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Abstract

This study presents experimental, geochemical modeling, and field data focusing on the partitioning of osmium (Os)
between pyrite and fluid upon precipitation at conditions representative of mid-ocean ridge hydrothermal environments. Dis-
solved Os partitions strongly into pyrite upon precipitation at experimental conditions, 350 �C and 50 MPa, with a represen-
tative relative Os/Fe partition coefficient, DOs=Fe

Pyrite�Fluid , between 10 and 15. Integrating the experimentally determined DOs=Fe
Pyrite�Fluid

into a geochemical model indicates that a significant amount of Os is retained within the subseafloor due to sulfide precipi-
tation induced by mixing of conductively heated seawater with pristine high temperature hydrothermal fluids that are enriched
in dissolved metals, such as Os and Fe. Comparison with existing Os concentration and isotopic data of hydrothermal fluids
and sulfide minerals from a wide range of hydrothermal systems with the experimental and modeling constraints suggest that
modern high temperature hydrothermal systems are a minor source of unradiogenic Os to the modern global ocean dissolved
Os budget due to the majority of Os being sequestered into sulfide minerals formed within and on the seafloor.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The platinum group element1 osmium (Os), and associ-
ated isotope ratios 187Os/188Os and 186Os/188Os, have been
used to decipher the co-evolution of the mantle and crust,
the silicate-CO2 weathering feedback throughout Earth’s
history, and the timing and mechanisms controlling ore
genesis in magmatic systems (Brandon et al., 1996;
Ravizza et al., 2001b; Stein et al., 2001; Peucker-
https://doi.org/10.1016/j.gca.2020.10.029
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Ehrenbrink et al., 2003; Selby and Creaser, 2004; Carlson,
2005; Oxburgh et al., 2007; Sharma et al., 2007; Nozaki
et al., 2013; Brenan et al., 2016). However, the partitioning
of Os into fluids during water-rock interaction and upon
formation of sulfide minerals is poorly constrained, espe-
cially at hydrothermal conditions relevant to mid-ocean
ridge (MOR) hydrothermal environments (Ravizza et al.,
1996; Brügmann et al., 1998; Sharma et al., 2000; Sharma
et al., 2007; Zeng et al., 2014). Due to the highly siderophile
and chalcophile nature of Os, the process of sulfide mineral
formation will have a significant effect on the mobility of Os
in the source hydrothermal fluids. The precipitation of such
sulfides will have a direct effect on the overall flux of Os to
the oceans resulting in distinct Os concentrations and
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isotopic reservoirs. This process is apparent but our under-
standing regarding the magnitude of Os partitioning
between sulfide minerals and hydrothermal fluids is limited
in part by the dearth of existing experimental studies
exploring Os solubility at a range of pertinent physiochem-
ical conditions (Xiong and Wood, 2000; Foustoukos et al.,
2015; Foustoukos, 2019).

A significant range of physiochemical conditions exists
within the subseafloor of MOR hydrothermal environ-
ments. During alteration of oceanic crust (�200–400 �C,
30–70 MPa), the hydrolysis and oxidation of Fe2+-bearing
silicate and sulfide minerals results in the production of
H2 and reduction of seawater-derived SO4

2� to H2S, creat-
ing a large range in O2 and S2 fugacity, i.e., range in the
activities of dissolved H2 and H2S/SO4

2- (German and
Seyfried, 2014). Osmium, which is initially retained in pri-
mary magmatic base metal sulfide minerals, such as pent-
landite (Fe,Ni)9S8, will become liberated into fluids upon
hydrothermal alteration of primary sulfide minerals to sec-
ondary sulfides in tandem with subsolidus phase transfor-
mations, such as exsolution of PGE sulfide minerals and/
or refractory Pt-Fe alloys (Foustoukos et al., 2015;
Foustoukos, 2019). These processes are apparent from nat-
ural observations of secondary sulfides and alloys in
exhumed abyssal peridotites (Carlson, 2005). However,
the experimental determination of the solid-solution sys-
tematics dictating the solubility of Os partitioning into sul-
fides, the reaction kinetics and mechanisms responsible for
Os mass transfer, and the fluid chemistry controls all
remain largely unexplored (Xiong and Wood, 2000; Sun
and Ceder, 2011). The lack of understanding of the parti-
tioning of Os between primary and secondary sulfide min-
erals and fluids limits our ability to predict the
mobilization of Os during a number of processes, such as
the dehydration of the subducted oceanic crust that ulti-
mately results in mantle metasomatism or the formation
of massive sulfides within the oceanic crust along Earth’s
MOR system. Elucidating these processes will provide
much needed constraints on Os behavior and cycling in
the Earth system, with the potential to address issues with
the modern Os mass balance and the application of Os iso-
tope stratigraphy as a paleoweathering proxy (Ravizza
et al., 2001a; Cohen et al., 2004; Oxburgh et al., 2007;
Sharma et al., 2007; Paquay and Ravizza, 2012a; Paquay
and Ravizza, 2012b; Rooney et al., 2016).

In order to more fully understand the geochemical
behavior of Os under hydrothermal conditions and to
address extant geochemical uncertainties, this study focuses
on the experimental examination of Os partitioning
between pyrite and fluid at temperature, pressure, and
chemical conditions relevant to massive sulfide formation
within the subseafloor of MOR hydrothermal systems. Pyr-
ite is ubiquitous in MOR hydrothermal systems and has
been proposed to be the predominant sulfide mineral
responsible for sequestering Os from hydrothermal fluids.
Data from this study provides the first experimental con-
straints on the fate of Os derived from the oceanic crust
upon the precipitation of pyrite in high temperature, sub-
seafloor hydrothermal systems. To provide a process-
oriented perspective on Os partitioning, this study also cou-
ples the experimentally determined pyrite-fluid Os parti-
tioning data with thermodynamic modeling simulations to
describe the extent of sulfide precipitation in the subseafloor
upon mixing conductively heated seawater with pristine
hydrothermal fluids derived from the deep subseafloor. In
turn, these simulations enable the estimation of the amount
of dissolved Os removed via pyrite precipitation in natural
MOR systems.

