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Abstract

Concentrations of sedimentary molybdenum (Mo) have been used as a proxy for palacoceanographic redox conditions based on the
distinctive behaviour of Mo under oxic versus euxinic (i.e., anoxic and sulfidic) conditions. However, the mechanisms that govern Mo
sequestration in various euxinic settings are not fully resolved. It has previously been proposed that sulfate-reducing bacteria (SRB), the
main drivers and regulators of euxinic conditions, can actively take up and reduce Mo intracellularly and passively induce Fe-independent
Mo complexation and reduction at their cell surfaces. However, uncertainties remain regarding the underlying interactions and relative
contributions of these proposed biotic Mo sequestration pathways. In this study, systematic experiments were carried out to examine the
interactions among Mo(VT) species (MoO,* or MoS,>), ferrous iron (Fe**) and SRB with a focus on combinations of conditions that lead to
reductive Mo precipitation. The speciation of aqueous Mo and composition, structure, oxidation states and bonding environment of
precipitated Mo-sulfides were analysed using UV-vis spectrophotometry (UV-vis), transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS) and synchrotron-based X-ray absorption spectroscopy (XAS). Results indicate that SRB does not
directly reduce Mo but, rather, plays a passive role in mediating Mo sequestration by providing sulfide and potential nucleation sites at their
reactive cell surfaces for precipitation. However, even in the presence of SRB cells, Fe>* was required for Mo precipitation in all conditions
tested. By identifying the limiting (and non-limiting) factors in the Mo reduction and sequestration process, this study provides significant
new insights for interpreting Mo palaeoredox proxies.
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Highlights (MoO,?) in oxic water, whereas, in euxinic (i.e., anoxic and sulfidic)
conditions, it reacts with sulfide to form thiomolybdate (M0O,S4,>),
which eventually becomes reduced and sequestered into the sediment
(Helz etal., 1996). Due to its redox sensitivity, Mo is widely used for
reconstructing palaeoceanographic conditions (e.g., Hlohowskyj
et al,, 2021). However, the underlying mechanisms that drive Mo
sequestration under euxinic conditions remain poorly understood,
specifically regarding the relative contribution of abiotic and biotic
mechanisms. Because Mo is a bio-essential element, and strong
correlations between organic matter (OM) and Mo in the rock record
have been observed, it has been proposed that biological organisms
and/or particulate OM play important roles in Mo complexation and
Molybdenum (Mo), the most abundant trace metal in modern oceans, ~ sequestration in euxinic basins (e.g., Tribovillard et al., 2004; Algeo
remains predominantly dissolved as the oxyanion molybdate and Lyons, 2006; Mendel and Bittner, 2006; Lyons et al., 2009;
Chappaz etal, 2014; Dahl et al,, 2017; Wagner et al., 2017; Dellwig
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« Mo sequestration is driven by abiotic processes and only indir-
ectly facilitated by sulfate-reducing bacteria (SRB) through
their production of sulfide

o Mo sequestration is Fe-dependent in both abiotic and biotic
(SRB-containing) solutions at circumneutral pH.

« Mo precipitates formed under abiotic and biotic conditions are
analytically indistinguishable.

