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ABSTRACT

Seafloor hydrothermal wents reprezent potential sources of Mo and other biologically relevant transition metals
to the global ocean, complementing continental runoff. Here, we uze a combination of experimental, theoretical,
and field-sampling approaches to investigate the behavior of Mo in bazalt-hosted zeafloor hydrothermal systems
to provide insight into the processes controlling Mo concentrations in hydrothermal fuwids and to derive est-
mates of vent fluid Mo concentrations and fluxes. Results of thiz study demonstrate that reaction fluids generated
from 350 °C, 500 bar hydrothermal bazalt alteration experiments contain 775801 nmol,/kg Mo amnd are thuos
comparable to a recently collected time series of natural zeafloor vent fluids that con@ined 200-220 nmol kg Mo
at 302 °C and 29-30 nmol/kg at 281-282 °C (Evans et al , 2023). Synchrotron-based analyses of experimentally
altered basalt produced in this smdy and additional natural samples of altered oceanic crust orginally collected
from Pito Deep Rift reveal the presence of Mo-rich particles consistent with race molybdenite. Comparizons of
Mao:Cu ratios in natural vent fluids and near-went zediment rap samples from Main Endeavour Field indicate that
wvent fluid Mo iz readily incorporated into buoyant plome particles and adwvected out of the near-wvent feld,
analogous to previous mass balance studies of Cu in thiz region.

Thermodynamic caleulations of molybdenite solubility in the context of mineral-buffered hydrothermal Auids
and comparizons with natural and experimental hydrothermal fluids suggest that high-temperature vent fluids
contain 30-1500 nmol,/ kg Mo. While a minor component of the modem Mo budget, hydrothermal Mo fluxes are
estimated to have constituted 0.3-200: the contemporanesous continental weathering fluxes prior to the ~2.4 Ga
ago “Great Oxidation Event” and widespread oxidative continental weathering. Crwerall, identification of hy-
drothermal vents as a source of Mo-rich plume particles with potential for dizperzal into the wider marine
environment has significant implications for hypotheses regarding the co-evolution of Life and Earth’s enwvi-
ronments, specifically the form and awvailability of Mo in anoxic Archean-Eon oceans, where Mo-dependent
enzymatic pathwayz are thought to have emerged and subzequently ewvolved.

1. Introduction

Fe only have aleo been identified (Josrser et al | 1988; Miller and Eady,
1922). The foundational role of Mo and other nutrient transition metals

Nutrient transition metals are key components of biological enzymes
and the emergent metabolic pathwaye that sustain Life and drive Earth’s
biogeochemical eyeles (e.g, Morel and Price, 2003; Falkowski =t al |
2008). Mustrative of the vital role of transition metals in biology, Mo
enables biological uptake of molecular nitrogen though itz funchional
role in nitrogenase (Burgess and Lowe, 1996). Additional Mo-containing
enzymes are active in biological earbon, sulfur, and nitrogen cyeling,
wherein W may sometimes act az a functional replacement (Maia et al |
201 6). Molybdenum-free nitrogenase variants containing V or reduced

* Correzponding author.
E-mail address: gevans@umn edu (GMN. Evans).

hitpa:/doiorg,/10.1016/).gca.2023.05.018
Received 28 February 2023; Accepted 28 May 2023
Available online 1 June 2023

0016-7037 /% 2023 Elsevier Led. All rights reserved.

in biclogic- amd, potentially, prebiotic chemistry underseores the need
for a better understanding of the controls on transition metal availability
in various natural systems and ecologically relevant environments
throughout geological time.

Current environmental cyeling of Mo 1= characterized by the
oxidative weathering and the high solubility of molybdate (MoOf ) in
oxidized aqueous fluide (Miller =t al., 2011; Eendall =t al | 2017; Grea-
ney et al, 201 28). However, experimental weatherning and izotopic mass
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balance studies (Johnson et al., 2019, Johnson et al., 2021) indicate that
these weathering fluxes would have been much reduced prior to wide-
spread oxidation of Earth s continental surface environments the
commonly referenced Great Oxidation Event (GOE) ~2.4 Ga ago
(Holland, 2002; Canfield, 2005; Lyons et al., 2014) when Mo-
dependent nitrogenase (Stiieken et al., 2015; Garcia et al., 2020; Par-
sons et al., 2021) and other Mo-dependent enzymes (Schoepp-Cothenet
et al., 2012; Weiss et al., 2016) are thought to have evolved. Conse-
quently, it has been proposed that life was Mo- (and V-) limited prior to
the GOE (e.g., Anbar and Knoll, 2002; Zerkle et al., 2006; Sanchez-
Baracaldo et al., 2014), consistent with geochemical and Mo-isotope
evidence from Archean Eon marine sedimentary rocks (Wille et al.,
2013) indicating that seawater was Mo-poor compared to modern,
oxygenated oceans.

In this context, it has been proposed that V- and Fe-only nitrogenases
represent more primitive variants that evolved under low-Mo conditions
characteristic of pre-GOE oceans (Anbar and Knoll, 2002). However,
more in-depth genetic and phylogenetic investigations indicate that Mo-
dependent nitrogenase is, in fact, ancestral to these metal-replaced al-
ternatives (Raymond et al., 2004; Boyd et al., 2011; Garcia et al., 2020,
2022). Further complicating this picture are demonstrations that Mo
concentrations in modern anoxic aqueous environments are rarely, if
ever, depleted to levels (5 nmol/kg; Zerkle et al., 2006) thought to be
limiting for nitrogen fixation (Helz, 2021) and that mineral-bound forms
of Mo, V, and Fe are sufficiently bioavailable for nitrogen fixation
(Sheng et al., 2023). Because of these various complications, a better
understanding of the quantities and forms of Mo and other transition
metal inputs to the Archean Eon ocean is necessary to adequately
characterize the environments in which these metal-dependent metab-
olisms may have emerged and subsequently evolved.

Seafloor hydrothermal vents are an important source of transition
metals to the deep ocean and may represent an important source of Mo
to the pre-GOE ocean characterized by lower Mo inputs from continental
runoff, Mo-poor seawater compositions, and estimated greater hydro-
thermal activity (e.g., Kamber, 2010). However, modern hydrothermal
Mo fluxes are poorly constrained, having been overlooked in the context
of much larger continental weathering fluxes (Miller et al., 2011; Ken-
dall et al., 2017), obscured by high modern seawater concentrations
(108 5 nmol/kg, Ho et al.,, 2018), and suffering from a lack of
analytical attention to vent-fluid sampler precipitate fractions (so-called

dregs ) into which Mo preferentially partitions (Trefry et al., 1994;
Schmidt et al., 2007; Evans et al., 2023). The processes by which Mo
may enter and be transported within seafloor hydrothermal systems are
likewise poorly constrained.

Here, we examine processes controlling Mo concentrations in sea-
floor hydrothermal vent fluids through a series of 350 C, 500 bar hy-
drothermal basalt alteration experiments, thermodynamic models of Mo
speciation and mineral saturation, and comparisons of experimental
reaction fluids and reacted solids with natural samples of seafloor hy-
drothermal vent fluids, near-field sediment trap particles, and hydro-
thermally altered oceanic crust. We additionally evaluate the extent to
which these processes may impact understandings of hydrothermal Mo
sources to modern oxygenated and ancient anoxic ocean environments.
Data for V, W and other nutrient transition metals are also reported.

2. Methods
2.1. Hydrothermal experiments

2.1.1. Experimental design

Hydrothermal basalt alteration experiments were conducted at the
University of Minnesota in a ~70 ml titanium-capped gold reaction cell
(Seyfried et al., 1987) loaded into a Kuentzel-closure 316 stainless-steel
pressure vessel (Parker Autoclave Engineers, Erie, PA, USA). Pressure
was maintained at 500 1 bar by water-line connection to a Teledyne
260D ISCO syringe pump (Teledyne ISCO, Lincoln NE, USA) calibrated
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against a 750-bar pressure gauge (Heise, Stratford, CT, USA). Temper-
ature was maintained at 350 5 C by a custom-built resistance coil
furnace linked to a proportional-integral-derivative temperature
controller (Watlow, Winona, MN, USA) controlled and monitored
through a type-K thermocouple (Omega Engineering, Norwalk, CT,
USA) calibrated using a Hot Point Dry Bock calibrator (Omega Engi-
neering, Norwalk, CT, USA).

Solid reactants are 40.00 g No. 100 No. 35 sieve-size (150 500 m
diameter) crushed seafloor basalt originally collected from the East
Pacific Rise (EPR) (Cruise AT-37, Alvin Dive 4838, 09 50.13 N, 104
17.353 W). This sample is an aphanitic enriched mid-ocean ridge basalt
containing plagioclase (labradorite), pyroxene (augite), and minor
titanium-bearing magnetite. A more detailed petrologic description of
this sample may be found in Perfit et al. (2003).

Fluid reactants are alternately a (Na, K) Cl solution initially con-
taining Na 540 mmol/kg, K 10 mmol/kg, and CI 550 mmol/kg
and a (Na, Ca) Cl solution initially containing Na 400 mmol/kg, Ca
45 mmol/kg, and CI 490 mmol/kg. The fluid:rock mass ratio was
initially 1:1 but necessarily decreased as fluid samples were withdrawn,
to a minimum of 0.76 at final sampling (see Results, Table 3). Experi-
ments were run for 50 55 days, guided by previous hydrothermal basalt
alteration experiments demonstrating near steady-state metal concen-
trations after ~30 days of reaction at 350 C (Seewald and Seyfried,
1990).

