298 ± 1 13 16 5569 32 60 2.8 1.4 0.077
v–b 9 472 ± 1 299 ± 1 11 13 5393 27 53 2.5 1.2 0.064
v–b–h 10 486 ± 1 298 ± 1 9 10 5205 33 70 6.7 3.7 0.051
v–h 11 494 ± 2 299 ± 2 8 9 5430 28 54 3.6 2.0 0.047
v–h 12 499 ± 1 299 ± 1 7 7 5242 30 54 5.2 2.9 0.039
v–h 13 504 298 ± 2 6 8 6132 32 58 5.0 2.8 0.037
v–h 14 503 ± 1 298 ± 1 6 9 8312 62 114 16 9.4 0.035

(continued on next page)
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Table 1 (continued)

Phase
regiona

T

(�C)
P

(bars)
Cl
(mM)b

Na
(mM)

B
(lM)

Li
(lM)

Br
(lM)

Rb
(lM)

Cs
(lM)

Salinity wt%
NaCl

pHc

Experiment 5

Start 563 575 4533 661 1249 180 70 3.291 6.5
v–b 1 427 ± 1 351 ± 1 518 522 3325 599 1135 165 64 3.026 6.4
v–b 2 433 ± 1 351 120 121 4159 155 294 33 12 0.704 5.6
v–b 3 443 349 55 56 4281 80 166 13 4.9 0.320 5.1
v–b 4 451 ± 1 349 39 40 4531 63 129 8.9 3.3 0.228 5.0
v–b 5 464 ± 1 351 ± 1 30 31 4343 52 101 6.7 2.6 0.177 4.8
v–b 6 472 348 25 26 4689 47 91 5.4 2.1 0.149 4.4
v–b 7 485 ± 1 349 20 20 4857 40 74 3.8 1.4 0.115 4.2
v–b 8 491 ± 1 349 17 18 5008 37 71 3.3 1.3 0.102 4.1
v–b 9 501 ± 1 351 ± 1 15 15 5172 33 65 2.7 1.1 0.085 4.0
v–b 10 512 ± 1 350 ± 1 13 13 4897 30 60 2.7 1.1 0.074 3.9
v–b–h 11 524 ± 1 351 ± 1 11 11 5355 33 59 3.9 1.5 0.063 3.9
v–h 12 529 ± 1 351 ± 1 11 11 5097 34 70 3.6 1.5 0.064 3.8
v–h 13 542 ± 1 349 10 10 5180 30 58 3.3 1.4 0.058 3.8
v–h 14 550 ± 1 351 ± 1 9 9 5367 36 84 8.2 3.4 0.051 3.8

a v–b, vapor–brine; v–b–h, vapor–brine–halite; v–h, vapor–halite. Sampled phases are shown in bold fonts.
b mM, mmol/kgsolution.
c pH at 25 �C—1 bar.

Fig. 3. Dissolved Cl concentrations of vapor samples collected
during the present investigation. The excellent agreement between
measured and predicted dissolved chloride concentrations demon-
strates the effectiveness of the flow-through reactor to produce pure
vapor endmembers that accurately reflect NaCl–H2O phase rela-
tions (Berndt et al., 2001). Moreover, the high quality vapor fluids
sampled further supports the lack of vapor–brine mixing and/or
convection processes within the reaction cell, allowing reconstruc-
tion of the chemical composition of conjugate brine endmembers
not directly collected.
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of vapor–brine can be illustrated by means of a ray diagram
constructed based on the following linear function:

log Km ¼ ni logðdensityvapor=densitybrineÞ ð6Þ

where (ni) is an empirical fitting coefficient linked to the va-
por–brine hydration and the volatility of the aqueous spe-
cies (Simonson et al., 2000; Palmer et al., 2004). Elevated
positive values of (ni) indicate less affinity of non-volatile
components to fractionate into the vapor phase, while neg-
ative values characterize more volatile components (e.g. dis-
solved gases (Smith et al., 1987)) exhibiting negative
hydration behavior. Recently, this approach has been suc-
cessfully deployed to assess vapor–liquid partitioning of
dissolved metals under low water-density conditions (Pok-
rovski et al., 2005).