Introduction
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Jorgensen et al., 2019). In most scenarios, euxinia development is
closely tied to OM burial and preservation (Scott et al,, 2017).
While it has been shown that under abiotic sulfidic conditions at
circumneutral to high pH the presence of ferrous iron (Fe**) is
required for Mo reduction and sequestration (Phillips et al., 2023),
evidence for Mo-sulfide precipitation in the presence of live or dead
SRB cells suggests an iron-independent pathway of Mo sequestra-
tion (Dahl et al., 2017). However, the role of iron as a prerequisite
for Mo sequestration and the mechanisms behind a potential iron-
independent biological pathway remain poorly understood.
Although SRB is known to transport MoO,*" into their cells as it
is a structural analogue to their typical electron acceptor, sulfate
(SO,*) (Stoeva and Coates, 2019), it is unclear if or how the
Mo(VI) in MoO,* becomes reduced to Mo(IV) once inside the
cell. Molybdenum is necessary for the biosynthesis and function of
many enzymes, including dimethylsulfoxide (DMSO) reductase,
which is a type of molybdoenzyme found in nitrate-reducing
bacteria as well as some SRB species (Jonkers et al., 1996; Tucker
et al.,, 1997; Tucker et al,, 1998; Wichard et al., 2009; Crichton,
2019; Demtroder et al., 2019). Thus, Mo could be used for enzyme
production by SRB once transported intracellularly, which could
subsequently lead to its reduction via intracellular organic ligands
and sequestration upon OM degradation (Orberger et al., 2007).
Similarities between structures of Mo species in euxinic sediment
and specific molybdoenzyme structures (Dahl et al., 2017) have
fueled hypotheses of such biologically mediated Mo sequestration
pathways. It has also been proposed that Mo can be reduced and
sequestered upon interaction with periplasmic proteins containing
intermediate sulfur species formed during bacterial sulfate reduc-
tion (Chen et al., 1998). Such biological Mo sequestration mech-
anisms via SRB interactions are, however, contradictory because
molybdate inhibits bacterial sulfate reduction — the main energy
source for the bacteria (e.g., Chen et al., 1998; Biswas et al., 2009;
Stoeva and Coates, 2019), suggesting that SRB alone are unlikely to
account for the abundance of Mo found in euxinic sediments.
Rather than active uptake and metabolic reduction of Mo, SRB
may employ extracellular enzymes targeted at immobilizing Mo for
detoxification purposes (Hale et al., 2001; Phillips and Xu, 2021).
Although the concentrations of Mo in natural euxinic environ-
ments may be insufficient to cause such a reaction by SRB
(Mohajerin et al., 2016), where sulfate is deficient, Mo toxicity to
SRB is enhanced leading to possible detoxification reactions and
Mo reduction. In summary, all the proposed SRB-induced Mo
sequestration pathways (i.e., passive complexation, metabolic
reduction and enzymatic immobilization and reduction) may con-
tribute to the total Mo removed from natural euxinic basins.
Molybdenum in cell-associated precipitates formed via MoO4> -
SRB interactions has a similar bonding structure as the Mo species
found in modern euxinic sediment (Dahl et al,, 2013; Dahl et al,,
2017), lending credence to the proposed biological sequestration
pathways. However, it has also been suggested that the organic
functional groups provided by SRB that complex and sequester Mo
are probably not abundant enough in natural settings to account for a
significant portion of Mo in euxinic sediment (Dellwig et al., 2007;
Helz and Vorlicek, 2019). Therefore, the positive correlations
between OM and Mo in the rock record may reflect the indirect
rather than direct role of SRB, in which they produce sulfide with
which Mo reacts, inducing its abiotic sequestration (Helz and Vorli-
cek, 2019). In this study, we experimentally investigated Mo-SRB
interactions and associated Mo precipitates to provide new insights
into the ongoing debate of whether the previously reported OM and
Mo covariation in euxinic sediments resulted from direct Mo-OM/
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cell interactions or the indirect role of SRB via sulfide production. We
conducted a range of experiments involving Mo (as either MoO,4*" or
MoS,%), Fe** and SRB cells. The findings from this investigation
emphasize the importance of Fe-dependent pathways of Mo seques-
tration over OM and biologically facilitated pathways and illuminate
the molecular interactions and precipitation mechanisms involved in
such pathways.

Methods

Biological experiments were carried out to examine the effect of live
and dead SRB cells on dissolved Mo speciation, reduction, seques-
tration, precipitation composition and structure. Two different
species of SRB were used in these experiments, Desulfovibrio vul-
garis and Desulfotignum balticum, to increase the environmental
relevancy of the experiments as these species are isolates of different
euxinic niches and grow optimally at distinct salinities (D. vulgaris in
brackish solutions at an ionic strength of ~ 0.1 M and D. balticum in
saline marine conditions at an ionic strength of ~ 0.7 M; Table S1).
Pure cultures of D. vulgaris and D. balticum were prepared in
anaerobic salt-water media (Table S1). After the addition of the
media ingredients to MQ water (18.2 MQ-cm), each medium was
degassed for 20 minutes with nitrogen gas (N,) and the pH was
adjusted using NaOH. The media were then separated into serum
vials, each containing 100 ml of media solution, degassed for another
40 minutes, sealed with butyl rubber stoppers and autoclaved for
15 minutes at 121°C. Once sterile, SRB species were inoculated into
their respective media. The final post-autoclaving, pre-inoculation
pH of D. vulgaris media averaged 6.67 + 0.14 and that of D. vulgaris
media averaged 7.32 + 0.11.

Experiments containing 0.5 mM Mo, 5 mM sulfide and various
concentrations of Fe (ranging from 0 to 1 mM) were carried out in
inoculated (SRB-containing) and uninoculated (abiotic) media solu-
tions to allow comparison of Mo behaviour in biotic and abiotic
conditions. Molybdenum, iron and sulfide stock solutions were pre-
pared for the addition of such species into bacterial cultures using
reagents purchased from Sigma Aldrich of ACS grade or higher,
including Na,S-9H,0 (for abiotic experiments), molybdate
(Na,MoO,-2H,0), tetrathiomolybdate (NH;MoS,) and ferrous iron
(i.e., Fe(I[)Cl,). Previous studies pointed out the potential for
Mo(V) contamination in commercial (NH,4),MoS, (Chandrasekaran
et al., 1987; Vorlicek et al,, 2018; Phillips et al., 2023). Thus, in all
experiments for which the oxidation state of Mo in the final precipitate
was measured, Na,MoQO,-2H,0 was used as the initial source of (thio)
molybdate by reacting it with sulfide, tracking its speciation via
UV-visible spectrophotometry (see section on UV-vis below) and
timing the addition of Fe accordingly. Sample vials remained sealed
throughout the duration of each experiment and all additions of Mo, Fe
and/or S from stock to culture solutions were carried out via sterilized
syringes and needles inside an anaerobic chamber under an N,:H, =
97%:3% atmosphere.