2.1.2. Sample collection
Fluid samples were collected from the gold cell reaction vessel

through a titanium exit tube (outer diameter 1/4-inch (6.4 mm), inner
diameter 1/16-inch (1.6 mm)) after flushing with ~1 ml reaction fluid
to clear the exit tube of any materials deposited between samplings.
Sample aliquots intended for metals analyses were collected using a
separate gas-tight quick-quench Ti piston sampler that allowed for
rapid extraction of experimental fluid samples (Xing et al., 2022). Use of

quick-quench samplers is intended to prevent deposition of tempera-
ture sensitive metals such as Mo and Cu in the sampling line. Metals
samples were divided into a dissolved fraction obtained by pipetting
fluid out of the piston sampler following sample cooling and depres-
surization and a precipitate fraction obtained by rinsing the sampler
volume and titanium tubing with 1 M HCI prepared from trace metal
grade 12 N HCI (Fisher Scientific, Pittsburgh, PA, USA) and 18.2
M cm ! deionized water. The dissolved fraction was acidified to pH
1 by addition of 1 M HCl, likewise prepared. Residual post-reaction solid
materials were collected at the end of the experiment, rinsed with 18.2
M cm ! deionized water, dried initially in Ar at ~25 C and then dried
more completely in air at 40 C. In preparation for elemental analyses,
fluid samples were diluted ~100 in a 2% HNO3 matrix prepared from
trace metal grade 70% HNOg (Fisher Scientific, Pittsburgh, PA, USA)
and 18.2M cm ! deionized water. Rock samples were digested using
microwave assisted aqua regia HF digestion followed by boric acid HF
neutralization (MARS 5, CEM Corp., Matthews, NC, USA) and diluted in
2% trace metal grade HNOs to a total dilution factor of ~15,000 for
trace elements and ~10 million for major elements.

2.2. Geochemical analyses

2.2.1. Fluid chemistry

Geochemical analyses of pre- and post-reaction fluids and solids were
conducted at the University of Minnesota. Experimental reaction fluids
were analyzed for pH by ROSS pH electrode (Thermo Fisher Scientific,
Waltham, MA, USA), total dissolved sulfide by iodometric titration (U.S.
EPA, Method 9034), H, by gas chromatography (Agilent 6980, Santa
Clara, CA, USA), and major anions by ion chromatography (Dionex ICS-
5000, Thermo Fisher Scientific, Waltham, MA, USA). Analytical details
are provided in Supplementary Materials.
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222 Elemental analyses

Elemental analyees of reaction fluid and rock samples were con-
duected using a triple quadrupeole inductively coupled plasma mass
spectrometer (TQ-ICP-MS) (1CAP-T), Thermo Fisher Scientific 1ICAP T0),
Waltham, MA, UsSA). Elemental analyees were calibrated using matrix-
matched calibration lines prepared from NIST-traceable single- and
multi-element standards (SPEX CertiPrep, Metuchen, NJ, USA) and Se,
¥, Ir in-line mternal standards. Dats quality 1z evaluated by recovery of
gravimetrically prepared matrix-matched check samples for fluids and
concurrent analyses of USGS standard reference material BHVO-1 for
rocks. Fluid metal concentrations were reconstructed by mathematical
addition of “dizzolved” and “precipitate" fractions.

2.2.3. Electron microprobe analysiz

Selected aliquots of unreacted and reacted basalt were mounted in
epoxy and prepared as 30-pm thin sections. Electron microprobe ana-
lyses (EMPA) of major and minor elements (51, Al, Ca, Fe, Mg, Na, Ti,
Mn, K, Cr) were performed at the University of Minnesota using a JXA-
8530FFLug Electron Probe (JEOL, Tokye, Japan). Analysis epot size was
3 pm; beam energy was 15 kV; count times ranged between 10 and 20 s;
spectra were collected on TAP, PETL, TAPL, and LIFL crystals. Calibra-
tion 15 based on a set of m-house silicate and oxmide standarde. Back-
scatter electron images were also collected.
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2.3, Natural samples

To better contextnalize results from hydrothermal experiments and
to provide greater insight into the behavior of natural eyeteme, experi-
mentally derived flnd and solid samples are compared to natural zam-
ples of seafloor hydrothermal fluads, particles collected in near-field
sediment trape, and hydrothermally altered oceanic erust. Seafloor hy-
drothermal fluids are represented by publizhed analyses and a recent
time zeries of nine 281-304 “C vent fluid samples collected from the
Main Endeavour Field (MEF) (47° 57' N, 129° 06' W, ~2200 m water
depth) from October 2019 to May 2020 (Seyfried =t al | 2022; Evans
et al., 2023). Ae evidenced by low Mg concentrations, these vent fluid
(Seviried et al., 2022) and contain 29-220 nmol/kg Mo (Evans et al |
2023), a range which spans modern seawater (Mo = 108 + 5 nmol/kg,
Ho et al, 201 28). Sediment trap samples from roughly the same region of
MEF were collected in 2014-2015 (Fig. 1; Coogan et al, 2017

The behavior of Mo in the subsurface iz examined by reference to
samples collected from Pito Deep Rift (Fiz. 2A), a tectonic window that
exposes ~3 Ma altered oceanie crust originally formed at the southern
Eacst Pacific Rise. Several samples contain elevated Mo concentrations up
t09.26 pg/z Mo (Fiz. 2B; Zhu, 201 6). One of these Mo-enriched samples,
022205-0852 (22°55.44'5, 111°52.8'W, 3197 mbel, Heft ot al | 2008},
wae selected for synchrotron-based analysis. The zelected sample iz a
plagsioclaze-phyric normal mid-ocean ridge basalt containing eecondary

2014-2015: Sediment Trap
Sampler deployed ~40 m south
of Grotto (Coogan et al., 2017)

M Lare

Sediment Trap

2019-2020 : Fluid Sampler deploye at
MEF South BARS (Seyfried et al., 2022)

Fig. 1. (A) Labeled bathymetric map of Main Endeavour Field showing historical vent/deposit structure names (Delaney et al, 1992) and infrastructure of Ocean
Network Canada’s NEPTUME cabled obzervatory (Eelley et al, 2014) as well as the locations of (B) sediment trap zamplez collected in 2014-2015, ~40 m zouth of
the Grotto vent deposit (Coogan et al, 2017) and {(C) wvent fluid time zeries collected in 2019-2020 (Seyfried et al,, 2022).
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Fig. 2. (A) Summary submersible investigations of Pito Deep Rift, Area B: Jason II Transects, Alvin Dives from Pito Deep Cruize AT11-23 in 2005 and Nautile dives
(from Hekinian et al., 1993). Approximate location of sample 0222050852 shown by red circle. Figure modified from original by Jeff Karson. (B) Molybdenum
concentrations in hydrothermally altered oceanic crust from Pito Deep Rift plotted against approximate stratigraphic depth relative to the lava-dike transition zone.
The lava-like mransition iz identified az the deepest observation of a lava for each submersible transect; original water depth iz 2600-4200 m below zea level (Hef
et al., 2008). Sample 0222050852 selected for symchrotron analysziz, which contains 4.6 pg/g Mo (Zhu, 2016), iz highlighted with a red circle. The dazhed black line
and gray bar indicate the estimated fresh-rock Mo concentrations of 0.5 £ 0.1 pg/g based on Yb concentrations in hydrothermally altered samples and covariation of
Yt and Mo in fresh mid-ocean ridge basalt glasses (Zhu, 2016). Bamples were originally selected for a study focuszed on subsurface metal enrichments and may
therefore be biased toward Mo-enriched zamples. (For interpretation of the references to color in thiz figure legend, the reader iz referred to the web verzion of

thiz article.)

plagioclase, amphibole, chlorite, and rare epidote collected from the
sheeted dike section, 392 m below the lava-dike transition, (Heft =t al |
2008). It containe 4.6 pg/z Mo (Zhu, 2016).

2.4. Synchrotron-based analyszes

Samples of pre- and post-reacted EPR basalt were prepared for
synchrotron-based analyees at the Advanced Photon Source, Arsonne
Mational Laboratory, Argonne, [L, USA, beamline 13-ID-E, using a 51
(1,1,1) double erystal monochromator and a Canberra SXD-7 16-
element Ge (3,3,1) detector. Incoming beam energy for micro-X-ray
fluorescence (p-XRF) maps was 20 keV. Data were processed using the
Larch analyeiz package (Mewville, 207 3).

Spectra for Mo k-edge X-ray absorbance near-edge structure (Mo-
XANES) analyses were collected in the pre-edge (19.900-19.990 LeV;
2.5 eV resolution), near-edge (19.990-20.025 keV; 0.25 £V resclution),
and EXAFS (2.562-5.000 A~%; 0.1 A~! resolution) regions of the Mo k-
edge adsorption peak. Energy calibration was performed by assigning
the maximum white line of Mo-foil analyzed in the same session to
20.000 keV, resulting in a Ey shift of +2.998 V. Standards include
natural molybdenite (VWE, Radnor, PA, USA) and synthebic
(NH4)2MoQy, (NHq)zMoSy, MoOs, and MoOg (Ficher Scientific, Pitte-
burgh, PA, USA). For p-XRF mape, interferences on the Mo ka channel
(17.030-17.710 keV) by Zr kbl fluorescence at 17.6682 keV were cor-
rected by reference to the Zr ka channel (15.510-16.030 keV).