A ray diagram based on apparent partitioning coeffi-
cients of trace elements in coexisting vapor–brine pairs con-
firms the tendency of species to partition into the low-
salinity vapor (Fig. 5). For example, results indicate (n) value
for Br of 2.99 (±0.03), consistent with the number of hydra-
tion waters (N < 3) expected for elemental hydration at
supercritical H2O conditions (424 �C) (Wallen et al., 1997),
while Li with (nLi) of 3.01 (±0.05) is in close agreement with
data from previous experimental vapor–liquid fractionation
studies (nLi � 3.25) (Styrikovich, 1956; Smith et al., 1987).
Values (n) of 3.44 (±0.05) and 3.46 (±0.05) were calculated
for Rb and Cs, respectively, which are consistent with the
low Rb hydration (N = 3.9) measured in XAFS studies under
supercritical conditions (Fulton et al., 1996). Thus, the over-
all partitioning into vapors decreases in the order of
Li @ Br > Rb @ Cs, indicating a general decrease in vapor-
phase hydration and species volatility.

In the case of boron, however, the significantly lower
(nB) value of 0.52 (±0.1) (Fig. 5), indicates a strong volatile
behavior and a clear enhanced affinity to participate in va-
por enrichment consistent with other vapor–liquid parti-
tioning experiments (nB = 0.9) (Styrikovich et al., 1960).
The scattering in the B data, however, suggests limitations
in the ray diagrams when applied to solutes that form
pH-dependent hydroxyl-bearing aqueous species (Palmer
et al., 2004). Nevertheless, boron, most likely existing as
B(OH)3(aq) (Table 1) (Pokrovski et al., 1995; Schmidt
et al., 2005), appears to attain a similar range of (nB) values
as other volatile neutral hydroxide species, such as As
(OH)3(aq) (Pokrovski et al., 2005), reinforcing the notion
that boron partitioning in phase separated hydrothermal
systems is largely controlled by the strong volatility of the



a b

Fig. 4. Chloride-normalized concentrations of dissolved trace elements in vapor samples corresponding to vapor–brine and halite–vapor
stability fields. (a) Results indicate an overall enrichment of Li and Br into vapor phases, while the opposite is true for Rb and Cs (not shown).
These data are consistent with predictions based on electronegativity differences between cation–anions constituting the dominant neutral
aqueous species. Precipitation of halite, however, favors enhanced partitioning of trace elements into the vapor phase, supporting the
immiscible behavior of trace elements in highly ionic fluid/mineral phases. (b) In the case of boron, Cl-normalized data indicate a linear and
steady enrichment in vapor phases, which appear to be indistinguishable for all the pressure–temperature conditions visited. This conservative
behavior of B can be attributed to salting-out effects and the ‘‘volatility’’ of the dominant neutral aqueous complex of boron (B(OH3)aq).
Similar fractionation patterns were also observed for the neutral HCl(aq) aqueous species as it is referred from the linear-steady decrease of pH
at low water-density conditions (inset plot).

Fig. 5. Ray diagram constructed to evaluate apparent partitioning
coefficients (Km) as function of density ratios between vapors and
brines. The slope of the lines expressed as (ni) describes the relative
tendency of elements to partition into vapor phase. The overall
extent of enrichment into vapors decreases in the order
B > Li @ Br > Rb @ Cs, with B showing a strong volatile behavior
attributed to the presence of gaseous hydroxide aqueous species.
The reversal in partitioning direction (negative slope) observed for
Li, Br, Rb and Cs is likely caused by the increasingly ionic
character of brine near the halite stability field, which enhances
salting-out effects.
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gas-like B(OH)3(aq) species at elevated temperatures and
pressures.