2. METHODS

2.1. Experimental design

Two high temperature hydrothermal experiments were
conducted to provide an experimental blank and to simu-
late the partitioning of Os between pyrite and fluid upon
pyrite precipitation at conditions representative of chemical
reactions occurring in the subseafloor at MORs. Following
recent studies in the pyrite-fluid system (Syverson et al.,
2013; Syverson et al., 2015), the hydrothermal experiments
utilized gold-cell reactor technology (Seyfried et al., 1987).
The experimental blank (Expt. #0) was conducted to assess
the contribution of Fe and Os derived from the reactor
assembly upon reaction with the reactant solution, where
the initial reactor solution contained 1000 mmol/kg NaCl
solution at an acidic pH25�C � 1. The acidic pH and high
dissolved Cl- concentration were used to enhance the solu-
bility of metals at experimental conditions. Importantly,
efforts were made to avoid contamination of the ‘‘blank
run” by delaying preparation of the Os-rich (reaction fluid)
until the blank run had been completed (Table 1). The
blank solution was loaded into the gold cell reactor, sealed
in the high-pressure autoclave, and heated to 350 �C, iso-
barically at 50 MPa. The reactor was allowed to remain
at conditions for 24 h and then the reactor solution was
sampled at in-situ conditions. Afterward, the reactor was
cooled to ambient laboratory conditions. The pyrite precip-
itation experiment (Expt. #1), used the same gold-cell reac-
tor and Ti-capillary tubing and valves as the blank
experiment, all of which were cleaned with 11.8 and
0.1 M trace-element grade HCl, respectively. Experiment
#1 is similar in design as the experiments performed by
Syverson et al. (2013) and Syverson et al. (2015), where
the precipitation of pyrite was induced by the introduction
of a S-bearing solution at experimental pressure and tem-
perature conditions into the acidic Fe2+- Os- and Cl-
bearing reactor solution. The reactant solution used for
Expt. #1 was enriched in dissolved Os, 2 lmol/kg, signifi-
cantly greater compared to natural concentrations (Roy-
Barman and Allègre, 1994; Ravizza et al., 1996). The Os
solution used for the pyrite precipitation experiment was
the commercially-available reference solution: Durham
Romil Osmium Solution (DROsS; http://iageo.com/dross-
os-isotope-reference-solution/) (Luguet et al., 2008;
Nowell et al., 2008) (Table 1). The elevated dissolved Os
concentration in the reactant solution was prescribed to
provide a sufficient amount of dissolved Os to remain after
pyrite precipitation and recrystallization and thereby per-
mit precise quantification of Os partitioning between pyrite
and dissolved Os-species.

http://iageo.com/dross-os-isotope-reference-solution/
http://iageo.com/dross-os-isotope-reference-solution/
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Specifically, an enriched 39 mmol/kg Fe- and 2 lmol/kg
Os-bearing acidic 1000 mmol/kg NaCl solution, with a
pH25�C � 1, was loaded and sealed into the gold-cell reactor
assembly, sealed within the autoclave pressure vessel, and
heated isobarically, at 50 MPa, to experimental conditions
(Table 1). Upon reaching 350 �C and 50 MPa, the homoge-
neous reactor solution was sampled to provide constraints
on the initial solution chemistry of the reactor solution
prior to the pyrite precipitation event. After this initial sam-
ple, a 1 mol/kg Na-thiosulfate (Na2S2O3) solution was
injected into the gold-cell reactor solution. Na-thiosulfate
disproportionates at these temperature and chemical condi-
tions, to H2S and HSO4

- at a 1:1 ratio, as follows:

S2O3
2� + H2O + Hþ = H2S + HSO4

� ð1Þ
The transition in oxidation state of the experimental sys-

tem and the presence of dissolved sulfur-species, H2S and
HSO4

�, which both react with dissolved Fe2+, induce the
formation of pyrite:

1.75H2S + 0.25 HSO4
� + Fe2þ = FeS2 + 1.75Hþ + H2O

ð2Þ
The acidic pH and composition of the S-bearing solu-

tion were designed such that pyrite was the sole Fe-
bearing mineral formed in the experiment to effectively limit
the degree of freedom of Os partitioning to only be between
the pyrite and fluid reservoirs. The concentration of dis-
solved Os in the reactor solution was monitored before
and after the pyrite precipitation event to quantify the
degree of partitioning between pyrite and hydrothermal
fluid upon precipitation and recrystallization and to
account for the complete Fe and Os mass balance of the
experimental system. After experiment termination, the
product pyrite was recovered from the gold-cell reactor
for determination of the Os concentration, which permitted
verification of the integrity of mass balance within the
experimental system.

2.2. Solution chemistry analysis and characterization of

pyrite product

The concentration of Fe2+ and the dissolved S-species,
H2S and SO4

2�, were measured by use of a Thermo Scien-
tificTM ElementTM inductively coupled plasma mass-
spectrometry (ICP-MS) and by gravimetric methods,
respectively. The relative standard deviation (2r) for the
determination of the concentration of dissolved Fe2+ by
ICP-MS was ±1%. The concentration of H2S was deter-
mined by taking a specific aliquot of the experimental solu-
tion into a pre-weighed gas-tight syringe, which was then
weighed after sampling and subsequently injected into a
N2 glass-sparging system containing 5% phosphoric acid.
This step liberates H2S into the gas phase; this gas mixture
is then transferred by bubbling into a AgNO3 solution,
which effectively traps the H2S as solid Ag2S. The remain-
ing solution, sample + phosphoric acid, after sparging for
a duration greater than one hour, was removed and mixed
with a BaCl2 solution to precipitate BaSO4. Both Ag2S and
BaSO4 were filtered from solution, washed with ultra-pure
H2O (18.2 MX/cm), dried, and weighed (see Syverson
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et al. (2015) for further details on methodology). The rela-
tive standard deviation associated with the H2S and SO4

2�

measurements from gravimetric determination was ±3%.
The pH of the experimental solution samples was con-
ducted by use of a Ross micro-electrode, which was cali-
brated with pH 4, 7, and 10 pH buffers, with an
associated uncertainty of ±0.02 pH units.

Characterization of the pyrite precipitate recovered after
termination of Expt. #1 was performed by utilization of
scanning electron microscopy (SEM), Raman spectroscopy,
and energy-dispersive spectroscopy (EDS). The SEM
images were produced by using a XL-30 Environmental
SEM in secondary electron mode using a 10 kV accelerating
voltage on product pyrite formed from the precipitation
experiment to determine the morphology and grain size dis-
tribution. The pyrite precipitate was analyzed via Raman
spectroscopy and EMPA/EDS at the University of Calgary.
The Raman analysis was performed directly on the precip-
itate recovered from the experiment using a Horiba XPlora
Plus instrument with a 50� objective and 785 nm laser at
1%, with 1200 gratings/cm on the detector. Thirty separate
40 s accumulations were acquired. Subsequently, the pyrite
was embedded in epoxy and polished for SEM imaging and
analysis. Back-scattered electron (BSE) imaging and EDS
measurements were acquired on this polished sample using
a JEOL JXA 8200 electron microprobe outfitted with a
Bruker Energy Dispersive Spectrometer (EDS) at the
University of Calgary.