2.5. Themodynamic modeling

Thermodynamic modeling was performed using Geochemists'
Workbench (GWB) (Bethle and Yealel, 2012) and a 500-bar thermo-
dynamic databaze generated by PyGeochemCale (Awolayo and Tutolo,
2022). Thermodynamic data for agqueous species generally follow the
Helgeson-Kirkham-Flowers (HEF) equation of state model (Tanzer and
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Helzgezon, 1988; Shock and Helgeson, 1988; Shock et al., 1989; Shock
and Helgeson, 1920). Thermodynamic data for Mo species were caleu-
lated uzing the Umitherm module of HCh (Shvarow, 2008) based on data
from Robie and Hemingway (1995) for molybdenite, Shock et al. (1997)
for MoOj , Minubayeva and Seward (2010) for HMoOj; and
HaMoOy(aq), and Shang et al (2020) for NaHMoQy. In keeping with the
most common practice for denving thermodynamic properties of
aqueous species from experimental data, neutral epecies are assigned
unit activity cocfficients. Relevant databases, input and output files are
included m Supplementary Materials.

3. Results
3.1. Composition of Bast Pacific Rize Bazalt

Bulk geochemical analyees of EPR basalt (BEPR) are presented in
Table 1; major and minor element compositions of constituent mineral
phases are presented in Table 2. Solid phases include plagioclass with an
average composition of NagasCap gsAly 6581z 350s, pyroxens with an
average composition of Cag 54Mzp 47Feg 195103, an interstitial quenched
melt phase exhibiting quench textures of bimodal Mg-rich and Mg-poor
compaosibions, and minor titandum-bearing magnetite contaiming 11-12
wi3h Ti and 0.4-0.5 wi3h Mn (Table 2). Compared to surrounding min-
erals, quenched melt 1= enriched in incompatible elements, Na and K,
and preferentially reacte during hydrothermal alteration (Fig 3.

The initial BEPR sample containg 3.3 + 0.1 pg/z Mo, which iz sub-
stantially higher than the average mid-ocean ndge basalt (MORB)
composibon of Mo 0.46 £ 0.05 pe/er and the enniched MORB
composition of Mo = 0.8 £ 0.2 pg/g (Gale et al | 201 3). Subsequent tests
indicate that Mo enrichment in BEPR is not the result of laboratory
contamination (Supplementary Materials) and perhaps refleet in-
teractions with Mo-rich seawater during and after eruption at the sea-
floor (Perfit et al, 2003). While higher than expected, we emphasize
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Table 1

Elemental analyses of East Pacific Rise basalt (BEPR) and USGS Standard Reference Material (BHVO-1) analyzed by inductively coupled plasma mass spectrometry
(ICP-MS) at the University of Minnesota compared with published values for BHVO-1 from Jochum et al. (2016). BHVO-1 error is calculated as the concentration-
normalized difference between ICP-MS analyses and published values for BHVO-1. 1 is one standard deviation uncertainty based on ICP-MS count rates.

BEPR BHVO-1 BHVO-1 BHVO-1
ICP-MS ICP-MS published Error
Unit Average 1 Average 1 Average 1

Major Elements
SiO, wt % 48.9 0.3 49.4 4.4 49.8 0.12 1%
Al,03 wt % 14.3 0.7 14.0 0.2 13.7 0.05 2%
CaO wt % 12.1 0.2 10.9 0.4 11.4 0.04 4%
Fe;03 () wt % 11.4 0.5 13.0 0.1 12.3 0.04 6%
MgO wt % 7.9 0.3 7.5 0.1 7.2 0.032 4%
Na,O wt % 3.53 0.25 2.28 0.03 2.31 0.022 1%
TiO, wt % 1.37 0.02 2.81 0.05 2.74 0.012 2%
MnO wt % 0.17 0.01 0.17 0.00 0.17 0.0011 1%
K0 wt % 0.14 0.02 0.49 0.04 0.53 0.0046 7%
Total wt % 99.8 100.7 100.2
Trace Transition Metals
A 8/8 308 4 278 19 314 3 12%
Cr 8/g 332 4 314 5 288 4 9%
Co 8/g 55 1 46 1 45 0 3%
Ni g8/g 96 1 118 1 120 2 2%
Cu g/8 109 2 160 2 137 2 16%
Zn g/8 101 2 157 3 105 2 49%
Mo 8/8 3.3 0.1 1.0 0.1 1.1 0.1 9%
Cd ng/g 432 16 269 16 107 13 151%
w ng/g 328 14 104 9 212 12 51%
Trace Alkali Metals
Li g/8 4.3 0.52 4.68 0.48 4.68 0.09 0%
Rb g/8 2.01 0.05 9.80 0.07 9.52 0.1 3%
Cs ng/g 19 3 93 5 103 3 10%

Table 2

Electron microprobe analyses of solid phases in East Pacific Rise Basalt. Compositions of quenched melt phases exhibit variable compositions that generally correlate
with MgO content. Representative compositions interpolated to 8 wt% and 1 wt% MgO are tabulated. Magnetite compositions are based on electron microprobe spot
analyses centered on magnetite grains, extrapolated to SiO, 0 wt%. LOD  Limit of Detection.

LOD Plagioclase Pyroxene Quenched Melt Magnetite
wt % Average 1 Average 1 MgO 8 wt% MgO 1 wt% Si0, 0

Si0, 0.02 50.2 1.3 46.9 1.1 50.5 54.7 0.0

Al,O3 0.02 29.5 0.9 5.5 1.1 15.0 23.4 2.6

Ca0 0.01 13.4 0.7 17.1 1.60 13.4 9.0 0

FeO 0.03 1.0 0.2 11.7 2.96 7.0 2.8 74.3

MgO 0.01 0.3 0.0 14.5 2.0 8.0 1.0 0

Na,0 0.01 3.94 0.42 0.33 0.1 2.9 5.9 0

TiO, 0.01 0.08 0.03 1.61 0.34 0.90 0.3 18.23

MnO 0.03 0.01 0.01 0.27 0.08 0.16 0.0 0.56

K»0 0.01 0.06 0.02 0.01 0.0 0.1 0.4 0

Total 98.6 97.9 97.9 97.5 95.7
that BEPR Mo concentrations are naturally occurring and not suffi- 1990) indicating achievement of a quasi-equilibrium rock-buffered
ciently anomalous to alter our interpretations. steady state condition. Compared to initial fluids, reaction fluids exhibit

Electron microprobe analyses of pre- and post-reaction BEPR sam- lower pH and elevated HsS, Ho, Si, Al, and transition metal concentra-

ples indicate that the chemical compositions of mineral grain interiors tions. Basalt reaction with a (Na, K) Cl fluid at 350 C, 500 bar leads to a
change little during hydrothermal reaction. However, reacted surfaces 32.9 mmol/kg decrease in Na approximately balanced by a 23.9 mmol/
and fine-grained secondary phases are evident in backscatter electron kg increase in K, and a 4.5 mmol/kg increase in Ca (Table 3). Reaction
microscopy images (Fig. 3). Unfortunately, these secondary phases with a (Na,Ca) Cl fluid leads to a 29.6 30.1 mmol/kg decrease in fluid
could not be directly analyzed by EMPA owing to small grain sizes and Ca approximately balanced by a 25.7 mmol/kg increase in K and a 36
related difficulty in achieving a sufficient polished surface area. mmol/kg increase in Na (Table 3). Fluid pH is lower than that obtained

from reaction with the (Na, K) Cl fluid, consistent with expectations
based on the plagioclase (anorthite) epidote (clinozoisite) pH buffering
3.2. Experimental fluid chemistry reaction of Berndt et al., (1989):

Measured pH, Hy, HyS, and SiO, of reaction fluids obtained from
hydrothermal basalt alteration experiments (Table 3) are generally
consistent with those of reversible hydrothermal basalt alteration ex-
periments (e.g., Seyfried and Janecky, 1985; Seewald and Seyfried,

Magnesium concentrations are 0.01 0.03 mmol/kg, which agrees
well with results obtained from previous basalt alteration experiments

32
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Flg. 3. Comparizon of micro X-ray fuocrescence (p-XBF) maps and backzcatter elecoron images of unaltered bazalt (A and B) and baszalt reacted with (Ma,Ca) Cl1
zolution at 350 °C (C and D) shows removal/reaction of K-rich quench melt phase (compare A and C) amd presence of fine-grained secondary minerals (2Znd) in
reacted zamplez (I¥). The identity of secondary minerals iz uncertain, but most likely chlorite bazed on morphological and optical characteristics. Image width of
1-XRF mape iz 1 mm; color scheme iz K (red), Ca (green), Fe (blue); plagioclase appears az bright green, pyroxene as dull green, magnetite as blue, and quenched melt
as red /magenta; incoming beam energy iz 7 keV. Image width of backscattered electron images iz 100 pm. Pl = plagioclaze; Px = pyroxene; () Melt = quenched melt;
Mag = magnetite; 2nd = secomndary minerals. (For interpretation of the references to color in thiz Agure legend, the reader iz referred to the web version of

thiz article.)

involving Mg-free (NaCl solution) and Mg-containing (ie., artificial
seawater) starting fuids. (Seviried and Bischoff, 1281).