Strong volatile tendencies not only characterize dis-
solved gases (e.g. H2(aq), H2S(aq), CO2(aq) (Smith et al.,
1987)) and some hydroxide aqueous species, but also many
other neutral aqueous complexes, especially in hydrother-
mal systems at extreme conditions of temperature and pres-
sure. For example, despite the apparent non-volatile trend
in the ray diagram (Fig. 5) for Li, Br, Rb and Cs (ni = po-
sitive), when pressure–temperature conditions approach the
halite stability field, an abrupt change in hydration/solva-
tion occurs that gives rise to negative correlation between
log(Km) and density when log(densityvapor/densitybrine) is
less than ��0.9 (Fig. 5). These conditions reflect brine
compositions (wt% NaCl) ranging from approximately
40% (250 bars) to 60% (350 bars), and suggest that the
increasing brine composition becomes unusually effective
in excluding (salting-out) neutral aqueous complexes, as in-
ferred earlier. In fact, negative hydration and salting-out are
closely related, as solvent molecules tend to hydrate electro-
lyte ions rather than non-electrolyte molecules (Grover and
Ryall, 2004). Thus, under unusually low-density conditions,
typically non-volatile aqueous species can achieve some
measure of volatility.

The ray diagram, however, can be only constructed for
the two fluid phases (vapor–brine) and does not permit
assessment of trace element partitioning involving halite-
fluid equilibria. Therefore, a different approach, one that
emphasizes chloride-normalized trends is used to provide
data for partition coefficients of Li, Br, Rb, and Cs between
halite and coexisting vapor and/or brine.

4.2. Cl-normalized partitioning coefficients

An important advantage of using element/Cl ratios to
assess trace element partitioning in multiphase systems is
the minimal effects of bulk fluid composition on the apparent



Table 2
Fit and correlation coefficients that describe element partitioning in
the two-phase NaCl–H2O system (Eq. (7))

Br Li Rb Cs

a �13.04 �10.29 �23.43 �23.94
b �54.95 �44.36 �102.95 �105.20
c �76.93 �64.05 �148.98 �152.28
d �36.09 �31.14 �70.71 �72.31

r2 0.92 0.87 0.90 0.90
Root-MSE 0.11 0.17 0.19 0.20
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partitioning coefficients (Km) of elements that exist largely if
not entirely complexed with chloride (e.g. Li, Cs, Rb), or
sodium (in the case of Br), which is linked to Cl through
electrical neutrality constraints (Shock et al., 1997; Sverjen-
sky et al., 1997).

The similar fractionation models observed for the Li–Br
and Cs–Rb pairs determined from constraints imposed by
hydration–solvation effects (ni) agree well with somewhat
analogous data derived from correlations between chlo-
ride-normalized trace element concentrations (Del/Cl) and
the density of water (qw). In detail, the virtually identical
trends for Li–Br and Rb–Cs obtained by the latter method
(Fig. 6) are consistent with predictions based on differences
in the electronegativity of the elements constituting the
dominant form of the dissolved species (Berndt and Sey-
fried, 1990). Thus, it appears that Br and Li have a signif-
icant tendency to partition into vapors (Fig. 6a), while Rb
and Cs favor fractionation into the high-salinity fluids
(Fig. 6b). These data are in good agreement with partition-
ing coefficients derived from previous phase separation
experiments (Berndt and Seyfried, 1990, 1997), although
these earlier studies were largely restricted to pressure and
temperature conditions close to the two-phase boundary.
Despite the inverse partitioning behavior of Li–Br and
Rb–Cs for vapor–brine equilibria, upon intersection of
the halite–vapor ± brine field (Fig. 1), both trace element
pairs reveal a dramatic enhancement in partitioning into
the vapor (low salinity) phase, most likely encouraged by
trace element exclusion from the halite structure (Tosi
and Doyama, 1966). Apparently, not only Br is excluded
from NaCl mineral phases (Oosting and Von Damm,
1996; Berndt and Seyfried, 1997), but also other elements
that are largely transported as aqueous chloro-complexes.
This could have important implications for reconstructing
conditions of hydrothermal alterations from the relative
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Results clearly demonstrate the tendency of Br and Li to partition into
overall trend is consistent with results from previous phase separation e
conditions close to the critical curve. Interestingly, potassium partition
consistent with the effect predicted by the similar electronegativity differe
vapor–brine fractionation trends. Upon intersection of the halite–vapor–
into the vapor, supporting a strong trace element exclusion from the min
abundances of trace alkali elements in vapors and fluid
inclusions from modern and ancient hydrothermal systems
that reveal evidence of extreme phase separation and halite
precipitation/dissolution processes.