2.3. Osmium concentration and isotope analyses

Osmium isotope and elemental abundance analyses were
performed on sulfide precipitates and solutions after retrie-
val from the gold cell reactor. In brief, between 0.2 and
0.5 g of sample together with a tracer enriched in 185Re
and 190Os were weighed into borosilicate Carius tubes and
digested using inverse aqua-regia (6 ml of 15 M HNO3

and 3 ml 12 M HCl) at 220 �C for 48 h (Shirey and
Walker, 1995). Osmium was isolated using solvent extrac-
tion (CHCl3) and further purified using micro-distillation
(Cohen and Waters, 1996; Birck et al., 1997). All Os iso-
topic measurements were determined by negative thermal
ionization mass spectrometry (N-TIMS) (Creaser et al.,
1991; Völkening et al., 1991) at the Yale Geochemistry
and Geochronology Center. The purified Os fractions were
loaded onto Pt filaments together with an activator solution
of Ba(OH)2 in 0.1 M NaOH and analyzed using a Thermo
Scientific Triton-Plus multi-collector TIMS via ion-
counting using a secondary electron multiplier in peak-
hopping mode. Interference of 187ReO3 on 187OsO3 was
corrected by the measured intensity of 185ReO3. Mass frac-
tionation was corrected with 192Os/188Os = 3.083, using an
exponential fractional law. Total Os procedural blanks dur-
ing this study were 0.1 ± 0.05 pg (1 S.D., n = 4), with an
average 187Os/188Os value of 0.17 ± 0.15 (n = 4). Potential
interferences for Os analyzed on the TIMS occur at masses:
234 (186WO3); 235 (187ReO3); 238 (190PtO3) and; 240
(192PtO3). To monitor for interference of Re on mass 235
(187Os in our expectation) the ratio of 233/236
(185Re16O3/

188Os16O3) was measured and was consistently
10�5 counts per second on the secondary electron multi-
plier. The two Pt interferences were monitored using 243
(195PtO3) and were below detection for the secondary
electron multiplier. Interference from tungsten (186WO3)
was monitored using the mass for 183WO3 and again, was
below 10�5 cps at analytical conditions. Uncertainties for
the 187Os/188Os were determined by propagation of all
uncertainties in Os mass spectrometer measurements, blank
abundances and isotopic compositions, spike calibrations
and reproducibility of standard Os isotopic values. As a
monitor of mass spectrometry reproducibility, an in-house
Os standard solution was analyzed. For this analytical
session the Os isotope standard, DROsS, yields an average
187Os/188Os ratio of 0.16103 ± 0.00019 (2 S.D., n = 7), in
excellent agreement with previous studies (Nowell et al.,
2008; Rooney et al., 2010).

To have a direct comparison with MOR vent sulfide
minerals, this study also reports the Os concentration and
isotope composition of sulfide minerals sampled from the
interior of an active high temperature hydrothermal sulfide
chimney, P-vent, which is located at a depth of approxi-
mately 2516 meters on the seafloor along the fast-
spreading East Pacific Rise within the 9�50’N hydrothermal
system (EPR 9�500N) (Fig. 1(a)) (Fornari et al., 2012). The
chimney was recovered via the human operated vehicle
(HOV) Alvin on the AT42-06 cruise aboard the R/V Atlan-

tis in December 2018 (ALV 5009). Upon sampling, the vent
fluid at P-vent was billowing black smoker precipitate into
the overlying hydrothermal-seawater plume and had a tem-
perature of 355 �C. Aboard ship, the chimney sulfide was
washed with ultra-pure H2O and immediately dried under
N2. For Os concentration and 187Os/188Os analysis, sulfide
was sampled from the interior of the chimney (Fig. 1(b)–(c))
and analyzed by X-ray diffraction, which indicated that the
sulfide sample was predominantly chalcopyrite, and then
preserved for subsequent N-TIMS analysis, following the
procedures used for experimental samples and standards.

2.4. Os/Fe pyrite-fluid partitioning systematics

Through solid-solution mixing by substitution of trace
OsS2 with the major disulfide-mineral endmember, pyrite
(FeS2), the distribution of Os and Fe between pyrite and
hydrothermal fluid is described through the exchange
reaction:

OsS2 þ Fe2þðaqÞ ¼ FeS2 þOs2þðaqÞ ð3Þ
The speciation of dissolved Os remains largely uncon-

strained, especially at hydrothermal conditions. However,
an important constraint is provided through experimental
Os solubility measurements performed by Xiong and
Wood (2000) at conditions representative of porphyry
and MOR hydrothermal environments. This particular
study examined Os concentration measurements of
hydrothermal fluid in the presence of Os-bearing minerals,
such as OsS2, at a range of redox conditions and dissolved
Cl� contents, which overall show that Os2+ is the predom-
inant oxidation state and is likely complexed to Cl� in
octahedral coordination (Brugger et al., 2016). There is
currently no experimental data and there are only limited
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theoretical predictions that provide constraints on the solu-
bility of Os in pyrite (Sun and Ceder, 2011). Given the oxi-
dation state of osmium (Os2+) in Cl- and S-bearing
hydrothermal fluid and redox constraints necessary for pyr-
ite formation, it is assumed that trace quantities of OsS2
(<1 mol%) directly substitute for FeS2. Speciation of the
hydrothermal fluid was conducted to determine the Os-
mineral stabilities between OsS2, OsO2, and Os, as
described in Section 2.5.

With regards to the Os/Fe exchange reaction, Equation

(3), the partition coefficientDPyrite
Os=Fe is calculated through the

logarithmic Doerner-Hoskins relationship, which is repre-
sentative of surface equilibrium upon growth from a com-
positionally evolving fluid, without internal reorganization
of the crystal lattice within the time scale of the precipita-
tion event (Doerner and Hoskins, 1925). Specifically,

DPyrite
Os=Fe was calculated through time-series measurement of

the experimental change in dissolved Os and Fe concentra-
tion upon rapid precipitation of pyrite, as follows:

log
½Os�Fluid
½Os�Initial

� �
¼ DPyrite

Os=Fe � log
½Fe�Fluid
½Fe�Initial

� �
ð4Þ

For Equation (4), the initial Os and Fe concentration,
prior to pyrite precipitation, was represented as [Os]Initial
and [Fe]Initial, respectively, and the concentration of Os
and Fe after the pyrite precipitation event was represented
as [Os]Fluid and [Fe]Fluid, respectively.

The Doerner-Hoskins relationship is commonly used to
characterize trace element partitioning upon irreversible co-
precipitation that occurs at far-from equilibrium condi-
tions, such as dissolved Os and Fe removal upon rapid sul-
fide precipitation. This partition coefficient has similarly
been determined for other solid-aqueous solution systems,
such as for describing Sr/Ca partitioning between anhydrite
and hydrothermal fluids at MOR hydrothermal environ-
ments (Shikazono and Holland, 1983; Berndt et al., 1988;
Mills et al., 1998). This trace-to-major element partition
coefficient is different than the absolute partition coefficient
commonly used for thermodynamic equilibrium partition-
ing of PGE at magmatic conditions (Fleet et al., 1996).
Rather, the trace-to-major element partition coefficient is
commonly utilized when the major element can be used to
describe a process variable, such as dissolved Fe to describe
the extent of Fe-sulfide mineralization in the subseafloor.
Fig. 1. Digital images of the high temperature P-vent sulfide structu
hydrothermal system, and the lengthwise- and cross-section of the P-vent
the chimney interior for Os concentration and isotopic analysis, a-c, resp
2.5. Geochemical modeling

Thermodynamic modeling was conducted to assess the
speciation and saturation state of the experimental fluids
relative to Fe-Os-S-O minerals though utilization of the
Geochemist Workbench (GWB) thermodynamic modeling
program (Bethke et al., 2018). Additionally, GWB was used
for thermodynamic simulations of the process of conduc-
tively heating seawater and mixing with high temperature
Fe- and Os-bearing hydrothermal fluid (the GWB modeling
script is available within the Supplementary Information
files). The speciation calculations and simulations were con-
ducted by use of a thermodynamic database created using
the DBCreate software (Kong et al., 2013) and is consistent
with the framework of the Helgeson-Kirkham-Flowers
(HKF) equation of state and with modifications thereafter
(Helgeson et al., 1981; Tanger and Helgeson, 1988; Shock
et al., 1989; Shock et al., 1992; Shock et al., 1997;
Sverjensky et al., 1997). Additionally, the Os activity dia-
gram was produced by combining thermodynamic data
for the Os minerals Os, OsO2, and OsS2 (Knacke et al.,
1991) with the thermodynamic properties of H2S(aq) and
H2(aq) calculated using the SUPCRT92 thermodynamic
data set.