SRB growth in the presence of Mo

One set of cultures was grown in Mo-containing media to test the
toxicity of Mo toward SRB and assess the differences (if any) between
the effects of molybdate (Mo0,%) and tetrathiomolybdate (MoS,*)
on SRB growth. In these experiments, 0.5 mM Mo (either as MoO,*
or MoS,>") was added to the media prior to bacterial inoculation.
These experiments were carried out in the presence and absence of
Fe** to determine whether Fe*" is required for Mo sequestration in
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the presence of SRB, as it has been shown to be required in the absence
of bacteria (Phillips etal.,2023). In the Fe2+—containing cultures, Fe*"
was added to the media prior to inoculation and after ageing to allow
thorough Mo-SRB cell culture interactions before Fe** addition.

SRB growth in the absence of Mo

A second set of SRB cell cultures was initially grown in the absence
of Mo or Fe** until a sulfide concentration of ~5 mM was reached.
Sulfide concentrations in the SRB cell culture solutions were
monitored using a spectrophotometric assay (Xu et al.,, 2016)
against a 10-point calibration curve made with solutions of known
sulfide concentrations with a similar composition to that of the
samples. Once 5 mM sulfide was produced in the SRB cell cultures,
Mo and Fe** were added to induce FeMo$ precipitation. A sulfide
concentration of 5 mM was targeted to create conditions compar-
able to the parallel uninoculated/abiotic experiments, which were
carried out at 5 mM sulfide. This set of experiments was also
carried out in both the presence and absence of ferrous iron. In the
Fe-containing experiments, cultures were inoculated with 0.5 mM
of both Mo (as MoO,*) and Fe** once 5 mM of sulfide was
produced. In the Fe-lacking experiments, cultures were inoculated

Table 1. XANES LCF vs XPS Mo oxidation state data.

with 0.5 mM of Mo (as MoO,%) only once 5 mM of sulfide was
produced. These experiments were only conducted using MoO,*"
rather than MoS,>” because enough sulfide had been produced by
the SRB by the time of Mo addition that the MoO,” would become
fully thiolated (converted to MoS,%) throughout the experimental
duration.

Dead SRB cell experiments

In another set of cultures, SRB was grown in the absence of Fe**
and Mo and killed via autoclave before the addition of the metals.
Similar to the set of live experiments explained previously, sul-
fide concentrations of these cultures were monitored using a
spectrophotometric assay as the SRB grew. Once 5 mM sulfide
was produced, the SRB were killed and 0.5 mM Fe** and Mo
(as M00,%) were added to the dead cell-containing solutions to
assess the effect of dead SRB cells on the speciation and seques-
tration of molybdenum. This set of experiments was also tested
in both Fe-containing and Fe-lacking solutions to determine
whether the presence of dead SRB cells allows for
Fe-independent Mo sequestration, as has been previously pro-
posed (Dahl et al., 2017).