The apparent correlation between Del/Cl and water den-
sity (qw) (Fig. 6) permits Del/Cl values to be expressed as
function of qw as follows:

logðDel=ClÞ ¼ aþ b logðqwÞ þ c logðqwÞ
2 þ d logðqwÞ

3 ð7Þ

where a, b, c, d are coefficients unique to specific trace ele-
ments (Table 2). The expression is valid for a density range
from 0.094 to 0.28 g/cm3, that includes pressure and tem-
perature conditions of the present study.

Trace element partitioning involving vapor–brine and
halite–vapor equilibria is largely indistinguishable between
subcritical and supercritical conditions. Indeed, experimen-
tal data indicate the over-riding importance of water densi-
ty, and crystal chemical effects imposed by halite on the
direction and magnitude of trace element partitioning in
the multiphase NaCl–H2O system. Thus, classifying phase
separation as subcritical or supercritical based on pressure
and temperature conditions relative to the critical point of
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seawater (407 �C—298 bars) (Bischoff and Rosenbauer,
1985), is in and of itself, not particularly meaningful as a
guide to trace element systematics in subseafloor hydrother-
mal fluids. Accordingly, we advocate reference only to
supercritical conditions in the NaCl–H2O system, when
these apply in subseafloor hydrothermal reaction zones.

4.3. Boron

Partition coefficients (Km) data describing transfer of
boron between vapor and coexisting brine (Fig. 5) support
a volatile-like behavior of boron owing the enhanced stabil-
a b

c

Fig. 7. Boron vapor–brine partitioning during phase separation experime
Vapor enrichment observed for boron is most likely linked to salting-ou

ionic brines. (a) The effect of brine salinity on the ratio of dissolved B
preference of B for the vapor at dissolved chloride concentrations of th
indicates immiscible behavior in saline fluids and NaCl mineral phases, re
brine salinities, however, B partitions weakly into the brine fraction being
understanding of B fractionation can be inferred if Cl-normalized partiti
(qrd = q/qcr). Boron enrichment into vapors is indeed strongly correlated
H2O density at conditions from density values along the critical curve. Res
those of the present study (regression analysis conducted by excluding the
ratios in supercritical vapors for homogeneous starting fluids with differ
suggest an overall conservative behavior of B during vapor–brine equilibr
from the 1:1 relationship in natural hydrothermal systems suggest the po
ity of B(OH)3(aq) in low pH and low-density aqueous fluids
(Schmidt et al., 2005), although previous experimental stud-
ies indicate otherwise for some conditions (Berndt and Sey-
fried, 1990; Liebscher et al., 2005). The extensive range of
chemical and physical conditions examined during the pres-
ent study, however, confirm fractionation of boron into va-
por, especially for phase separation conditions far removed
from the two-phase boundary of the NaCl–H2O system.
Under these conditions, the unusually high dissolved chlo-
ride of the brine acts to effectively exclude boron from the
brine, as emphasized earlier. By expressing the ratio of dis-
solved boron in the vapor to that of the fluid prior to phase
nts in the NaCl–H2O system at elevated temperatures and pressures.
t phenomena of neutral dissolved molecules coexisting with highly
in vapors relative to the homogeneous starting solution suggests