Trace transibon metal concentrations are remarkably consistent
between two samples taken from the (Ma,Ca) Cl experiment and likewize
comparable to results from the (Ma,K) Cl expeniment, indicating overall
excellent repeatability of sampling and analytical methods (Table 2).
Most transition metals investigated (V, Cr, Mo, Fe, Co, Ni, Cu, Zn, and
Cd) are present in higher concentrations in the (Na,Ca) Cl reaction fluid
than in the (Na,K) Cl reaction fluid, whereazs W concentrations are
higher in the (Na,K} Cl reachon fluid, and Mo concentrations are
generally the same in fluids from both experiments. The major fraction
of transition metals present in the experimental system remaine in the
solid, however, with typical extraction efficiencies <0 53 (Table 4). The
extraction efficiency of Mn iz somewhat higher than other transition
metale investigated; 7% in the (Na, K) Cl experiment and 15% mn the (Na,
Ca) Cl experiment. For comparison, the extraction efficiency of the
highly soluble Li and K are 78-85% and 85-91%, respectively (Table 4.

Where comparable data exist (Mn, Fe, Cu, Zn), fluid metal concen-
trations resemble those collected from previcus 350 “C reaction exper-
imente (Seyfried and Janecky, 1985; Seewald and Seyiried, 1990). Other

elements—V, Cr, Co, Ni, Mo, Cd, and W— have not been previously
measured in reactions fluds from hydrothermal basalt alteration ex-
perimentz but are generally consistent with expectations based on
measurements of natural seafloor hydrothermal flmdz (e.g., James et al |
1995; Metz and Trefry, 2000; Dichl and Bach, 2020 and references

therein; Evans et al., 2023).

3.3. Micro-XRF and XANES analyses

Molybdenum was not detected in p-XBRF mape of unreacted BEPR
Attempted Mo k-edge XANES spot analyses of Ti-rich (magnetite), Rb-
rich (glass), and Cu- and S-rich (sulfide) regions of epectral maps did
not yvield distinet Mo k-edge adsorption edges except for a few poorly
resolved absorption edges on Ti-nich spots, indicating that Mo concen-
trationz are below or at most similar to the estimated detection limit of
~10 pg/z.

In contrast, Mo was detected in p-XRF mape of altered BEPR samples
from the (Na,Ca)Cl experiment as numerous Mo-rich particles with
cross-eectional diameters of ~10 pm (Fig. 4). Mo-XANES spectra from
these epots exhibit elear Mo adeorption edges (Fiz. &), defimitively
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Table 3
Measured chemistry of hydrothermal reaction fluids. ‘bql is below the quanti-
tative limit, or 10 standard deviations above blank levels.

BEPR 350 (Na,K)Cl BEPR 350 (Na,Ca)Cl

Starting Reaction Starting Reaction Fluid
Fluid Fluid Fluid

Duration days 0 50 0 53 55

Temp. C 25 350 25 350 350

Fluid: g/g 0.98 0.76 1.1 1.1 0.85

Rock

pH at25 C 5.9 5.4 5.5

pH at 6.2 5.6 5.6
350 C

Hy mmol/ 0.23 0.47 0.31
kg

H,S mmol/ 3.57 3.12
kg

Cl mmol/ 547 547 491 491 491
kg

Na mmol/ 537 504 402 437 438
kg

Mg mmol/ 0.01 0.03 0.03
kg

K mmol/ 10.0 33.9 25.7 25.7
kg

Ca mmol/ 4.5 44.6 15.0 14.5
kg

Si mmol/ 19.2 22.9 23.0
kg

Al mol/ 15.6 34.4 33.9
kg

Transition Metals

\Y% nmol/ 1.6 191 48 715 299
kg

Cr mol/ 0.001 1.8 0.08 12.0 12.6
kg

Mn mol/ 0.03 15.6 0.007 34.4 33.9
kg

Fe mol/ 0.1 62.2 0.8 160 256
kg

Co nmol/ 2 bql 32 64.5 281.4
kg

Ni mol/ 0.001 2.7 0.1 20.0 22.7
kg

Cu mol/ 0.01 3.2 0.1 62.6 10.0
kg

Zn mol/ 0.001 5.9 0.1 11.9 8.7
kg

Mo nmol/ 14 801 3 797 775
kg

cd nmol/ 0.08 23.9 4.5 82.1 60.7
kg

w nmol/ 9.3 143 1 86 73
kg

Trace Alkali Metals

Li mol/ 270 247 253
kg

Rb mol/ 15.1 15.9 15.9
kg

Cs nmol/ 96.7 110.1 106.9
kg

confirming the presence of Mo. Molybdenum was also detected in -XRF
maps of altered seafloor basalt from Pito Deep Rift (Fig. 5). As with the
experimental sample, Mo occurs as small Mo-rich particles that yield
clear Mo k-edge adsorption peaks (Fig. 6). Unfortunately, the small size
of these particles, which approached the spatial precision of the sam-
pling stage, and limited analytical time precluded collection of sufficient
spectra to definitively identify the Mo phase relative to measured stan-
dards. Altered basalt from the (Na,K)Cl experiment was not analyzed
based on similar limitations.
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Table 4

Extraction efficiencies of transition metal elements and selected alkali metals
based on measured elemental compositions of EPR basalt (Table 1), fluid
chemistry (Table 3) and a starting fluid:rock ratio of 1:1.

Extraction Efficiency

(Na,K)Cl fluid (Na,Ca)Cl fluid

\Y 0.00% 0.01%
Cr 0.03% 0.19%
Mn 7% 15%
Fe 0% 2%

Co 0%

Ni 0.2% 1%

Cu 0.2% 4%

Zn 1% 2%
Mo 2.2% 2%
Ccd 1% 2%

w 5% 3%

Li 85% 79%
Rb 60% 63%
Cs 68% 77%
K 85% 91%

3.4. Molybdenum solubility calculations

Calculations of aqueous speciation based on thermodynamic data
contained in the employed 500-bar database (Section 2.5) indicate that
insitu pHis pHsso ¢ 6.2 for the (Na,K)Cl reaction fluid and pHsso ¢
5.6 for the (Na,Ca)Cl reaction fluid (Table 3). Based on measured Hy and
HsS, both fluids are calculated to be in the magnetite stability field and
saturated with respect to magnetite, quartz, chalcopyrite, bornite, pyr-
rhotite, molybdenite, and numerous silicate minerals associated with
hydrothermal environments including epidote, clinozoisite, plagioclase
solid solutions, and hedenbergite. The predicted dominant species of Mo
at in situ conditions is NaHMoOy. Calculated Mo solubility with respect
to molybdenite is 283 nmol/kg for the (Na,K) Cl reaction fluid and 69
nmol/kg for the (Na,Ca) Cl reaction fluid. These predictions are signif-
icantly less than measured values of 801 nmol/kg and 775 797 nmol/kg
for the (Na,K) Cl and (Na,Ca) Cl experiments, respectively, and indicate
that solubility models contain a pH dependence of Mo solubility that is
not observed in experimental reaction fluids.

4. Discussion
4.1. Transition metals in hydrothermal fluids

Previous experimental studies designed to reproduce seafloor hy-
drothermal fluids suggest that transition metal concentrations, and the
effects of fluid temperature, salinity, pH, and other chemical parameters
(e.8., fo,, fs,) can be attributed to a near-equilibrium chemical states
achieved between high-temperature aqueous fluids and buffering min-
eral assemblages. Examples include magnetite chlorite amphibole for
Mn and Fe (Seyfried and Ding, 1995; Pester et al., 2011) and chalco-
pyrite for Cu (Seyfried and Ding, 1993). Transition metal concentrations
in seafloor vent fluids are additionally controlled by near surface pro-
cesses that deposit or remobilize seafloor or subseafloor sulfide deposits,
as demonstrated by analyses of fluids from the TAG hydrothermal field
on the Mid-Atlantic Ridge (Tivey et al., 1995) and the 2019 2020 series
of vent fluids collected from Main Endeavour Field (Evans et al., 2023),
among numerous other studies of seafloor vent fluids (e.g., Hannington
et al., 1998; Petersen et al., 2005; Klose et al., 2022).

4.1.1. Chloride complexed transition metals

Thermodynamic data indicate that many transition metals, including
Mn, Fe, Ni, Co, Cu, Zn, and Cd, occur as neutral chloride complexes at in
situ hydrothermal conditions. Dissolution of such metals can be repre-
sented by the equation:
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Ma kal Mo kbl
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Fig. 4. Left Image: Micro XRF map of experimentally altered bazalt bazed on an incoming beam energy of 20 keV. Color scheme iz Mo (red), Ca (green), Fe (blue).
While sircles highlight Mo-rich spots (red). Additional prominent minerals in micro XRF map are plagioclase (dark green), pyroxene (bright green) and magnetite
(blue). Right Image: A representative XRF spectrum of Mo-rich zpot (right) exhibits clearly diztinguizhed Mo ka and kbl fluorezcence peaks as well az predictions of
zensor pile-up (pileup predicton) cavsed by multiple photon impacts on the detector between readouts. (For interpretation of the references to color in this figure
legend, the reader iz referred to the web werzion of thiz article )

Mo kal M kb1
Mo ka2

— Pileup prediction
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10 15 20 25 30 35 40
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Flg. 5. Left Image: Micro XRF map of natrally altered oceanic erest, originally bazalt, from Pito Deep Rift (zample 022205-0852). Incoming beam energy iz 20 keV.
Color zcheme iz Mo (red), Ca (green), Fe (blue). While circles highlight Mo-rich zpots (red). Additional prominent minerals in micro XRF map are amphibole (dark
green), chlorite (bright green) and sulfides (blue-purple). Detection of elevated forescence in the Mo ka band on sulfides iz attributable to pileup of Zn ka florezcence
and doez not clearly indicate prezence of Mo. Follow-op Mo k-edge XANES on these minerals did not reveal a Mo adzorption edge, suggesting Mo concentration < 10
/g, if prezent. Right Image: A representative XRF spectrum of Mo-rich spot exhibitz clearly distinguished Mo ka and kbl fluorescence peaks. “Pileup prediction” iz
the expected background interference caused by multiple impacts of lower energy photons. (For interpretation of the references to color in thiz fgure legend, the
reader iz referred to the web wermsion of thiz article.)