The thermodynamic simulations were conducted by per-
forming a series of systematic changes in the mass mixing
ratio of conductively heated seawater (SW) relative to pris-
tine end-member hydrothermal fluid (HF), SW:HF, at
chemical and physical conditions representative of modern
MOR hydrothermal systems. The thermodynamic simula-
tions were performed isobarically at 50 MPa and result in
a large a range of temperature and chemical conditions,
which allowed for an assessment of the amount of pyrite
precipitation that may occur in the subseafloor during this
physiochemical process.

The first stage of the model simulates conductive heating
of seawater to 250 �C, which is a typical temperature deter-
mined from fluid inclusion thermometry and by mixing
temperatures determined by the 87Sr/86Sr composition of
anhydrite sampled from the subseafloor of MOR
hydrothermal systems (Shikazono and Holland, 1983;
Palmer, 1992; Petersen et al., 1998; Teagle et al., 1998;
Tivey et al., 1998; Mills and Tivey, 1999). During this stage
of the simulation, precipitation of anhydrite occurs and
results in the modification of the fluid chemistry, in
re emitting black smoker fluid (355 �C) from the EPR 9�500N
chimney structure that was sampled to extract sulfide mineral from
ectively.
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particular, the removal of seawater-derived Ca2+ and SO4
2�

due to the retrograde solubility of anhydrite (CaSO4)
(Blount and Dickson, 1969; Newton and Manning, 2005).

The second stage of the model involves mixing the
homogenous, conductively-heated seawater with high tem-
perature hydrothermal fluid, initially at 400 �C, which is
reducing and composed of dissolved Fe2+ and H2S at
concentrations inferred to be representative of pristine end-
member MOR hydrothermal fluid (i.e. without sulfide pre-
cipitate effects) from basalt-hosted systems (Seewald and
Seyfried, 1990; Seyfried and Ding, 1993; Seyfried et al.,
2011). The composition of the hydrothermal fluid was fixed
as follows: NaCl, Fe2+, H2S, Ca

2+,Mg2+, andH2(aq) at con-
centrations of 550, 4, 17, 40, 0, and 2 mmol/kg, respectively,
with an in-situ pH at 400 �C of 5.0 (see Table S1). A range of
SW:HF mass mixing ratios were used for the model simula-
tions that encompass the range observed in natural systems,
as indicated by the 87Sr/86Sr composition of sampled end-
member hydrothermal fluids frommodernMOR hydrother-
mal systems (Palmer, 1992; Sharma et al., 2007). The range of
SW:HF mixtures were reacted, resulting in the overall effect
of precipitating Fe-bearing sulfide and oxide minerals and
anhydrite at a range of conditions representative of mixing
in the subseafloor of MOR hydrothermal environments.
Additional simulations representing SW:HF mixing at
chemical conditions representative of ultramafic-hosted
MORhydrothermal systems are shown in the supplementary
information (Figs. S1 and S2).

2.6. Os partitioning model parameters between pyrite and

hydrothermal fluid

The output of the thermodynamic SW:HF mixing simu-
lations was coupled with the experimentally determined

DPyrite
Os=Fe between pyrite and hydrothermal fluid to model the

change in dissolved Os concentration within the hydrother-
mal fluid upon pyrite precipitation in the subseafloor
through the Rayleigh distillation equation (Elderfield
et al., 1996), as follows:

½Os�Fluid
½Fe�Fluid

� �
¼ ½Os�Initial

½Fe�Initial

� �
� f DPyrite

Os=Fe
�1

� �
ð5Þ

The change in the concentration of dissolved Os upon

pyrite precipitation, [Os]Fluid, is a function of DPyrite
Os=Fe, the

degree of dissolved Fe remaining from sulfide precipitation,
f, and the initial Os concentration, [Os]Initial, prescribed to
be between 102-104 fmol/kg, for pristine high temperature
fluid within the subseafloor of the Main Endeavour and
Axial Volcano hydrothermal systems along the Juan de
Fuca Ridge (i.e. fluid that had not yet been mixed with con-
ductively heated seawater). The [Os]Initial was estimated
through dissolved Os mixing relationships between sampled
hydrothermal fluid and seawater and independently
through the assumption that Os and Sr are removed from
basalts during hydrothermal alteration in similar propor-
tions by Sharma et al. (2000) and Sharma et al. (2007),
respectively. The initial dissolved Fe concentration,
[Fe]Initial, was prescribed to be 4 mmol/kg, similar to the
concentration utilized for the GWB SW:HF mixing
simulations. The SW:HF mixing simulations provide the
dissolved Fe concentration throughout reaction progress,
[Fe]Fluid, and the fractional amount of remaining dissolved
Fe, f:

f ¼ ½Fe�Fluid
½Fe�Initial

ð6Þ

The concept of Rayleigh partitioning to describe the
mass transfer of Os in dynamic systems, such as in the sub-
seafloor, is appropriate due to the rapid precipitation and
limited amount of exchange with the rapidly ascending
hydrothermal fluid from the deep reaction zone. This is jus-
tified by previous pyrite precipitation experiments, which
showed that pyrite does not exchange significantly with
hydrothermal fluid at 350 �C, especially throughout the
course of this specific experiment, <300 h (Syverson et al.,
2013; Syverson et al., 2015).

Together, the geochemical SW:HF mixing calculations,
Rayleigh partitioning, and mass balance relations simulate
the degree of sulfide precipitation upon mixing of
conductively-heated seawater with high temperature end-
member hydrothermal fluid. Collectively, this provides an
estimate on the degree of removal of hydrothermally
derived-Os into pyrite, and sulfide minerals more generally,
in the subseafloor and the potential of unradiogenic Os con-
tributing to the oceanic mass balance from MOR
hydrothermal systems to seawater.

3. RESULTS

3.1. Experimental chemistry of fluid and pyrite

The effect of trace and major element contribution to the
blank experimental reactant solution was examined at pH
and Cl� concentration conditions similar to the pyrite pre-
cipitation experiment. The results of the blank experiment
demonstrate that the contribution of Fe and Os to the
hydrothermal reactant fluid amounted to be 0.43 mmol/kg
and 1.4 pmol/kg, respectively (Table 1). The initial dis-
solved concentrations of Fe and Os from the pyrite precip-
itation experiment were approximately 39 mmol/kg and
2 lmol/kg, respectively (Fig. 2(a) and Table 1). Upon the
addition of the thiosulfate solution into the reactor and dis-
proportionation to dissolved H2S and HSO4

�, the concen-
tration of dissolved Fe and Os decreased markedly, to
approximately 13 mmol/kg and 67 pmol/kg, respectively,
as a result of pyrite precipitation and incorporation of Os
within the formed precipitate (Fig. 2(b)). With increasing
degrees of reaction progress, Fe and Os decreased in con-
centration until reaching a near steady-state composition,
approximately 13 mmol/kg and 4 pmol/kg, respectively,
over the course of approximately 300 h. The dissolved S-
species remained at a near steady state concentration of
approximately 14 and 68 mmol/kg for H2S and HSO4

�,

respectively. The calculated DOs=Fe
Pyrite�Fluid , as determined

through Equation (5), ranged from approximately 10 and
15 throughout the experiment, with an average of 13.