Exp. Initial Fe: lonic Mo Oxidation Mo Oxidation
Sample Duration M0aq” Initial pH® Strength (M) Final pH® State (XAS) State (XPS)
Abiotic FeMoS experiments (from low to 40+d 1.00 4.34 0.01 4.33 4.50 411
high pH) 40+d 1.00 7.57 0.01 7.73 4.36 4.19
40+d 1.00 10.96 0.01 10.96 6.00 *not enough Mo*
Dv-L® (Fe+Mo added before inoc.) ~30d 1.00 6.71° 0.1 6.88 - 4,22
Dv-L (Fe added before inoc.) ~30d 1.00 6.65° 0.1 6.94 - -
Dv-L (Mo added before inoc.) ~30d 1.00 6.67° 0.1 7.01 - 4,15
Dv-L (TM added before inoc.) ~30d 1.00 6.70° 0.1 7.03 - -
Dv-D (Fe+Mo added to dead cell culture) ~30d 1.00 6.71° 0.1 6.89 - 4.20
Db-L (Fe+Mo added before inoc.) ~30d 1.00 7.38° 0.7 7.45 - -
Db-L (Fe added before inoc.) ~30d 1.00 7.33¢ 0.7 7.48 - 4.16
Db-L (Mo added before inoc.) ~30d 1.00 7.35° 0.7 7.39 - -
Db-L (TM added before inoc.) ~30d 1.00 7.38° 0.7 7.56 - -
Db-D (Fe+Mo added to dead cell culture) ~30d 1.00 7.36° 0.7 7.49 - -
Time Series: Live D. vulgaris cultures 5min 1.00 6.85 0.1 7.01 4.34 4.81
3h 1.00 6.78 0.1 6.99 - 4.49
24 h 1.00 6.89 0.1 7.00 4.16 4.16
4d 1.00 6.80 0.1 7.12 4.38 -
8d 1.00 6.82 0.1 7.19 4.16 4.26
40+d 1.00 6.91 0.1 7.32 4.00 4.17
Time Series: Uninoculated D. vulgaris 5min 1.00 7.16 0.1 7.19 4.38 4.25
media 3h 1.00 7.17 0.1 7.18 - 4.12
24 h 1.00 7.16 0.1 7.22 4.42 4.15
4d 1.00 7.20 0.1 7.29 4.36 -
8d 1.00 7.18 0.1 7.42 4.44 4.18
40+d 1.00 7.19 0.1 7.56 4.25 4.18
(Continued)
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Exp. Initial Fe: lonic Mo Oxidation Mo Oxidation
Sample Duration MOaq” Initial pH® Strength (M) Final pH® State (XAS) State (XPS)
[Fe] Series: Live D. vulgaris cultures 160+ d ~0.03¢ 6.81 0.1 7.12 - 4.30
40+ d 0.50 6.88 0.1 7.36 4.40 4.19
40+d 1.00 6.91 0.1 7.32 4.00 4.17
40+d 2.00 6.82 0.1 7.29 4.36 4.15
[Fe] Series: Uninoculated D. vulgaris 80+d 0.02 7.20 0.1 7.29 - 471
media
80+d 0.10 7.31 0.1 7.40 - 4.74
40+d 0.50 7.17 0.1 7.23 - 4.13
40+d 1.00 7.19 0.1 7.56 4.25 4.18
40+d 2.00 7.12 0.1 7.14 4.40 4.25
[Fe] Series: Live D. balticum cultures 160+ d ~0.03¢ 7.75 0.7 8.31 - -
80+d 0.50 7.57 0.7 7.76 - 4.42
80+d 1.00 7.55 0.7 7.69 - 421
80+d 2.00 7.56 0.7 7.79 - 4.39
[Fe] Series: Uninoculated D. balticum 80+d 0.50 7.89 0.7 7.92 - 4.14
media
80+d 1.00 7.92 0.7 7.99 4.34 4.17
80+d 2.00 7.88 0.7 7.97 - 4.15

“Initial Fe:Mo was altered by changing initial [Fe] (from 0.01 to 0.5 mM). Initial [Mo] remained 0.5 mM in all experiments.

PInitial pH was taken after autoclaving and 5mM sulfide addition/production.
Final pH was taken from supernatant after aging (i.e., experimental duration).

YThese experiments were initially meant to contain no Fe, but a small amount of Fe was transferred during inoculation of the media (see the discussion section on Mo thiolation in abiotic and

biotic systems).

€Initial pH for these experiments was taken before inoculation/sulfide production via SRB growth.

Monitoring sample solutions with ultraviolet-visible
spectroscopy (UV-vis)

Bacterial growth, sulfide production and dissolved Mo speciation
were monitored in sample solutions using UV-vis over the course
of ageing (which ranged from 5 minutes to ~4000 hours, or
~160 days, depending on the sample; Table 1). Molybdate thiola-
tion (conversion of molybdate to tetrathiomolybdate via reaction
with sulfide: MoO,*~ ~ MoS,>") is a stepwise process that involves
the formation of three thiomolybdate intermediate species
(MoO5S*~, M00,S,>~ and MoOS;>") before the final product,
tetrathiomolybdate (MoS,?"), forms. Because each dissolved thio-
molybdate species has distinct absorption characteristics, UV-vis
was used to track the presence, type and relative abundances of
thiomolybdate species in the experimental solutions throughout
ageing to determine the effect of SRB on the rate and degree of Mo
thiolation. All UV-vis absorption spectra were obtained for a wave-
length range of ~275 — 500 nm, given that all thiomolybdate
absorbance peaks are within this range (Erickson and Helz, 2000;
Dahl et al,, 2017). It should be noted that ‘full thiolation’ as
discussed in the results and discussion refers to solutions in which
molybdate was converted to tetrathiomolybdate as indicated by
characteristic peaks in the UV-vis spectra of the samples. That said,
the presence of tetrathiomolybdate peaks in the UV-vis spectra,
even if peaks characteristic of other thiomolybdate species are
absent, does not mean the solution contains only tetrathiomolyb-
date. Thermodynamic and reaction kinetic considerations suggest
that our solutions dominated by tetrathiomolybdate (MoS,>")
probably also contained di- and trithiomolybdate species
(M00,S,>~ and MoOS;?7) in amounts that could not be resolved
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using UV-vis (Vorlicek etal., 2015; Hlohowskyj et al., 2021). After
ageing, precipitates were separated and analysed by XPS and TEM
for Mo oxidation state, speciation and structure. Sample prepar-
ation methods for each technique are described in the following
sections.