nH* +nCl- + Me,20,, + MeCluy + H,0 nH* +nCl +Me, 28, « MeCl ., + H,8
where Me, 20y represents a metal component of an oxide or silicate
mineral, n is the charge of the metal cation and MeCly .y 1= the neutral
chloride complex in golution (Polooveka et al |, 2008; Xing et al., 202]1).
Thus, these metale are predicted to be more soluble in lower pH, hagher
galinity (i, chlorinity) fluids. Dizsclution of metal sulfide minerals can
be analogously represented:

which introduces a reduced-sulfur dependence. Consistent with the
predicted pH dependence, concentrations of chlonde-complexed tran-
sition metals are higher in the lower pH reaction fluids from the (Ma, Ca)
Cl experiment, an observation which conversely confirms the in situ pH
difference between the two experiments predicted by agueous specia-
tion models.
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Flg. 6. Merged XAMNES spectra of Mo-rich zpots in experimentally altered East
Pacific Rize bazalt (BEPF) and Pito Deep zample 0222050852 compared with
Mo standards. Merge 3 and merge 6 are an averaging of 3 and 6 collected
zpecta, respectively, following detrending and normalization based on the

4.1.2. Molybdenum zolubility equations

Previous studies have indicated that Mo masz balance in basalt 1=
controlled by voleanic glass (quenched melt) and Fe-Ti oxides: magne-
tite and ilmemate (Greaney et al, 2017; Greaney ot al | 201 8), where it
oceurs in +6 wvalance bonded to oxypen (O'Neill and Ezgins, 2002;
Danielzon et al., 2011). Compiled thermodvnamic data and resultant
aqueous speciation models at in situ hydrothermal conditions indicate
that Mo cceurs in 46 valanee as part of the molybdate oxyanion, MoOj ™,
which can be variably complexed with available cations, H' and Na®,
and that hydrothermal fluids are saturated with respect to molybdenite.

Written to the predicted dominant agueous species, dissclubion of
molybdenite can be represented by the following formula-

Na* + 4H:0 + MoS; = NaHMoOuuy + 2H:S+ Ha + H*

Henee, it iz expected that Mo will be more soluble under higher pH,
less reducing, lese sulfidic conditions. A salinity dependence 15 also ex-
pected, albeit because of the increased activity of Na*, rather than €™
The expected solubility of Mo in response to fluid pH and redox condi-
tions contrasts with that of Fe, which iz more soluble under acidic, more
reducing conditions (Fig. 7).

Previous experimental studies of molybdemte solubility under
roughly similar physical-chemical conditions (0.5 mol/kg NaCl fluid
reacting with molybdenite and a pynte-pyrrhotite-magnetite (Py-Po-
Mag) mineral buffer at 350 “C) have reported equivalent or greater Mo
concentrations of up to ~3200 nmol/kg (Wood et al | 1987; Cao, 1982)
and have demonstrated the expected increaze in Mo solubility in
responze to lower reduced sulfur concentrations (Cac, 1989). Unfortu-
nately, direct companzons of eurrent results with these previous ex-
periments are limited by uncertainties surrounding the in sitw conditions
of previous expenimente (e.g., pH, redox) and sensitivity and accuracy of
the analytical and sampling techniques available at the time with respect
to Mo.

Molybdenite-zaturated Mo concentrations caleulated using currently
available thermodynamic data (zee Section 3.3.) are roughly 3-10 times
less than experimental results and suggest a pH dependence of molyb-
denite solubility that ie not observed in experimental fluids. The greater
solubility and apparent lack of pH dependence observed in experiments
relative to thermodynamie models invites the possibility of additional
dizzolved Mo specicz not yet included in thermodynamic models. For
example, it haz been previously proposed that Mo occurs as
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Calculated Mineral-Buffered
Mo and Fe Solubility

Concentration
(mel/kg)

log1n

pH [at 350°C)

m— e (Py-Po-Mag-Mol) = = = Fa |{Hem-Mag-Py-Mol)

Mo (Py-Po-Mag-Mol) = = = Mo [Hem-Mag-Py-Mol)

Flg. 7. Solubility of Mo and Fe at 350 °C, 500 bars as a function of fuid pH in
fuids in the presence of the pyrite-pyrrhotite-magnetite-molybdenite (Py-Po-
Mag-Mol) and hematite-magnetite-pyrite-molybdenite (Hem-Mag-Py-Mol)
mineral buffers az caleulated by GWE React module. Fluid Na and Cl concen-
mrations = 500 mmol/kg.

thiomolybdate species [h{uO{,Jsz‘ﬂ} in sulfidic agqueocus environments
(Erickzon and Helz, 2000). However, high-temperature experiments
indicate that MoS3 ™ iz cnly prevalent at high temperatures (e.g., 286 “C)
if sulfide concentrations >1 mol/kg (Liu =t al | 2020), far greater than
the < 1-20 mmol/ks range of seafloor hydrothermal vent fluids (Dichl
and Bach, 2020) or analog experiments (e.g., Seewald and Seyiried,
1920). It 1= worth noting, however, that the experiments of Liu et al,
(2020) were conducted at vapor-saturated pressure. Henee, thermaoxdy-
namic data for thiomolybdate species at the higher pressures and tem-
peratures relevant to seafloor hydrothermal syetems and analog
experiments are not well constrained.

Alternatively, Cac (1989) proposes the existence of a Mo(45)
aqueous species, MoO(OH):CL based on empincal observations of
“molybdenum blue” in hematite-magnetite (Hem-Mag) buffered exper-
iments, and additional Mo selubility experiments containing Hem-Mag,
hematite-magnetite-pyrite  (Hem-Mag-Py), and Py-Po-Magy mineral-
buffer assemblages. Inclusion of MoO{OH)Cl in thermodynamic cal-
culations based on the reaction cocfficients proposed by Cao (1989
[Table 5) recults in caleulated molybdenite-saturated Mo concentrations
of 200 nmel/kg in (Na,Ca)Cl reaction fluids and 137 nmol/kg in (Ma, K)
Cl reaction fluids. In addition to increasing the Mo solubility, MoQ
{OH)}2Cl (or any other C1™ complex) acts to mitigate the pH dependence

Table 5

Compiled thermodynamic data for Mo species at 350 *C.
P— Log K
(13 MoS; + SH:0 + 4.5 Oz = MoD§~ + 504~ + 6H™ 79.7635°
Z MoO., + HyD + 0.5 Oy = Mo0d- + aH+ — 12 32857
3 MoO; + HyD = MoDi™ + HY —11.6199"
4 HMoO; = HY + Mo}~ —7.3401"
(51 H:Mo0, = 2H" + Mo~ —B.464"
(61 NaHMoDy = Na™ + H" + Mo0Od~ —9.4721°
(7 MoO{OHC = MoDy; + 0.25 03 + HT + &~ + 05 H:0 —10.60"
[£:3] MoO{OHG + 0.5 HyD + 0.25 Oy = MoD3™ + 3H™ + €l —12.9285"

Thermodynamic data for basiz species MoOZ~ from Shock et al. (1997).
* Bobie and Hemingway (1905), Reaction coefficients caleulated with HCh.
¥ Minubayeva and Seward (2010), Reaction coefficients ealeulated with HCh.
€ Shang et al. (2020), Reaction coefficients caleulated with HCh
¢ Cao (1989).
* Caleulated from reactions 2 and 7.
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of molybdenite solubility az pH drives solubility in the opposite di-
rections for the two proposed reactions:

Na* +4H,0 + MoS, = NaHMo0,,; + 2H,5+ Hy + H*

1
H + 3H,0+ MoS; + CI” = MaO{OH),Cl+ 2H,5 + =,

To the best of our knowledge, the existence and thermodynamic
properties of thiz and other potential Mo(4-5) aqueous complexes have
not been rigorously inveshigated. So far, published studies and expen-
ments aimed at deriving thermodynamie data for aqueous Mo species
focus excluzively on Mo (+46) species. Consequently, expenimental fluids
are typically more oxidizing than Hem-Mag, iteelf hghly oxdizing in the
context of natural seafloor hydrothermal systems. Considering that
current thermodynamic data significantly underestimate fluid Mo con-
centrations in these and previous hydrothermal experiments conducted
at Hem-Mag-buffered and more reducing conditions, there iz a need for
further investigations to 1dentify aqueous Mo species under such con-
ditions and, if identified, to derive the relevant thermodynamic data. In
the meantime, some caution is warranted in extrapolating experimental
results to vastly different temperatures or chemical conditions using
currently available thermodyvnamic models.