e coexisting brines in excess of �40–50 wt% NaCl. Accordingly, B
sulting to higher than unity Bvapor/Binitial ratios. In the case of lower
in close agreement with previous experimental studies. (b) A better

oning coefficients (DB/Cl) are expressed in terms of reduced density
with the extent of phase separation as described by the deviation of
ults of previous experimental studies are in excellent agreement with
outlier data point near critical conditions). (c) Distribution of B/Cl
ent B composition observed during the present experiments. Data
ia, as reflected by similar slopes of the fitting functions. Departures
ssibility of boron addition by magmatic degassing processes.
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separation, vapor enrichment of boron becomes even more
clear, especially when the salinity of the coexisting brine ex-
ceeds �40–50 wt% NaCl, at which point halite stability is
achieved (Fig. 7a). At lower bulk chloride composition,
boron does indeed appear to partition weakly into the
brine, in general agreement with previous investigations
(Berndt and Seyfried, 1990; Liebscher et al., 2005). Appar-
ently, B is strongly immiscible in high-salinity fluid and
mineral phases, allowing Bvapor/Binitial ratios to reach values
higher than unity. The incompatibility of B in fluids with
highly elevated salt content, however, has also been sug-
gested from fluid (vapor/brine)-saturated melt experiments
(Schatz et al., 2004), where B partition coefficients indica-
tive of vapor enrichment relative to brine ranged from 2
to 8. Thus, it is the salinity of the brine phases that governs
the extent of vapor–brine B fractionation, a conclusion con-
sistent with salting-out phenomena typical of neutral dis-
solved molecules in highly concentrated NaCl aqueous
solutions (Pitzer and Schreiber, 1987; Oelkers and Helge-
son, 1990; Oelkers and Helgeson, 1993a,b; Sharygin et al.,
2002; Grover and Ryall, 2004). Accordingly, dilute vapor
produced during extreme phase separation conditions in
the NaCl–H2O system could be expected to contain rela-
tively high concentrations of dissolved boron on both an
absolute and chloride-normalized basis. These data have
important implications for the quantitative interpretation
of mass transport processes involving boron at the magmat-
ic–hydrothermal interface in subaerial and submarine
settings.

An alternative approach to assess the magnitude of bor-
on partitioning between vapor and brine is provided by cor-
relating Cl-normalized distribution coefficients (DB/Cl) with
reduced density (qrd), as follows2:

logðDB=ClÞ ¼ 0:570335� 6:98584 logðqrdÞ2 ð8Þ

where reduced density is defined as the ratio of the density
of H2O at experimental conditions with that along the crit-
ical curve (q/qcr). A similar approach involving the depar-
ture of the actual pressure conditions from the critical
curve has been successfully adopted to study hydrogen
and boron isotopic systematics under two-phase conditions
(Berndt et al., 1996; Liebscher et al., 2005). This approach
for boron, however, reveals an excellent linear correlation
over the full range of conditions investigated during the
present and previous studies, which, as noted, tended to
emphasize more narrow compositional conditions (Fig. 7b).

The conservative behavior of boron during phase
separation reflected in the DB/Cl–qrd relationship, can be
realized on even a more basic level by simply plotting the
chloride-normalized boron concentration against dissolved
Cl concentrations (Fig. 7c). The apparent identical linear
correlation between B/Cl ratios and Cl retrieved for a range
of pressure and temperature conditions (Fig. 4b), however,
appears to be dependent on fluid compositional constraints
induced prior to phase separation. Experiments (1, 2 and 3
at 250 bars) with two different initial B concentrations (50/
125 ppm) illustrate this best, further supporting the firm
conservative behavior of boron (Fig. 7c). The slopes of
2 Correlation coefficient r2 = 0.83.
the linear functions, however, are almost identical, in com-
pliance with the overall invariable enrichment of B into the
vapor phases. Thus, phase separation processes seem to
establish a linear relationship between B/Cl and Cl best de-
scribed with a slope of 1:1.