X-ray spectroscopy and transmission electron microscopy

Precipitates were analysed by X-ray photoelectron spectroscopy
(XPS), X-ray absorption spectroscopy (XAS) and transmission
electron microscopy (TEM) to determine the elemental concen-
trations and oxidation states, as well as the Mo bonding envir-
onment and overall structure of the FeMoS precipitates. After
ageing, samples were prepared for XPS, XAS and TEM in an
anaerobic chamber (N,:H, = 97%:3%) via centrifugation, separ-
ation, sonication and washing steps outlined in Phillips et al.
(2023). The isolated precipitates were dried and ground into fine
powder using a mortar and pestle for XPS and XAS specimen
preparation.

The powdered samples were separated into two parts for XPS
and XAS analyses. The XPS analyses were conducted on a PHI
Quantera SXM at the Nanoscale Characterization and Fabrication
Laboratory at Virginia Tech, with a monochromatic X-ray source
(Al Ko: 1486.6 eV) for small-spot analysis. The Multipak software
was used to fit the high-resolution XPS spectra. Charge correction
was done using the C 1s peak at 284.8 eV. Details regarding
parameters used for peak fitting of high-resolution Mo, Fe and S
XPS spectra are discussed in the supplementary information
(SI) file. For XAS, the powdered samples were spread in between
two pieces of Kapton Tape and analysed on the BioXAS-Main
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spectroscopy beamline at the Canadian Light Source (CLS) facility
at the University of Saskatchewan. Details regarding Mo K-edge
XANES analyses, XANES linear combination fitting (LCF) param-
eters, EXAFS analyses and EXAFS fitting parameters are included
in the supplementary information file.

For TEM, samples were prepared on gold TEM grids with thin
carbon support films and analysed at the Nanoscale Characteriza-
tion and Fabrication Laboratory at Virginia Polytechnic Institute
and State University on a JEOL JEM 2100 S/TEM, operated at
200 kV. TEM bright field images were taken with a Gatan
Ultrascan 1000XP CCD camera, selected area electron diffraction
(SAED) patterns were obtained on a Gatan Orius 833 slow scan
CCD camera and energy dispersive X-ray spectroscopy (EDS) data
were collected using a JEOL genuine 60 mm? Silicon Drift Detector
in scanning TEM (STEM) mode. For transport, XPS, XAS and TEM
samples were packed in sealed bags that were then placed in airtight
Thermo Scientific AnaeroPack containers with oxygen scavengers
before removal from the anaerobic chamber.

Inductively coupled plasma - optical emission spectroscopy
(ICP-0OES)

Sample supernatants removed during XAS, XPS and TEM sample
preparation were saved and analysed via ICP-OES to obtain final
aqueous Mo and Fe concentrations after ageing. Supernatant solu-
tions were filtered through 0.2 um syringe filters and acid digested
to a final concentration of 2% HNOj in preparation for ICP-OES
analyses, which were performed on an Agilent 5900 Synchronous
Vertical Dual View (SVDV) ICP-OES at Arizona State University
Core Research Facilities.

Results
SRB growth in Mo-containing media

When MoO,> was added to D. vulgaris and D. balticum media
before inoculation of bacteria, the growth (measured as the rate and

total amount of sulfide production) of either SRB species was
significantly reduced (Fig. S1). When MoS,> was added to D. vul-
garisand D. balticum media before inoculation, a similar inhibiting
effect was observed, but sulfide concentrations were more variable
due to the precipitation of Mo-sulfides.

In the MoO42'-c0ntaining media (at ~0.5 mM Mo), D. vulgaris
only produced about ~2.4% (by weight) of the sulfide produced in
their Mo-free counterpart. These cultures were observed for over a
year and there was no further growth. In the MoO,*-containing
media (at ~0.5 mM Mo), D. balticum produced about ~3.1% (by wt.)
of the sulfide produced in their Mo-free counterpart. Similarly, in the
MoSf'-containing media (at ~0.5 mM Mo), D. vulgaris produced
about ~1.8% (by wt.) of the sulfide produced in their Mo-free
counterpart and D. balticum produced about ~0.6% (by wt.) of the
sulfide produced in the corresponding Mo-free media. It is noted that
the amount of sulfide produced in the MoS,>-containing cell cul-
tures was more variable given that sulfide precipitation occurred
concomitantly with SRB growth in these cultures.

When Fe** and MoO,> were added before inoculation of
D. vulgaris, Mo precipitation was negligible, even in cultures aged
over one year, due to a lack of D. vulgaris growth and sulfide
production in the presence of molybdenum. However, D. balticum
cultures with Fe and Mo added before inoculation did eventually
form black FeMoS precipitates. Thus, although the D. balticum
growth was slower in the presence of MoO,”, it was not as strongly
inhibited as that of D. vulgaris.