4.2, Molybdemnum in modern zeafloor vent fluids

4.2.]. Huztorical samples

Previocus samples collected from baszalt-hosted vent fields, Cleft
Segment (Trefry =t al, 1994), TAG hydrothermal mound (Metz and
Trefry, 2000), Main Endeavour Field (Sevfried et al, 2003), contain
variable Mo concentrations, but are typically depleted relative to
seawater (Fig. 8). One exception is a 363 “C flud containing 148 nmol/
kg Mo collected from the TAG hydrothermal mound, a large hydro-
thermal deposit on the Mid-Atlantic Ridge (Metz and Trefry, 2000).
However, these samples also contain variable and often significant
concentrations of Mg, indicative of mixing with seawater and probable
loss of Mo during/prior to sampling Samples collected from the felzie-
hosted Roman Ruine vent field, Manus Basin, used by Miller =t al
(201 1) to develop a model of Mo geochemical eveling in modern surface
environmentz, likewize exhibit vanable Mg concentrations indicative of

b
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seawater mixing prior to sampling and, consequently, probable loss of
Mo.

Samples collected from ultramafie-hosted sites, Rainbow [Douwille
et al., 2002), Logatchev (Schmidt et al, 2007), and Niebelungen
(Schmadt et al | 2011], contain low concentrations of Mo and extrapolate
to consistently low zero-Mg endmember concentrations supported by
low Mg samples (Fig. 2). While these samples are not immune to the
sampling arbifacts mentioned abowve, the lack of any samples with
elevated Mo concentrations and extrapolation to a consistent endmem-
ber suggests these high-temperature ultramafie-hosted vent fluids are in
fact depleted in Mo.

Greater-than-seawater Mo concentrations have aleo been reported in
low-temperature hydrothermal fluids including Baby Bare (Mo = 297 +
3 nmol/kg, Wheat =t al, 2002) and Deorado Outerop (Mo = 126 + 2
nmol/kg, Wheat et al | 201 7). However, these flinds contain significant
concentrations of sulfate and neglizible sulfide, indicative of generally
oxidizing conditions under which Mo 1z expected to be quite soluble and
geochemical processes distinet from those most relevant to high-
temperature hydrothermal cireulation. While these low-temperature
fluids are not discussed further in this paper, they should be consid-
ered for further study of Mo eveling under lower-temperature, inter-
mediate redox conditions.

422 Main endeavour field 20]19-2020 time series

Recently, a time series of nine vent fluid samples was collected from
October 2019 to May 2020 from a 281-304 “C vent at Main Endeavour
Field on the Juan de Fuca Ridge (hereafter, MEF 2019-2020) (Seyvined
et al, 2022). These samples are unique among seafloor vent fluid sam-
ples in that ambient Mg- and Mo-rich seawater was entirely excluded
from the collected samples during sampling and repeat samples could be
obtained at month-long intervals (Sevfried =t al, 2022; Evans =t al |
2023). These samples, which include analyses of vent fluid sampler
precipitate frachons, contain 20-220 nmol/kg Mo, with 4 of 9 zamples
enriched in Mo relative to scawater (Fiz. @, Evans et al., 2023).

That greater-than-seawater Mo concentrations are found in moder-
ately high-temperature vent fluide clearly demonstrates that basalt-
hosted zeafloor went fluids can be net source of Mo to modemn ocean
environments. Moreover, a detailed analyzis of MEF 2019-2020 samples
sheds light on the response of Mo concentrations to changes In the

o 5. Claft (Trefry et al., 1994)
® Main Endeavour Feld [Seyfried et al., 2003)
150 1 ---ap--- MEF 20192020 Time Series (Evans et al,, sub.)
- b F.Y AG {Metz and Trefry, 2000)
= : L ] . . R
= r . A _t‘ A&  Rainbow (Douville et al., 2002)
§ 100 j ™ A A A  Logatche hmidt et al.,, 2007)
= r .. & Nibelungen {5chmidt et al., 2011)
= R N . #  Roman Ruins (Miller et al., 2011}
50 |: » B  Seawater
N
(=) { * £ *
i w
é 10 20 30 a0 50 =)
- Mg (mmolkg)

=

Fig. 8. Publizhed analyzez of Mo in zeafloor vent Auids indicate that vent fuid zamples are typically depleted in Mo relative to ambient seawater. Theze data also
illustrate the difficulty in obtaining vent fluid zamplez uncontaminated by Mo-rich seawater, with the extent of seawater entrainment during sampling indicated by
Mg concentrations. A time series of fluid zamples collected from Main Endeavour Field (2019-2020) includes zeveral zamples with Mo concentrations greater than
zeawater (Evans et al, 2023). Samples from thiz time zeries with the most Mo contain among the lowest Mg concentrations yet reported for seafloor vent fuid
zamplez. Unlike other data shown in the fgure, data from Trefry et al (1994) and Metz and Trefry (2000) are endmember values extrapolated to zero Mg, a techniguoe
best suited to determining concentrations of elementz that behave conservatively during hydrothermal fluid-seawater mixing (Von Damm et al., 1985). This
technique occasionally rezults in negative values attributable to non-conzervative behavior of Mo as vent fluids cool and/or mix with seawater the comparatively
high concentrationz of Mo in seawater. Actual zamples contained higher Mg concentrations (Butterfield and Massoth, 1994). All data shown include analyzes of

zampler precipitate fractions.
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hydrothermal system.

Samples 1 and 2 vented at 302 °C and contain 220200 nmol/kz Mo
and 0.24-0.19 mmel/kg Mg, respectively (Fiz. 9). These low Mg con-
centrations are comparable to those of hydrothermal experiments,
suggesting these pamples are uncontaminated by suwrrounding seawater.
Samples are highly supersaturated with respect to molybdemite, sug-
gesting that Mo concentrations reflect equalibration at higher tempera-
ture conditions, as iz the casze for Fe, Mn, 51, Cl, and indeed most fluid
components (Seyiried ot al | 2022).

Samples 3—6 contain 58-132 nmol/kg Mo and 1.39-3.07 mmol/ks

Geochimica et & himica Acte 353 (2023) 2844

Fig. 9. Temperature, Mg, Mo, Cu, Co concentrations, and Mo:Cu molar
ratios in a time series of vent flnids obtined from Main Endeavour Field.
Low Mg concentrations in samples 1-2 and 7-9 suggest that these zamples
are least affected by entrainment of the reacted seawater component that
affected samples 3 to 6, and thus most clozely reflect high-temperature
hydrothermal reactions. MNombers abowe data points are zample
250 pumbers referred to in the text. Concentrationz of Mo, Cu, and Co
attributable to zampler precipitate fractions are displayed in white.
Reconstructed fluid concentrations are displayed in black Gray stippled
line on Mo graph indicates seawater Mo = 108 nmol/kg.
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Mg (Fiz. 2). While vent fluid temperatures exhibit no change over this
period (302-304 “C), the addition of a Mg-containing fluid in the sub-
surface clearly effects Mo concentrations, as well as Co, which decreazes
from 18 nmol/kg in samples 1 and 2 to 4.0-7.8 nmol/kg in samples 36
(Fiz. ©). Bazed on an observed depletion of sulfate relative to Mg
attributable to subsurface anhydrite precipitation, Seviried <t al. (2022)
propose that the Mz-containing fluid represents an incursion of heated
(=150°C) partially equilibrated seawater rather than contamination by
ambient cold (~2 “C) seawater very close to the vent ornfice. Such an
incursion could reprezent a cooling event deeper in the system that
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enhances precipitation of temperature-sensibive (1e., supersaturated)
elements hke Mo and Co, with little or no effect on seafloor vent fluid
temperatures.

The temperature dependence of Mo and other transibion metals
(except Mn) iz also evident in samples 7-9, which were collected at
281-282 “C followmng an abrupt decrease m wvent fluid temperature
(Fiz. 9). lImportantly, samples 7-9 contain 0.56-0.8 mmol/kg Mg, sug-
gesting that the influx of Mz-contaiming fluid and 1tz accompanying «f-
fects had largely diseipated by thiz time. Henee, a clear temperature
dependence can be observed in which samples 7-9 collected at
281-282 *C contain = 29-30 nmol/kg Mo and samples 1-2 collected at
302°C contain 200-220 nmel/kg Mo (Fig. 9). The 350 “C experimental
reaction flmids containing 775801 nmol/kg Mo qualitatively continue
the observed positive trend between vent fluid temperature and Mo
concentrations, as previously proposed by Metz and Trefry (2000). The
molar ratio of Mo to Cu, ancther temperature-sensitive element, is
3.6-19 % 10" " in Auid sample precipitate fractions and 3.7-19 % 10 Y in
reconstructed fluds. The similarity in these ratioe reflects that the wast
majority of Mo (86-96%) and Cu (93-100%) 1= contained mm sampler
precipitate fractions (Evans <t al., 2023).

4.2.3 Main endeavour field sediment traps

Sediment trap samples from Maim Endeavour Field contsin 9-66 pgs
£ Mo and 0.18-1.2 wi% Cu (Coogan =t al., 2017, Fig. 10). Significantly,
the molar Mo:Cu ratio in sediment trap samples (Mo:Cu = 3.1-5.6 =
1072, Fiz. 10) closely resembles that of MEF 2019-2020 vent fluids and
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Fig. 10. Plot of Cu vz. Mo concentrations in Main Endeavour Field seafloor
zsulfide depositz, sediments, and zediment trap samplez compared with con-
centrations in zampler precipitates from the Main Endeavour Field 2019-2020
time zeriez sampling. Data from Hrischeva and Scoot (2007) inclode zamples
from Mothra Vent Field, alzo on the Endeavour Segment of the Juan de Fuca
Ridge. The total mass of fuid zample particulatez was estimated by adding
equimolar concentrations of sulfur to analyzed metals (dominantly Fe and Zn).
Marker sizez for fluid sampler precipitates are scaled to fluid Mo concentrations
(Fig. 9; Evans et al., 2023).
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fluid precipitate fractions resemble the hydrothermal component of
sediment trap samples, which iz enriched in Me and Cu (Fiz. 10).
Weathered seafloor deposite collected by Hrischeva and Scott (2007)
(Fig. 10) exhibit generally higher Mo:Cu ratios than sediment trap
samples, consistent with adsorption of Mo from surrounding scawater
and/or preferential dissolution of Cu during oxidative szeafloor
weathering.