Scanning electron microscopy images of the product
pyrite recovered at the termination of the experiment
demonstrate that pyrite is the sole sulfide product formed.
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The morphology of the pyrite precipitate is euhedral with a
grain size distribution ranging from submicron to a few tens
of microns in length, similar to pyrite precipitate formed
from experiments conducted by Syverson et al. (2013) and
Syverson et al. (2015) (Fig. 2(b)). The resulting Raman
spectrum demonstrated that the mineral formed during
the experiment was pyrite (Fig. S3), with diagnostic peaks
at 340, 375, and 433 cm�1, consistent with pyrite spectra
in the RRUFF database (Downs, 2006) as well as those
presented by White (2009). Further, BSE images of the pol-
ished grain mounts of the pyrite precipitate and analysis via
EDS corroborate that pyrite is the sole sulfide mineral
formed in Expt. #1 (Figs. S4 and S5).

Thermodynamic modeling of the overall solution chem-
istry indicates that pyrite is undersaturated with respect to
the fluid composition, similar to fluid saturation calcula-
tions from pyrite precipitation experiments performed at
the same physiochemical conditions by Syverson et al.
(2013) and Syverson et al. (2015). The calculated undersat-
uration of pyrite is likely attributed to the inability of the
HKF equation state to properly describe the molecular-
scale contributions to the fluid dynamics at the prescribed
experimental conditions (Driesner, 2013; Scheuermann
et al., 2019). The calculated in-situ pH at experimental con-
ditions is determined to be 2.7. The speciated log activities
of H2 and H2S, as determined from total dissolved concen-
trations of H2S and SO4

2�, result in an average of �5.53 and
�1.92, respectively, or in terms of log fugacity O2(g) and
S2(g), �24.97 and �4.35, respectively. Comparison of the
speciated solution chemistry with respect to the Os-
bearing mineral stability fields indicates that OsS2 is
expected to be stable at experimental conditions (Fig. 2
(c)). Speciation calculations of dissolved Fe were used as
an analogue for the speciation of dissolved Os (Fig. S6).
The Fe-Cl speciation results at the representative pH values
of the experiments, pH350�C of 2.7, versus MOR fluids,
pH350�C approximately between 4.5 and 5.0, indicate negli-
gible differences in the overall speciation of dissolved Fe,
thus, likely the same for dissolved Os. Overall, these results
indicate that the Os/Fe partition coefficient between pyrite
and fluid determined in this experimental study is valid
Fig. 2. (a) The experimental change in dissolved Fe and Os as a conseque
Os measurements are smaller than the gray and blue symbols, respectiv
recovered at the termination of Expt. #1. (c) Stability diagram of Os-bear
indicating that the experimental system is within the stability field of OsS2
simulations at chemical conditions representative of basalt-hosted MOR h
interpretation of the references to color in this figure legend, the reader
for the interpretation of Os-partitioning during sulfide min-
eralization at physiochemical conditions representative of
MOR hydrothermal environments.

Comparison of the observed changes in the dissolved Os
concentration before and after the precipitation event rela-
tive to the measured Os concentration of pyrite allowed
quantification of the integrity of mass balance within the
experimental system and the homogeneity of Os in pyrite.
Triplicate analysis of the Os concentration in the product
pyrite demonstrated slight Os heterogeneity in product pyr-
ite, with an average of 183 ± 11 ppm with a range of
approximately 22 ppm. In consideration of the Os hetero-
geneity in product pyrite, the overall Os mass balance indi-
cates that approximately 86–96% of Os is accounted for
within the entirety of the experimental system, primarily
retained in product pyrite relative to residual dissolved
Os. This confirms that Os is not lost within the experimen-
tal reactor and during the sampling, purification, and load-
ing procedures required for N-TIMS analysis. Further, the
187Os/188Os ratios of the experimental solutions and pyrite
are similar to the DROsS composition used to enrich the
reactant solution with dissolved Os, suggesting negligible
Os contamination throughout the experiment and isotope
fractionation upon partitioning into pyrite precipitate.
3.2. Os concentration and isotope composition of EPR 9�
500N sulfide

The Os concentration and 187Os/188Os isotope composi-
tion of the chalcopyrite sampled from the chimney sulfide
recovered from the P-vent at the EPR 9�500N hydrothermal
system is 4.46 ppt and 0.2096, respectively (Figs. 1 and 3,
Table 1). The Os concentration and isotopic composition
of this chalcopyrite separate is similar to chimney sulfide
sampled from the EPR 21�N hydrothermal system and is
similar in Os isotopic composition of the sampled
hydrothermal fluids sampled from the Juan de Fuca Ridge
hydrothermal systems, Axial Volcano and Main Endeavour
(Roy-Barman and Allègre, 1994; Sharma et al., 2000;
Sharma et al., 2007).
nce of pyrite formation. The uncertainty associated with the Fe and
ely. (b) Scanning electron microscopy image of the product pyrite
ing minerals relative to the speciated experimental solution samples,
. Further, the geochemical model output of the SW:HF mass mixing
ydrothermal systems is shown by the gray region of figure (c). (For
is referred to the web version of this article.)



Fig. 3. Boxplots representing the Os concentration (a) and isotopic
composition (b) distribution of each Os-bearing material sampled
from MOR hydrothermal systems. The Os data of dredged sulfide
minerals are derived from a large range of MOR hydrothermal
systems (Ravizza et al., 1996; Zeng et al., 2014), active massive
sulfide minerals are from core recovered during the ODP Leg 158 at
the TAG hydrothermal system (Brügmann et al., 1998), hydrother-
mal fluids are from the Juan de Fuca Ridge (JdFR), Axial Volcano
and Main Endeavour hydrothermal systems (Sharma et al., 2000;
Sharma et al., 2007), and chimney sulfide minerals are sampled
from active vents at the EPR 9�500N and 21�N hydrothermal
systems (this study and Roy-Barman and Allègre (1994), respec-
tively). The 187Os/188Os of the sulfide minerals are predominantly
bounded by the Os isotope compositions of seawater and oceanic
crust, approximately 1.06 and 0.126, respectively. The Os concen-
trations for MORB and primitive mantle/peridotite are from
Gannoun et al. (2007) and Day (2013). See Fig. S7 for sulfide
mineral-specific Os concentration distributions between chalcopy-
rite, pyrite, sphalerite, pyrrhotite, and massive pyrite.
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3.3. Os/Fe mixing and pyrite-fluid partitioning modeling

The SW:HF mixing calculations were simulated between
the mass ratios of 0 and 4 (Fig. 4). The simulations indicate
significant changes in fluid chemistry and minerals formed
throughout this SW:HF mixing range. For example, upon
increasing SW:HFmassmixing ratios of conductively heated
seawater (250 �C) with high temperature hydrothermal fluid
(400 �C), the fluid mixture temperature decreased from 400 �
C to approximately 280 �C (Fig. 4(a)). Additionally, dis-
solved Fe2+ decreased significantly as a result of the precipi-
tation of Fe-bearing sulfide minerals, predominantly pyrite,
and the pH evolved to more acidic conditions to maintain
charge balance upon mineral formation (Fig. 4(b)–(d)).