Mo thiolation and sequestration in abiotic and biotic systems

Molybdate thiolation was monitored using UV-vis for live SRB
cultures, uninoculated SRB media and abiotic solutions with no
culture media constituents (Table S1). To keep the sulfide concen-
trations consistent across samples, molybdate was added to live SRB
cultures after ~5 mM sulfide was produced because 5 mM sulfide
concentrations were used in abiotic and uninoculated systems.
Molybdate was converted to tetrathiomolybdate in all live
D. vulgaris and D. balticum cultures, as well as uninoculated media,

1.04 H@H

0.8

0.6+

Initial [Fe],q (mM)

0.24

001@

0.2

1 10 100 1000
Time required for full thiolation (min)

100 1000
Time required for full sequestration (min)

Figure 1. (a) Time required for full Mo thiolation (i.e., the time required for conversion of MoO,* into MoS,> as indicated by the presence of MoS,> peaks and absence of
thiomolybdate intermediate peaks in UV-vis spectra). (b) Time required for full Mo sequestration (i.e., as indicated by the absence of all M00,S,..> peaks in UV-vis spectra) in live

(L) and uninoculated (U) D. vulgaris (Dv) and D. balticum (Db) media.
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but Mo thiolation occurred at different rates in each system depend-
ing mainly on pH and Fe®" concentration (Fig. S2). At circumneu-
tral pH and in the absence of Fe’*, full Mo thiolation (i.e.,
conversion of molybdate to tetrathiomolybdate, as indicated by
UV-vis speciation; see methodology section on UV-vis for details)
occurred ~8x faster in live D. vulgaris cultures compared to unin-
oculated D. vulgaris media, whereas, in D. balticum solutions, Mo
thiolation rates in live cultures were relatively similar to that in
uninoculated media (Fig. 1a).

In the presence of Fe**, and with increasing Fe®" concentra-
tions, Mo thiolation rates increased across all abiotic and biotic
samples (Fig. 1). At circumneutral pH and an initial Fe:Mo ratio
of 1:2, full Mo thiolation occurred ~5x faster in live D. vulgaris
cultures than in uninoculated D. vulgaris media, whereas Mo
thiolation rates were only ~3x faster in live D. balticum cultures
than in uninoculated D. balticum media (Fig. 1a; Table S2). At an
initial Fe:Mo ratio of 1:1, full Mo thiolation occurred ~8x faster
in live D. vulgaris cultures than in uninoculated D. vulgaris
media, whereas Mo thiolation rates were only ~2x faster in live
D. balticum cultures than in uninoculated D. balticurn media
(Fig. 1a). At an initial Fe:Mo ratio of 2:1, full Mo thiolation
occurred ~24x faster in live D. vulgaris cultures than in unin-
oculated D. vulgaris media, whereas Mo thiolation rates were
roughly the same in live and uninoculated D. balticum solutions
(Fig. 1a). In all conditions tested, Mo thiolation was consistently
faster in D. vulgaris media compared to D. balticum media
(Fig. 1a).

The presence of Fe** also induced Mo sequestration via
FeMoS precipitation. Complete Mo sequestration (measured
by the absence of molybdate or thiomolybdate peaks in UV-vis
spectra and corroborated with ICP-OES time series data)
occurred ~8, 12 and 4x faster in live D. vulgaris cultures than
in uninoculated D. vulgaris media at initial Fe:Mo ratios 1:2, 1:1
and 2:1, respectively (Fig. 1b). It should be noted that ‘complete
Mo sequestration’ here refers the point at which aqueous Mo
concentrations go below the detection limit of UV-vis; thus, Mo
is not completely removed from solution. In fully aged media
solutions (both uninoculated and inoculated D. vulgaris and
D. balticum media) at an initial Fe:Mo ratio of 1:1, final aqueous
Mo concentrations were 0.0001 — 0.06 mM (Table S3) based on
ICP-OES analyses. For D. balticum, complete Mo sequestration
was not reached in live or uninoculated samples within the ~200-
day ageing period at an initial Fe:Mo ratio of 1:2. At initial Fe:Mo
ratios of 1:1 and 2:1, complete Mo sequestration was reached
within a similar timeframe in both live and uninoculated
D. balticum samples (Fig. 1b).