Previous analyees of sediment trap samples and seafloor sediments
demonstrate that Cu concentrations in sediments decrease charply with
distance from Endeavour Segment went fields, including Main
Endeavour Field This pattern was initially interpreted to indicate that
much of the Cu ematted by MEF hydrothermal vent fluids iz deposited 1n
the near-field environment (Hrischeva and Scott, 2007). However, more
recent mass balance estimates based on denser samplings of sediment
trap- and seafloor sediment samples indicates that, in fact, < 2% of Cu
emitted by MEF vent fluids iz deposited within 1.5 km of the vent field
(Coogan =t al., 2017).

The observation that Mo:Cu ratios in sediment trap samples closely
resemble those of hydrothermal vent fluide leads to two surprising
conclusions. Firet, that much of the Mo in near-field sediment trape is
directly derived from hydrothermal fluids rather than adsorption of
seawater Mo onto hydrothermal plume particles. Second, the lack of
preferential enrichment of Mo in sediment trap samples relative to Cu
suggests that much of the Mo delivered to the ocean by hydrothermal
vent fluids may be transported out of the near-vent field, as previously
demonstrated for Cu

Findlay =t al. (2019] outline a model for hydrothermal plume par-
ticle formation in the first few meters of the buoyant plume. Bazed on
thiz model, nanoparticulate (<200 nm) pyrite forme in firet ~10 em of
plume and persists within the buoyant plume such that it 1z ultimately
advected from the near-vent syetem. Higher in the plume, larger metal
sulfide particles form and preferentially settle (Findlay =t al | 2019).
Analyees of hydrothermal plume particles in the first 1.5 m of buovant
plumes emanating from the TAG, Snakepit, and Rainbow hydrothermal
field on the Mid-Atlantic Ridge, as well as plume particles derived from
various hydrothermal fields in the Lau Basin (southwest Pacific Ocean)
vield observations of nanoparticulate pyrite and chalcopyrite and
associated correlations between Co, Cu, and Fe concentrations (Gartman
et al., 2014; Findlay =t al., 2015).

Samples of near-vent seafloor sediments collected at MEF contain
fine-grained (<10 pm) sulfide particles as components of larger (<300
pm) cryetalline and colloform aggregates bound by Mn- Fe- Si-rich gel
(Hrizcheva and Scott, 2007). Considenng the model of Findlay et al
(2019, these particles likely formed in the first few meters of the
buoyant hydrothermal plume before settling out as near-vent sediments,
which, in the case of fine-grained particles, was likely facilitated by
particle aggregation. Our data indicate that Mo/Cu ratios are preserved
throughout the venting and settling process. We therefore propose that
Mo precipitates early in the venting process, entering the ocean or hy-
drothermal sediments as nanoparticulate material (Fiz. 11). Analogous
to Cu, most of this material iz advected out of the near-vent feld.
However, a small fraction 1= aggregated into larger particles and settles
near the vent.

4.3 Molybdenum in subseafloor hydrothermal systems

Analyees of Mo in altered oceanic erust from Pito Deep Rift indicate
vanable enrichmentz and depletions of Mo (Zhu. 2016, Fiz. 2B),
conzistent with variable hydrothermal extraction and deposition of Mo
in the subsurface. Synchrotron-based pXRF maps and Mo-kedge XANES
of the Mo-enriched sample, 022205-0852, identify Mo-rich particles.
The location of this sample deep within the hydrothermal syetem and
oceurrence of rare fine-grained Mo-rich particles 1z consistent with Mo
enrichment occurring through precipitation of melybdenite from high-
temperature hydrothermal fuids.

Experimentally altered BEPR aleo containe Mo-nich particles,
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A large fraction of vent fluid Mo and Cu escapes settling and is
advected out of the near-vent environment.

Continued mineral growth and particle aggregation in the
hydrothermal plume leads to differential settling of particles.
Original Mo/Cu ratio is preserved by incorporation of early-
formed Mo- and Cu-rich particles into larger settling aggregates.

Sediment trap sample
comprising aggregated metal
~100 pm sulfide particles and Mn- Fe-
Si-rich gel phase (brown)
{Hrischeva and Scott, 2007).

Mixing with seawaterincreases pH, causing precipitation of
larger (> 200 nm) Fe- and Zn- rich metal sulfide particles and
silicate minerals (Findlay et al., 2019). Addition of sulfate leads
to formation of barite, anhydrite (Gartman et al., 2014).

@ Zinc sulfide

Rapid cooling at or near venting induces precipitation of Mo-
and Cu-rich nanoparticles. Nanoparticles (< 200 nm) include

pyrite and chalcopyrite (Gartman et al., 2014).
Manoparticulate pyrite
© MNanoparticulate chalcopyrite

Filg. 11. Summary diagram of particle formation in the booyant hydrothermal plume.

likewnse of uncertain identity, in contrast to unaltered BEPR, where the
lack of Mo-k-edze XAS adsorption edges despite 3.3 pg/s Mo measured
in bulk samples suggests that Mo iz widely distributed, presumably as a
component of quenched melt and titantum-bearing magnetite.

The occcurrence of Mo-enriched, molybdenite-containing samples
below the lava-dike transition zone at Pito Deep Rift resembles analyses
of pyrite in drill cores from the active TAG hydrothermal field, where Mo
iz enriched in the subsurface stockwork zone and where transient peaks
in Mo concentrations during laser-ablation analveis of sulfide minerals
(pyrite and chalecopyrite) in the stockwork are attributed to the presence
of »>30 pm Mo-rich inclusions (Grant =t al | 2018). The association of
molybdemte with the higher-temperature regions of hydrothermal sye-
teme 12 also well known in porphyvry copper deposits, where Cu-Mo
enriched zones occur in the central, highest-temperature regions of the
deposite (e.g., Sillitos, 201 0). Coupled Mo and Cu mobility hazs aleo been
reported In the 3.6-3.2 Ga age volcanic-hosted seafloor hydrothermal
syetems of the Panorama distriet (Huston =t al., 20071).

Henee, a conceptual model can be developed in which Mo, originally
present in voleanie glass, magnetite, ilmenite, and potentially seawater,
iz extracted by high-temperature hydrothermal fluids and reprecipitated
az molybdenite deep within the hydrothermal system. Accordingly,
concentrations of Mo in hydrothermal wvent fluids should reflect the
solubility of molybdenite in the context of reck-dominated fAuid-rock
reactions that buffer fluid pH, fo,, and f;, and salimty that reflects
seawater and subsurface phase separation (e.g., Sevfried and Ding,
1995).

4.2.1. Molybdenite solubility az a function of temperature, H>S, and Hs
Samples of natural and experimental hydrothermal fluids and the
location of the Mo-enriched samples at Pito Deep Rift deep within the
hydrothermal svstem indicate that Mo concentrations in hydrothermal
flunds are haghly sensitive to temperature. Chemical equations for hy-
drothermal molybdenite precipitation indicate additional dependences

on fluid sulfur content and redox states. To construct a model by which
to calculate molybdenite soclubility for “typical” basalt-hosted hydro-
thermal fluids, we start with average vent fluid concentrations of major
elements — CL, Na, K, and Ca— as compiled by Dichl and Bach (2020). For
simplicity, and because the presence of K' iz not predicted to signifi-
cantly modify the chemical behavior of the system, we assume that K
can be effectively modeled as additional Ma® and then adjust the model
fluid chemistry for charge balance, initially modifying Ma* and then
Ca® to accommodate Fe?t (Table 5). Iron 1= set at a concentration of 1
mmeaol/kg to saturate fluids with respect to minerals in the Fe-0-5 syetem.
Following Berndt =t al. (1229, dissolved 81, Al and pH are controlled by
coexistenes of quartz, plagioclase (Angg), and clinozoisite. The presence
of these buffering mineral assemblages results in an in situ pH of 5.5-6.5
throughout the Hs - Ha8 activity region populated by hydrothermal vent
fluids, similar to the measured and ealeulated pH of natural fluids (Ding
et al., 2005).

At the typical vent fluid temperatures of 350 °C, caleulated
molybdenite-saturated Mo concentrations are 5 nmol/kg if Hs and Hs5
are buffered by Py-Po-Mag and 400 nmol/kg if buffered by Hem-Py-

Table 6
Model Input Parametern

Temperature
al-
Ma*
ca?
P
Si0s
H+
AP
Mo
HsE
H,

o

c

)
%EE'E"*EEE
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Mag. Predicted Mo concentrations are 180 nmol/kg at the Hs - HaS
condittons of the 350 “C experiments. Notably, predicted Mo concen-
trations values are 4-5 times less than those measured in experimental
flunds, suggesting that current theoretical models underpredict molyb-
denite solubility or that the expenimental hydrothermal Auids are su-
perzaturated with respect to molybdenite. Either way, vent fluids may be
expected to contain higher concentrations of Mo than eurrent theoretical
models predict, especially if vent fluid Mo concentrations reflect effee-
tive equilibration with molybdemite at higher-than-venting tempera-
tures, as hae been suggested to explain the chemistry of MEF 2019-2020
time gerics vent Auide (Evans et al | 2023) (Fig. 12).