For the Os modeling calculations (Fig. 5), the relative
change in dissolved Fe, f, (Figs. 4(b) and 5(a)) is used to
model the change in the Os concentration (Fig. 5(b)). This
effectively accounts for the change in the Os concentration
of hydrothermal fluid upon partitioning with sulfide-
mineral precipitate (Equation (5)), where the change in
the SW:HF mixing ratio is the primary control dictating
the amount of sulfide formed, i.e. the change in f (Equation
(6)). Knowledge of the change in the unradiogenic Os con-
centration of the hydrothermal fluid upon mixing with sea-
water, with a known Os concentration of approximately 50
fmol/kg and 187Os/188Os ratio of 1.06, can then be used to
predict the change in the 187Os/188Os composition upon sul-
fide precipitation during SW:HF mixing, where pristine
hydrothermal fluid is predicted to have an 187Os/188Os com-
position of approximately 0.126 (Fig. 5(c)) (Sharma et al.,
2000; Sharma et al., 2007). The change in the Os concentra-
tion and isotope composition are coupled through the
degree of dissolved Fe2+ removed, f, upon SW:HF mixing,
and are modeled together for comparison with natural
hydrothermal fluids and sulfide minerals (Fig. 6).

4. DISCUSSION

4.1. Mineral and fluid speciation and solubility of Os at

hydrothermal conditions

As previously reported, the expected speciation of dis-
solved Os at experiment conditions is likely complexed to
chloride in the form of distorted octahedral Cl-complexes,
such as [OsClx(H2O)6�x]2�x, where � = 0–2 (Xiong and
Wood, 2000; Brugger et al., 2016). Experimental results in
this study indicate dissolved Os concentrations approxi-
mately 102-103 times less in magnitude relative to solubility
measurements of pure OsS2 and OsO2 in saline solutions at
elevated temperatures, 400–500 �C (Xiong and Wood,
2000). This observation suggests that the Os/Fe solid solu-
tion within pyrite is controlling the solubility of dissolved
Os in the reactor solution rather than a distinct Os-
mineral (Xiong and Wood, 2000). Additionally, the time-
series change in the concentration of both dissolved Os
and Fe upon pyrite formation suggests that the elements
co-precipitated as pyrite. Further, solid characterization
through SEM imaging, Raman spectroscopic measure-
ments, and EDS (Fig. 2(b), S3–S5) collectively corroborate
that pyrite was the sole mineral formed, where Os exists as a
trace element within pyrite.

4.2. MOR high temperature hydrothermal fluids

Together, the experimental results and geochemical
modeling validate the hypothesis that the process of pyrite
precipitation in the subseafloor of MOR hydrothermal sys-
tems acts as a significant control on the concentration and



Fig. 4. Thermodynamic calculations simulating the effect of seawater-hydrothermal fluid mass mixing ratios, SW:HF, at a range between 0
and 4. (a) The change in temperature as a result of mixing conductively heated seawater at 250 �C and hydrothermal fluid at 400 �C. (b) and
(c) The change in dissolved Fe due to the formation of Fe-bearing minerals, primarily pyrite, and anhydrite. (d) The change in pH reflecting
proton production upon mineral precipitation.
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isotope composition of Os in deep-seated hydrothermal flu-
ids (Figs. 2–6). For example, Sharma et al. (2000) and
Sharma et al. (2007) calculated, through conservative mix-
ing relationships, the original Os isotopic composition
and concentration of natural high temperature hydrother-
mal fluids prior to significant sulfide precipitation in the
subseafloor. Specifically, for the Main Endeavour and Axial
hydrothermal systems, the aforementioned authors utilized
mass balance modeling of Os and Sr concentration and iso-
tope composition of sampled hydrothermal fluids and sea-
water to calculate the composition of pristine deep-seated
fluids in the subseafloor. Their calculations result in
enriched Os concentrations for pristine hydrothermal flu-
ids, approximately between 1300–2600 fmol/kg, signifi-
cantly greater than the concentration of Os in seawater,
which is approximately 50 fmol/kg. The predicted elevated
Os concentration of these pristine endmember hydrother-
mal fluids is largely different from sampled high tempera-
ture vent fluids emanating from the seafloor, which have
Os concentrations that are significantly depleted, approxi-
mately between 10 and 200 fmol/kg, and have 187Os/188Os
compositions intermediate between MORB and seawater
(Figs. 3 and 6(a)). This comparison provides insight on
the controls dictating the concentration of Os and its iso-
topes of sampled high temperature fluids which indicate a
contribution of circulating conductively heated seawater
mixing with hydrothermal fluid, effectively inducing signif-
icant precipitation of pyrite in the subseafloor and chemical
modification of the buoyantly rising hydrothermal fluid.
Specifically, the model results relative to the Os concentra-
tion and isotopic composition of fluids sampled from the
Juan de Fuca Ridge (JdFR) hydrothermal systems indicate
that approximately 10–15% of dissolved Fe is removed as
sulfide precipitate within the subseafloor (Fig. 6(c)).