The catalysing effect of Fe>* on Mo thiolation and sequestra-
tion was observed for all conditions tested and remained rela-
tively constant with changes in pH, ionic strength, presence of
SRB cells and species of SRB (Fig. 1). Molybdenum sequestration
appears to be even more strongly catalysed by the presence of
Fe’* compared to Mo thiolation. With every additional 0.5 mM
Fe’" in D. vulgaris solutions, full Mo thiolation occurred 1-2x
faster in uninoculated media versus ~3x faster in live cultures
(Fig. 1a), whereas complete Mo sequestration occurred 5-7x
faster in uninoculated media versus 2—8x faster in live cultures
(Fig. 1b). With every additional 0.5 mM Fe*" in D. balticum
samples, full Mo thiolation occurred ~3x faster in uninoculated
media versus ~2x faster in live cultures with every additional
0.5 mM Fe** (Fig. 1a), complete Mo sequestration occurred ~12x
faster in uninoculated media versus ~10x faster in live cultures
(Fig. 1b).
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ICP-OES results

The final aqueous Mo concentrations, based on ICP-OES analyses,
were lower in the experiments run with live SRB cells (0.0002 —
0.0111 mM at 1:1 initial Fe:Mo,q) than those carried out in the
absence of SRB (0.0233 — 0.0564 mM at 1:1 initial Fe:Mo,g;
Table S3). A consistent decrease in final aqueous Mo concentra-
tions (i.e., increased degree of Mo sequestration) is observed with
increasing initial aqueous Fe** concentrations (Fig. 2a) and experi-
mental duration (Fig. 2b). Figure 2a showcases a similar decreasing
trend in aqueous Mo concentrations with increasing aqueous Fe
concentrations from euxinic basins (Helz, 2021; Phillips et al., 2023,
and references therein); however, it should be noted that the
concentrations of Mo and Fe in these natural systems are much
lower than their experimental concentrations. A positive relation-
ship is also observed between the final experimental aqueous Fe and
Mo concentrations (Fig. 2c).

XPS results

As mentioned in the previous section, no precipitation occurred
in the absence of Fe*", regardless of whether SRB was present or
absent. Based on the XPS analyses, precipitates formed in the
presence of Fe** and SRB cells contain Fe:Mo (atomic) ratios
roughly the same as those formed in the absence of SRB cells
(0.87 £ 0.36 and 0.88 + 0.35, respectively; Table S3). The final Mo
concentrations measured in the FeMoS precipitates increase with
experimental duration (from ~5 min to 40 d; Fig. 2b). The
concentrations of Mo, Fe and S in the final FeMoS precipitates
were higher in the abiotic (uninoculated) samples relative to
those in the biotic ones. However, the S/(Fe+Mo) (atomic) ratios
in abiotic and biotic precipitates are analytically indistinguish-
able (2.28 £ 1.16 and 2.28 £ 0.55, respectively); thus, the differ-
ence in elemental concentrations is probably due to the relative
increase in carbon and other organic components in the precipi-
tates formed in the presence of cells. The final precipitate Fe and
S concentrations increase with increasing precipitate Mo con-
centrations (Fig. 2d). The final precipitate Mo, Fe and S concen-
trations all increase with increasing experimental duration, with
the exception of later time points (~100 to 1000 h) in the live
SRB cell-containing experiments (Table S3), which is probably
due to the relative increase in organic carbon produced in these
solutions.

The best fits of high-resolution Mo XPS spectra obtained for the
FeMoS formed in the biotic and abiotic experiments indicate that
Mo(IV) is the dominant Mo species in the precipitates across all
time points and initial Fe?* concentrations (Fig. S3; Table S4). Thus,
the reduction of Mo(VI) to Mo(IV) is confirmed in all experiments
where precipitation was observed. The oxidation state of Mo aver-
aged 4.17 £ 0.03 (1sd) for abiotic samples and 4.22 + 0.08 (1sd) for
biotic samples based on the XPS data (Table 1). There was a slight
decrease in the average Mo oxidation state against experimental
duration (Fig. 3a), but there was no apparent trend in the Mo
oxidation state with changing final Fe:Mo ratio (Fig. 3b), or sulfur
concentration (i.e., total sulfide precipitation) (Fig. 3c).

The best fits of the high-resolution Fe XPS spectra indicate the
presence of both ferrous (Fe*") and ferric (Fe*") iron in the
FeMoS precipitates (Figs S4). Precipitates formed in biological
solutions contain an average of 53.92 + 4.98 atomic % (at.%)
Fe(II); those prepared in abiotic solutions contain an average of
53.21 + 3.86 at % Fe(II) (Table S4). The sulfur speciation was also
similar for FeMoS precipitates formed in abiotic and biotic
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Figure 2. Trends in Mo, Fe, and S concentrations in solutions and solids: (a) final aqueous Mo concentrations ([Mo],) against initial aqueous Fe concentrations ([Fe],q) compared to
euxinic basin aqueous Mo data (Mo,q,) from Helz (2021) against aqueous Fe concentrations from the same basins ([Fe].q- top axis) from Phillips et al. (2023), and references therein
(dashed lines are trendlines), (b) final [Mo].q and final precipitate Mo concentration ([Mo],) against experimental duration, (c) final aqueous Fe concentrations ([Fe],) against final
[Mo].q, (d) final precipitate S and Fe concentrations ([S]s and [Fe]s) against final [Mo]s and [Mo],q. Solid data is based on XPS and aqueous data is based on ICP-OES. Abio = abiotic
solution with no media constituents; Dv/Db-L = live D. vulgaris/D. balticum cultures; Dv/Db-U = uninoculated D. vulgaris/D. balticum media.
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calculated via HR-XPS fitting. Dv/Db-L = live D. vulgaris/D. balticum cultures; Dv/Db-U = uninoculated D. vulgaris/D. balticum media.