4.4, Modern and Archean flioc estimates

Evidence from hydrothermal experiments, natural samples, and
thermodynamic models all point to a high degree of temperature
sensitivity in vent fluid Mo concentrations, which in turn implies that
Mo concentrations in hydrothermal fluide are susceptible to Mo depo-
sition at nearly all stages of vent fluid upflow. Thus, predicted vent fumd
Mo concentrations are inherently uncertain owing to a lack of knowl-
edge about vent fluid upflow pathwaye and the hikelhhood of site-specific
variability. Moreover, the available thermodynamic models for Mo
agqueous speciation and MoS, solubihity are still in a state of develop-
ment and will need to be improved to accurately caleulate Mo concen-
trations over the full range of chemical and physical conditions that may
be experienced by deeply source hyvdrothermal fluids. Nevertheless, a
synopsis of experimental, theoretical, and field sampling approaches
suggests a fairly narrow range of likely vent fluid Mo concentrations
useful for generating semi-quantitative “order-of-magnitude” estimates
of Modern and Archean vent fluid Mo concentrations and fluxes.

For modern basalt-hosted went fluids, we estimate vent flud Mo
concentrations of 301500 nmol kg, which iz 4 times the 350 °C model
predictions for the Py-Po-Mag buffer and Hem-Py-Mag buffer, respec-
tively, az iz consistent with the difference between model and

-v\...-
Sl W

o] K -] oy TRy

log a H,S(aq)

1k

4 35 3
log a Hzﬁaq]

Fig. 12. Resultz of thermodynamic calcolations of molybdenite solubility at
350 =C for varying H. and H;S activites. Contour maps of caleulated
muolybdenite-zcamrated Mo concentrations are labeled in units of log)o{mol/lg).
Mineral stability fields in the Fe-0-5 syztem and metaztable extension of the
pyrite-pyrrhotite tie line are chowm to facilitate comparison with previous wark
(e.g., Flein et al., 2020). Fluid chemistry of the TAG hydrothermal mound
(TAG), the Main Endeavour Field (MEF) 2019-2020 time series, amd the
experimental conditions (gray box) are aleo shown for reference. Predicted
molybdenite solubility at these conditions iz 100-1000 nmol/kg, in order-of-
magnitude agreement with measured valoez. Figure was constructed using
the Phaze? module in GWE.
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experimental results. Thiz concentration can be multiplied by an esti-
mated modern day high-temperature mid-ceean rnidge hydrothermal
water flux of 3 » 10'2 kgsyr (Eldecficld and Schultz, 1996) to achieve a
modern seafloor hydrothermal Mo flux of 9 = 1045 « 10° maol/yr. For
comparison, the modern continental flux of Mo to the ocean ie estimated
at 3.1 = 10° mol/yr (Miller et al_, 2011). Miller et al (2011) cetimate a
modem continental Mo flux of 3.1 = 10° mol/yr and a modemn seafloor
hydrothermal Mo input of 6.6 % 10° mol/vyr. Thiz hydrothermal input is
estimates using a hydrothermal water flux of 3 x 10" ke/vr, repre-
sentative of both high- and low-temperature venting, and a hydrother-
mal fluid concentration of 22 nmel/kg. Our proposed estimates are at
most 1.5% of the modern continental runoff flux, consistent with pre-
vious deseriptions of the modern Mo geochemical cyele in which con-
tinental weathering and runoff constitutes the dominant source of Mo to
the ocean

For Archean basalt-hosted vent fluids, we estimate that vent fluad Mo
concentrations would have been roughly similar to modern vent fluad
concentrations but consider that upper values may have been imited by
the availability of Mo In oceanic crust denved from higher-desgree
mantle melting. For example, McCoy-West et al. (2019) propose that
Archean seafloor dermved from an estimated ~30% partial melt of
mantle material and contained 155 ng/g Mo. Azsuming a 1:1 fluid-rock
ratio, this concentration iz sufficient to support a8 maximum concentra-
tion of approximately 1600 nmol/kg Mo in hydrothermal fluids, which
iz greater than our upper estimate of 1500 nmoel/kg for modern vent
fluids. It has also been proposed that ligher heat fluxes durnng the
Archean resulted in more widespread hydrothermal activity. For
example, Eamber (201 0] estimate seafloor hydrothermal water fluxes of
7.5 % 10" kg/yr at 2.4 Ga ago and 1.5 x 10" kg/yr at 4.5 Ga ago based
on scaling to oceanic crustal production rates and geochemical modeling
of rare-carth element signatures and Sr and Nd isotopes in Archean
hydrogenous sediments. Applying these estimates of hydrothermal fluad
flux to our estimated of vent flnd Mo concentrations results In an esti-
mated seafloor hydrothermal Mo flux of 2 x 10°-1 x 107 mol/vr 2.4 Ga
ago and 4 % 10°-2 x 10" mol/yr 4.5 Ga ago.

More significantly, the Archean atmosphere contained much less
oxygen with estimated atmospheric Oz = 10°%*-107% the present at-
mogpherie lewel (Catling and Zahnle, 2020; Johnson et al, 2021)
Experimental studies indicate that oxidative weathering of pyrite and
molybdenite both have a square root rate dependence on O partial
pressure (Johnson t al | 2019). Hence, assuming that the availability of
continental crust, it might be expected that Archean continental fluxes
of Mo were 1057072 modern day fluxes, or 1.1 = 10°-3.1 = ]ﬂskg.f
vr, which i1z roughly equivalent to our lower estimates for Archean hy-
drothermal fluxes. These estimates strongly suggest that seafloor hoy-
drothermal vents were a significant and quite possibly the dominant
source of Mo to the oecean throughout the Archean Bon, providing a
baseline level of Mo that would have been at least locally sufficient to
support the development and ewvelubon of Mo-dependent enzymes.
Moreover, vent flid concentrations of Mo and Fe excesd those of Mo-
limited and Fe-limited N; fixation experimentz (Mo = 100 nmol/kg
Mo, Fe = 2400 nmol/kg, Zerkle =t al |, 2006). Thus, seafloor hydro-
thermal vents represent localized Mo-rich environments conducive to
the emergence, evolution, and genetic retention of Mo-dependent en-
zymes. That vent fluid Mo predominantly enters the ocean as Fe- and 5-
rich hydrothermal plume particles may be significant in light of the
functional role of Mo-5- and Me-Fe-5-containing cofactors In enzymatic
chemistry.

5. Conclusions

products from hydrothermal bagalt alterations experiments combined
with thermodynamic caleulations and previous analyses of altered
oceanie crust, seafloor hydrothermal fluids, and near-vent plume
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particles leads to a new conceptual model for the behavior of Mo in
basalt-hosted seafloor hydrothermal systems. Molybdenum, assumed to
be hosted in volcanic glass and Fe-Ti oxide minerals in primary basalt is
effectively leached by high-temperature subseafloor hydrothermal
fluids and redeposited as molybdenite, as observed in Mo-enriched
samples of altered oceanic crust from Pito Deep Rift. Comparison of
reaction fluids from 350 C 500 hydrothermal basalt alteration experi-
ments with thermodynamic predictions of Mo concentrations based on
molybdenite solubility suggest that Mo concentrations in subsurface
hydrothermal fluids are generally controlled by the solubility of
molybdenite in the context of rock-derived buffering mineral assem-
blages that control major fluid chemical parameters including pH, HaS
and H» as well as fluid temperature and salinity. A time series of nine
281 304 C seafloor vent fluids collected from Main Endeavour Field
contains 29 220 nmol/kg Mo. These fluids are highly supersaturated
with respect to molybdenite at venting conditions, suggesting both that
vent fluid Mo concentrations reflect higher-temperature subsurface
conditions and that vent fluid Mo concentrations are highly susceptible
to processes that induce subsurface deposition. The MEF 2019 2020
time series exhibits two distinct decreases in Mo concentrations: one
coincident with a subsurface intrusion of partially reacted seawater and
a second coincident with a decrease in vent fluid temperature. Analyses
of vent fluid particulate fractions reveal Mo:Cu ratios and concentrations
resembling the hydrothermal endmember of near-vent sediment sam-
ples. This observation suggests: (1) that vent fluid Mo is readily incor-
porated into hydrothermal plume particles and, (2) that much of this
vent fluid Mo source is advected out of the near-vent environment as
suspended hydrothermal plume particles, as previous studies estimate
that 2% of vent fluid Cu is deposited in the near-vent field.

Overall, these investigations demonstrate that seafloor hydrothermal
vent fluids likely contain 10 1000 nmol/kg Mo and that this concen-
tration can be entirely supported by underlying rocks, independent of
seawater-derived Mo. Whether this concentration represents a net sink
or source to the ocean depends much on seawater Mo concentrations.
For the modern ocean containing 108 5 nmol/kg Mo, we estimate that
seafloor hydrothermal vent fluids constitute a minor source of Mo,
overshadowed by the much larger continental runoff flux and high
seawater Mo concentrations. For Mo-poor Archean oceans, however, we
estimate that seafloor hydrothermal vent fluids would have provided a
significant and quite probably dominant source of Mo to the ocean
delivered largely in the form of hydrothermal plume particles. Identi-
fication of this source and its likely form as solid metal-sulfide particles
has important implications for theories concerning the evolution of Mo-
dependent enzymes, including nitrogenase and CO-dehydrogenase.
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