No other high temperature hydrothermal fluids have
been sampled from active MOR environments specifically
for Os concentration and 187Os/188Os analysis. Other
estimates have been made by the utilization of Os
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concentration and isotope systematics of sulfide minerals
and metalliferous sediments to predict the Os composition
of hydrothermal fluids from which they are formed upon
mixing with seawater (Brügmann et al., 1998; Cave et al.,
2003) (Fig. 6(a)). Specifically for the basalt-hosted TAG
hydrothermal system, Brügmann et al. (1998) estimated
the hydrothermal fluid composition from the Os composi-
tion of massive sulfides sampled from the interior of an
active sulfide mound, resulting in an Os concentration
and 187Os/188Os composition of approximately 160 fmol/
kg and 0.37, respectively. This predicted Os composition
of hydrothermal fluid from TAG is similar to the fluids
sampled from the basalt-hosted JdFR hydrothermal sys-
tems. Together, the basalt-hosted high temperature
hydrothermal fluids have an average Os concentration
and 187Os/188Os composition of 70 fmol/kg and 0.24,
respectively. Alternatively, elevated Os concentration and
the intermediate 187Os/188Os isotopic composition of metal-
liferous sediment surrounding the ultramafic-hosted Rain-
bow hydrothermal system along the Mid-Atlantic Ridge
have collectively been used to predict the Os concentration
of high temperature hydrothermal fluid venting from the
seafloor into the overlying seawater column (Cave et al.,
2003). In particular, this study predicts high concentrations
of unradiogenic Os, approximately between 500 and 1400
fmol/kg, in hydrothermal fluids venting from the seafloor
at Rainbow, much greater in concentration relative to mea-
sured concentration Os of vent fluids from the JdFR basalt
hosted hydrothermal systems. This comparison suggests
that the pristine deep-seated hydrothermal fluid in the sub-
seafloor of ultramafic-hosted systems, such as Rainbow,
must also be significantly greater in concentration than
500–1400 fmol/kg to account for sulfide precipitation effects
in the subseafloor, possibly exceeding concentrations of
10 pmol/kg; as estimated through the Os concentration of
primitive mantle and oceanic crust with a range of represen-
tative of water/rock ratios representative of reaction condi-
tions in the subseafloor of MOR hydrothermal systems
(Coogan and Dosso, 2012; Peucker-Ehrenbrink et al.,
2012; Day, 2013).
Fig. 5. The model output from the SW:HF mixing simulations
coupled with Os partitioning and isotope mass balance as a
function of dissolved Fe removal due to sulfide precipitation. (a)
The degree of dissolved Fe2+ remaining in the hydrothermal fluid,
f, as a function of SW:HF mixing ratios; (b) the degree of dissolved
Os removed and (c) the change in 187Os/188Os of pristine
hydrothermal fluid as a function of f, b and c, respectively. For
figure (b), the concentration values represent the initial Os
concentration. Specifically, for figure (b) and (c), the Os/Fe
apparent partition coefficient used for modeling is 13. For figure
(c), the 187Os/188Os ratio of the hydrothermal fluid is bracketed
between the compositions of seawater and oceanic crust, as shown
by the dashed lines.
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4.3. MOR sulfide minerals

The modeled Os composition of MOR hydrothermal
pyrite precipitate can be determined and compared with
natural sulfide minerals sampled from a range of MOR
hydrothermal systems (Figs. 3, 6(b) and (c)) (Roy-Barman
and Allègre, 1994; Ravizza et al., 1996; Brügmann et al.,
1998; Zeng et al., 2014). The Os/Fe partitioning behavior
of pyrite – fluid is expected to be similar to other sulfide
minerals sampled from MOR hydrothermal systems
(Fig. S7). For example, the median Os concentration of
chimney-derived chalcopyrite is 23 ppt whereas chimney-
derived pyrite is 17 ppt. The dataset suggests that both chal-
copyrite and pyrite have a similar affinity for partitioning
Os derived from hydrothermal fluid. In general, the Os con-
centration and 187Os/188Os composition of sulfide minerals
vary significantly depending on the sampling site within
hydrothermal environments located throughout a range of
MOR spreading centers. The dredged chimney and massive
sulfides presented by Zeng et al. (2014) are sampled from a
range of MOR environments from ultramafic-hosted to
basalt-hosted hydrothermal systems, where the former is
expected to be relatively enriched in PGE (Kuhn et al.,
2005). However, comparison of the Os concentration of
the massive sulfides sampled from this particular dataset
demonstrate no clear Os concentration difference but are
suggestive of forming from Os-bearing hydrothermal fluids
at concentrations similar to or greater than 103–104 fmol/
kg. The 187Os/188Os composition of these dredged chimney
and massive sulfides, however, exhibit signatures indicative
of post-depositional processes. These processes could
include interaction with circulating seawater in the sub-
seafloor, such as during sulfide recrystallization and mass-
reworking of massive sulfides, as well as low-temperature
oxidization of extinct hydrothermal sulfide deposits. For
example, the near seawater 187Os/188Os signature but ele-
vated Os concentration of these particular massive sulfides
suggest that unradiogenic Os is either lost to seawater and
effectively replaced by seawater-derived Os, and/or, the
original 187Os/188Os composition of the sulfide minerals
becomes significantly modified due to strong scavenging
and enrichment of seawater-derived radiogenic Os onto sec-
ondary sulfide- and Fe-oxide minerals formed in the sub-
seafloor and at the seafloor-seawater interface (Figs. 3, 6
(b), (c), and S8). These processes may contribute to the wide
range in 187Os/188Os compositions of dredged chimney sul-
fide separates from the TAG hydrothermal system pre-
sented by Ravizza et al. (1996), which also span the entire
range between MORB and seawater, but are at elevated
concentrations, approximately between 104 and 107 fmol/
kg, similar to what is expected for sulfide minerals formed
within active sulfide chimneys from relatively pristine
hydrothermal fluids (Figs. 3, 6(b) and (c)).

Distinct differences exist in the range of Os concentra-
tion and 187Os/188Os isotopic composition between sulfide
mineral samples taken from active hydrothermal environ-
ments, such as for the TAG massive pyrite sampled from
the subseafloor of the actively forming sulfide mound, rela-
tive to chimney sulfide minerals sampled from the interior
of active vents at the EPR 9�500N and 21�N (Fig. 3 and
Fig. 6(b) and (c)) (Roy-Barman and Allègre, 1994;
Brügmann et al., 1998). The TAG and EPR hydrothermal
systems are basalt hosted along slow and fast-spreading
MOR centers, respectively. The massive pyrite range in
Os concentration approximately between 102 to 104 fmol/
kg and have an intermediate 187Os/188Os range between sea-
water and MORB, with an average of 187Os/188Os ratio of
0.95 (Brügmann et al., 1998). The distribution in Os con-
centration and isotopic composition of the TAG massive
pyrite compared to the modeled pyrite composition indicate
that the pyrite formed from a highly modified hydrothermal
fluid that had a significant fraction of dissolved Fe removed
upon pyrite precipitation in the subseafloor, approximately
30% (Fig. 6(c)). Comparatively, chalcopyrite sampled from
the interior of active sulfide chimneys, such as from the
EPR 9�500N (Fig. 1, ALV 5009) and from the EPR 21�N
hydrothermal system (ALV 981) (Figs. 3, 6(b) and (c)),
indicate that the minerals form from the mixing of
hydrothermal fluids that are predominantly unradiogenic
and elevated in concentration, up to 1000 fmol/kg, with a
small contribution of admixed seawater (Roy-Barman and
Allègre, 1994). Specifically, the chalcopyrite samples from
EPR 9�500N and 21�N have Os concentrations and
187Os/188Os compositions ranging approximately between
2–6 � 104 fmol/kg and 0.2096 and 0.2515, respectively.
The chalcopyrite sulfide separates are in close agreement
with modeling predictions for a fraction of approximately
85–90% of dissolved Fe2+ remaining in the hydrothermal
fluid, similarly predicted from the composition of high tem-
perature fluids sampled from chimney structures at the
basalt-hosted MEF and Axial Volcano hydrothermal sys-
tems along the JdFR (Fig. 6(c)).