This observation might have important implications in
distinguishing major magmatic degassing from extreme
phase separation events based on the distribution of B in
low-salinity vent fluids. Boron derived from leaching of ba-
salt followed by phase separation would almost certainly
follow the described linear correlation, although addition
of excess boron to the hydrothermal system from magmatic
degassing would result in a more complex pattern likely de-
fined by a steepening of the line segment for fluids having
greatly dilute vapors. Indeed, the lack of a common line be-
tween B/Cl ratio and total dissolved Cl for a hydrothermal
vent fluid system may be used to infer just such a process.
To have these magmatic inputs overprinted on the Cl-nor-
malized B distribution of vapor-rich vent fluids, however,
requires magmatic contributions to be higher than 50% of
the basalt-derived B fraction, which might not be the case
for lower magnitude magmatic degassing events as those
recognized in the high-temperature vapors sampled at Main
Endeavour Field, northern Juan de Fuca Ridge (Foustou-
kos et al., 2004).

4.4. Supercritical phase separation in Brandon hydrothermal

system (21�S EPR)

The Brandon hydrothermal field on the southern East
Pacific Rise (21�S EPR) reveals vigorous venting with mea-
sured fluid temperatures reaching 405 �C (Von Damm
et al., 2003). Most importantly, these high-T vent fluids ap-
pear to be conjugate vapor and brines pairs having dis-
solved Cl concentrations that deviate moderately from
seawater, with phase separation suggested to occur very
near the seafloor (287 bars), perhaps within the sulfide
chimney structures (Von Damm et al., 2003). Despite the
apparent reasonableness of such an interpretation, alterna-
tive scenarios are possible, especially if the bulk composi-
tion of the fluid is affected by phase segregation processes
during subseafloor circulation (Seyfried et al., 2003). Appli-
cation of constraints imposed by quartz solubility together
with phase relations involving dissolved boron and Br,
however, permit the development of an alternative model
for subseafloor heat and mass transfer processes at the
Brandon hydrothermal system.

Dissolved silica concentrations can be used to constrain
subseafloor depth and temperature of water/rock interac-
tion, assuming quartz-fluid equilibria. Experimental and
theoretical data have helped to resolve the primary factors
governing quartz solubility in chloride-bearing aqueous
fluids, including temperature (�C), density of H2O (qw)
(g/cm3), and the molality of dissolved chloride (mcl).
Recently, these parameters have been incorporated into
an algorithm optimized for the two-phase region in the
NaCl–H2O-system (Foustoukos and Seyfried, 2007).

log mSiO2ðaqÞ ¼ �5:10347þ 0:00883565 � T c

þ 0:105367 log mCl þ 1:03419 log qw ð9Þ
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Fig. 8. Combination of phase equilibria approaches to constrain physical and chemical conditions in the subseafloor reaction zone of the
Brandon hydrothermal system at 21�S EPR. (a) Application of quartz-fluid equilibria optimized for the two-phase NaCl–H2O system
(Foustoukos and Seyfried, 2007) indicates temperatures of approximately 420 �C and subseafloor depth of nearly 300 m below seafloor. (b)
The significant deviation in Br/Cl ratios from seawater values is also observed for the Brandon vent fluids. High Br/Cl ratios can result during
phase separation upon intersection of the halite stability where salting-out and crystal (halite) chemical effects greatly enhance Br enrichment
in the coexisting vapor. Mixing of these vapor-rich (high Br/Cl) fluids with evolved-seawater at approximately 420 �C could account for the
observed data. (c) The proposed near-seafloor magma source that fuels supercritical phase separation, however, is not contributing to B fluxes
through magmatic degassing. Supporting evidence is the linear 1:1 correlation between B/Cl and total dissolved Cl for the Brandon vent fluids,
which strongly suggests that rock–fluid interaction followed by supercritical phase separation accounts best for the Brandon data with little or
no input of boron from another source.

3 The range of estimated DBr/Cl (0.9–1.6) allowed Br/Clbrine to be
considered equal to starting fluid values (seawater) (see Figs. 4a
and 6a).
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In effect, the relatively high dissolved SiO2 and chloride
concentrations for the vapor-rich vent fluids at Brandon
suggest subseafloor temperatures and pressures of approxi-
mately 420 �C and 320 bars, respectively (Fig. 8a). Thus,
phase separation and water/rock interaction indicate super-

critical conditions, some 300 m below seafloor. Although
the proposed placement of the hydrothermal reaction zone
at Brandon is relatively shallow, the depth is still sufficient
for brine segregation to occur (Fontaine and Wilcock,
2006), with corresponding effects on the chemical and phys-
ical properties of the evolved hydrothermal fluid.

The chloride-normalized Br concentrations of the low-
salinity fluids at Brandon (Table 3), however, show a clear
increase relative to seawater (Fig. 8b), suggesting supercrit-
ical phase separation at conditions even more extreme than
indicated by quartz-fluid equilibria (420 �C—320 bars). The
Br/Cl enrichment is indeed significant, being comparable in
magnitude with the change relative to seawater to that first
observed in vent fluids from 9 to 10�N EPR, where halite
dissolution was proposed (Oosting and Von Damm,
1996). The present experimental data indicate that vapor–
brine partitioning (derived from Eq. (7)3) cannot account
for the observed enrichment in Br/Cl, lending support for
a model involving halite precipitation. If this is the case,
then temperatures in excess of 450 �C are required, assum-
ing a seawater source fluid and pressure of 320 bars (Fig. 1),



Table 3
Selected element concentrations from the Brandon vapor-rich vent
fluids at 21�S EPR (Von Damm et al., 2003)

Orifice T (�C) Cl (mMa) SiO2(aq) (mM) Br (lM) B (lM)

Ba.1 404 317 8.78 600 434
Ba.2 405 338 9.28 680 431
Ba.3 401 339 9.23 560 433
Ba.5 400 330 9.58 570
Bc.4 403 304 8.82 500 426
Bc.5 321 8.94 520 432
Bd.4 401 297 8.69 490 429
Bd.5 405 330 9.55 550 432

a mM, mol/kgsolution.
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while the coexisting vapor would have Cl concentrations
less than 10 mmol/kgsol (Fig. 3). Thus, the elevated Br/Cl
ratios (>2) while indicating possible halite precipitation,
are inconsistent with the observed P–T conditions of the
vapor-rich vent fluids at Brandon and also with conditions
imposed by quartz solubility constraints (420 �C, 320
bars).

One interpretation that can account for these apparently
disparate observations involves mixing of a 420 �C evolved-
seawater with a strongly Cl-depleted and Br/Cl-enriched
supercritical vapor initially formed at temperatures suffi-
ciently high to cause halite precipitation. Owing to the
exponential increase in Br/Cl with decrease in dissolved
chloride of the vapor-rich fluid coexisting with halite, even
modest amounts of this fluid could greatly affect the Br/Cl
ratio of the mixture. Accordingly, dissolved silica concen-
trations of the mixture may not be substantially altered.
Even if dissolved silica were affected, re-equilibration of
quartz (420 �C, 320 bars) could be quickly reestablished at
these conditions (Dove and Crerar, 1990; Dove, 1999),
although the same is not the case for the Br/Cl ratio, which
provides strong and compelling evidence of a very high
temperature component to the fluids venting at Brandon.