Disregarding samples representative of 187Os/188Os
post-depositional effects, the compositional differences
between the massive sulfide minerals relative to chimney
sulfide minerals likely reflect significant differences in the
hydrothermal flow pathway in the subseafloor. Specifically,
high temperature hydrothermal fluids may be focused along
conduits from the deep-seated reaction zone to the seafloor,
allowing significant unradiogenic Os transport to the sea-
water with limited sulfide precipitation. In contrast, diffuse
fluids may mix with pervasive amounts of conductively-
heated seawater circulating in the subseafloor, generating
massive sulfides from SW:HF fluid mixtures with very little
dissolved unradiogenic Os remaining with an 187Os/188Os
signature of the SW:HF fluid mixture similar to the compo-
sition of seawater.

4.4. MOR Os contribution to the oceanic mass balance

The flux estimated in this study may underestimate the
contribution from ultramafic-hosted high temperature
MOR hydrothermal systems, which may account for up
to �30% of all hydrothermal systems and are predicted to
produce high-temperature fluids with Os concentrations
significantly greater than basalt-hosted systems
(Figs. 3 and 6(a)) (Sharma et al., 2000; Sharma et al.,
2007; Coogan and Dosso, 2012). For example, the modern
flux of Os into seawater sourced from high temperature
basaltic-hosted MOR hydrothermal systems is estimated
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from this study to be 0.7–4.2 mol/yr, as determined from
the average hydrothermal Os concentration of fluids from
the basaltic systems, and range of the hydrothermal H2O
flux, 70 fmol/kg and 1 � 1013–6 � 1013 kg H2O/yr, respec-
tively, with a 187Os/188Os range skewed towards the compo-
sition of unradiogenic oceanic crust (Fig. 3) (Elderfield and
Schultz, 1996; Brügmann et al., 1998; Sharma et al., 2000;
Sharma et al., 2007). Depending on the hydrothermal fluid
flux, this high-temperature MOR Os flux is similar and
encapsulates previous estimates reported by Sharma et al.
(2000) and Sharma et al. (2007) (2.8 mol/yr). This value is
significantly smaller than the hydrothermal Os flux used
by Li and Elderfield (2013) (52 mol/yr), suggesting there
still may be a missing source of unradiogenic Os and thus
an imbalance in the modern Os mass balance. As also sug-
gested by Sharma et al. (2007) and Peucker-Ehrenbrink and
Ravizza (2000), the deficit in a source of unradiogenic Os to
the oceans may be attributed to the fact that basalt-hosted
systems have only been investigated and other Os sources,
such as low temperature weathering of oceanic crust,
remain largely unconstrained (Sharma et al., 2007).

The transition in the physiochemical conditions experi-
enced by the hydrothermal fluid upon venting into cold
and oxidizing seawater induces significant changes in the
speciation of dissolved Os and will have an effect on the fate
of hydrothermally-derived Os in seawater. For example, in
high-temperature hydrothermal fluids at subseafloor MOR
physiochemical conditions, dissolved Os is predicted to
exist as Os2+ and complexed with dissolved Cl� (Xiong
and Wood, 2000). Upon venting into oxidizing seawater,
Fig. 6. Model constraints on the Os concentration and 187Os/188Os
composition during sulfide precipitation relative to natural obser-
vations of MOR hydrothermal fluids and sulfide minerals, which
include chalcopyrite, pyrite, sphalerite, and pyrrhotite. (a) Model
comparison with Os observations of high temperature hydrother-
mal fluid sampled along the JdFR are shown in blue circle symbols.
The predicted dissolved Os concentration and 187Os/188Os compo-
sition of fluids from TAG and Rainbow are shown in green and
white circle symbols, respectively (Brügmann et al., 1998; Cave
et al., 2003). (b) Comparison of hydrothermal sulfide minerals from
a range of MOR vent systems with the model Os concentration and
187Os/188Os composition relations (Roy-Barman and Allègre, 1994;
Ravizza et al., 1996; Brügmann et al., 1998; Zeng et al., 2014). (c)
The distribution and median of sampled hydrothermal fluids,
active massive sulfides and chimney sulfides, and dredged sulfides,
which are described as the blue circle, green triangle and purple
pentagon, and orange square, respectively. The horizontal tie lines
indicate the relative amount of dissolved Fe2+ remaining in the
modeled hydrothermal fluid. The plot symbols and colored areas
are representative of the legend symbols in figure (a) and (b) for
fluid and minerals, respectively. Also, it is reminded that multiple
sulfide minerals were plotted in comparison with the Os/Fe
partition model, specifically chalcopyrite, pyrite, sphalerite, pyr-
rhotite, and massive pyrite (Fig. S7). (For interpretation of the
references to color in this figure legend, the reader is referred to the
web version of this article.)
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hydrothermally derived dissolved Os is expected to become
oxidized and exist predominantly as an oxyanion species,
similar to dissolved V and Mo in modern seawater, and
may complex to dissolved organic ligands and become scav-
enged onto Fe3+-oxide minerals and/or organic matter
within the hydrothermal plume overlying the seafloor
hydrothermal system (Palmer et al., 1988; Ravizza and
McMurtry, 1993; Woodhouse et al., 1999; Ravizza et al.,
2001a; Cave et al., 2003). On a much broader scale, changes
in atmospheric and seawater chemistry throughout Earth’s
past may have influenced the physiochemical processes
within high-temperature hydrothermal systems and thus
the amount of sulfide precipitation in the subseafloor,
which could potentially alter the hydrothermal Os flux
(Kump and Seyfried, 2005; Antonelli et al., 2017). It is clear
that uncertainties in the Os system still exist, and future
studies are encouraged. Nevertheless, our results corrobo-
rate the efficient control of sulfide mineral precipitation
on the source of hydrothermal Os, indicating that, in the
modern environment, the flux of unradiogenic hydrother-
mal Os plays a minimal role in the Os oceanic mass balance
(Ravizza et al., 1996; Peucker-Ehrenbrink and Ravizza,
2000; Sharma et al., 2000; Peucker-Ehrenbrink et al.,
2003; Sharma et al., 2007; Peucker-Ehrenbrink et al., 2012).

5. CONCLUSIONS

Experimental and geochemical results from this study
demonstrate that dissolved Os derived from deep-seated
hydrothermal systems along the MOR system is strongly
affected by partitioning into sulfides, such as pyrite, upon
precipitation within the subseafloor. Natural sulfides from
active and inactive MOR hydrothermal environments cor-
roborate the inference that fluids are enriched in dissolved
Os at concentrations greater than 1000 fmol/kg, prior to sul-
fide precipitation. This study highlights the need to perform
more experimental studies which focus on the partitioning
systematics of trace and ultra-trace elements between miner-
als and fluid, that are increasingly used as geochemical prox-
ies to better understand Earth system processes. Conditions,
which are not considered magmatic, but at hydrothermal
and low temperature conditions, are subjected to PGE par-
titioning effects and should be further examined to elucidate
the processes imposing these signatures recorded in minerals
and fluids. Using similar novel experiments and characteri-
zation techniques, such as EXAFS synchrotron measure-
ments, will expand our understanding of the coordination
and oxidation state of Os and PGE within fluids and miner-
als in complex hydrothermal environments. The coupling of
experiments with thermodynamic modeling is a powerful
tool as it provides a process-oriented perspective on how
mineral formation dictates the fate of highly siderophile
and chalcophile elements at a range of physiochemical con-
ditions representative of hydrothermal environments.
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