Despite the likelihood of a near-seafloor magma body
sufficient to achieve supercritical conditions in the subsea-
floor reaction zone at Brandon, boron systematics preclude
a significant input of magmatic-derived boron. Indeed, the
slope of the line depicting B/Cl against dissolved Cl concen-
trations is virtually identical to that determined for boron
partitioning between vapor and brine under supercritical
conditions during the present investigation (Figs. 7c and
8c), providing strong evidence for similar processes occur-
ring at Brandon. Thus, the boron data from Brandon (Ta-
ble 3) are best interpreted as due to quantitative release of
boron from basalt during hydrothermal alteration followed
by preferential fractionation of the boron into the vapor
phase. Accordingly, the boron data together with Br/Cl sys-
tematics and constraints imposed by quartz-fluid equilibria,
strongly suggest hydrothermal alteration processes at Bran-
don dominated by supercritical phase separation. Such de-
tailed analysis based on minor variations in trace element
distributions, however, is only possible for the vapor-rich
fluids at Brandon field, since the associated higher salinity
fluids indicate both seawater entrainment (10% mixing)
and conductive cooling (Von Damm et al., 2003), which
obfuscate primary phase relations.
5. CONCLUSIONS

Experiments involving trace element partitioning be-
tween vapor–brine and halite–vapor in the NaCl–H2O sys-
tem were conducted to constrain the causes and
implications of trace element/chloride variability now well
recognized in subseafloor hydrothermal systems. In general,
results indicate the preference of Li and Br to become en-
riched in low-chloride vapors, while Rb and Cs favor the
brine throughout the range of chemical and physical
conditions for which the two-phases coexist. This is best
illustrated by the distribution of apparent (Km) and Cl-
normalized (Del/Cl) partition coefficients across the P–T
space of the vapor–brine phase region. Thus, data show a
decrease in vapor enrichment in the order of
Li @ Br > Rb @ Cs, which relates well to predictions based
on electronegativity differences between the charged species
constituting the dominant aqueous complex for each trace
element. Partitioning changes abruptly, however, as the ha-
lite field of stability is approached, and is characterized by
highly non-linear increases in trace element enrichment in
the vapor for all species. The increasing dissolved chloride
concentration of the brine enhances salting-out effects that
drive neutral trace alkali halide and bromide complexes
into the vapor. Vapor enrichment is enhanced further with
halite formation owing to the incompatibility of the trace
elements in halite lattice.

Compositional variability of dissolved boron during
vapor–brine equilibria primarily relates to the polar and
gas-like nature of the dominant B-bearing hydroxide aque-
ous species (B(OH)3(aq)). These neutral aqueous species
have a high volatility index and thus are highly sensitive
to salting-out effects giving rise to strong enrichment in
the vapor under all conditions investigated. Moreover, the
experimental data reveal a robust linear correlation be-
tween Cl-normalized boron concentrations in vapors and
the reduced density conditions (q/qcr), which allow more
accurate comparisons to be made with experimental data
from other sources, while helping to constrain the geochem-
ical implications of boron in vapors form natural hydro-
thermal systems. Furthermore, the conservative nature of
boron during vapor–brine equilibria is confirmed by the
1:1 linear correlation between vapor B/Cl ratios and dis-
solved Cl concentrations.

Experimental calibration of the role of phase separa-
tion on trace element distributions provides a powerful
tool that can be used with other phase equilibria data
to better determine conditions of hydrothermal alteration
in subseafloor reaction zones at mid-ocean ridges. For
example, by coupling the experimentally determined
B/Cl and Br/Cl partition data with constraints imposed
by quartz solubility in the two-phase NaCl–H2O system,
we show that the vapor-dominated vent fluids issuing
from the Brandon hydrothermal system (EPR 21�S)
are most likely derived by supercritical phase separation
fueled by a shallow magmatic body; showing no indica-
tion of major magmatic degassing but strongly support-
ing subsurface mixing with highly Cl-depleted and Br-
enriched vapor fluids produced under halite precipitation
conditions.
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