solutions (Figs S5), with an average of 63.14 + 6.70 at.% monosulfide
(§%), 2036 + 11.70 at.% disulfide (S,>) and 16.57 + 8.80 at.%
polysulfide (S,%) for abiotic samples, and 60.13 + 12.50 at.% mono-
sulfide (S*), 21.40 + 11.18 at.% disulfide (S,”) and 18.40 + 6.55 at.%
monosulfide (S,>) for biotic samples (Table S5). There is a positive
relationship between the degree of Mo reduction (percentage of Mo
IV) and that of Fe (percentage of Fe II) in the precipitates (Fig. 4a).
However, there is no apparent relationship between the degree of
Mo reduction and sulfur speciation in the precipitates (Fig. 4b).

TEM results

The abiotic and biotic FeMoS precipitates analysed via TEM lack
crystal structure based on selected area electron diffraction (SAED)
analyses. The related EDS analyses semi-quantitatively constrained the
Fe:Mo ratios in the precipitates (Table S5; Fig. S6). Abiotic and unin-
oculated samples have an average Fe:Mo ratio of 1.3 + 0.9 (1sd). The Fe:
Mo ratios in the precipitates formed in D. vulgaris or D. balticum
cultures vary widely, averaging 7.1 + 82 (1sd) and 7.7 + 7.5 (1sd),
respectively. When Fe** was added to the D. vulgaris culture before
inoculation and Mo was added when SRB growth reached the expo-
nential phase, the resulting precipitate contained a relatively high Fe:
Mo ratio (22.7 £ 35.9). When Mo was added to cultures containing
dead SRB cells, the Fe:Mo ratios in the resulting precipitates (7.84 + 5.76
for D. vulgaris and 4.48 + 0.00 for D. balticum) were within the range of
those observed for precipitates formed in live SRB cultures (6.91 +9.17
for D. vulgaris and 8.82 + 8.34 for D. balticum).

XANES and EXAFS results

The XANES and EXAFS spectra of our FeMoS samples indicate that
the oxidation state and first-shell coordination of Mo remained largely
unchanged across all conditions tested (Fig. 5). The XANES LCF
results indicate that the average Mo oxidation state for the time series
samplesis4.37 £0.07 and 4.21 + 0.14 for those formed in uninoculated
and inoculated SRB cultures, respectively (Table 1; Table S6). There is
a potential decrease in the Mo oxidation state with increasing experi-
mental duration (from ~4.38 to ~4.25 in uninoculated D. vulgaris
media and from ~4.34 to ~4.00 in inoculated D. vulgaris cultures), but

https://doi.org/10.1180/gbi.2024.7 Published online by Cambridge University Press

this decrease is not consistent across all time series samples and the
magnitude of change is not sufficient to rule out analytical variation as
the cause (Fig. 3a). Overall, no significant changes or trends in Mo
oxidation state were observed with changes in experimental duration,
initial ratio of Fe:Mo, degree of Mo thiolation in solution, the pres-
ence/absence of SRB or SRB species (Fig. 3, Table 1).

Model fits for the EXAFS spectra suggest that the Mo in these
FeMosS precipitates is bonded to 4 — 5 S atoms at 2.31 —2.51 A (Fig. 5).
The best fits for most samples were obtained with 4 S atoms at an
average of 2.40 + 0.01 A, 1 O atom at 1.65 + 0.01 A and 1 Fe atom at
2.88 + 0.06 A (Tables 2, S7 and S8). Note that, while the presence of
Mo-O and Mo-Fe bonds in the model slightly improves the fit in
many cases, they are not necessary to fit the spectra within reasonable
chi-squared and R-factor values. Thus, these data cannot confirm the
presence or absence of O or Fe in the coordination environment of Mo
in these FeMoS complexes. Alternative fits for time series samples and
their associated R factors are listed in Table S8 to clarify the differences
between including and excluding Mo—O and Mo—Fe bonds in the fits.

Although aqueous Mo speciation was continuously changing as
Mo thiolation proceeded over the course of ageing (Fig. S1), the best
fits for the time series EXAFS spectra indicate that the Mo—S bond
lengths do not increase or decrease significantly with increasing
experimental duration (Fig. 6a). The lengths of Mo—S bonds appear
to increase (from 2.39 to 2.42 A) with increasing initial Fe:Mo ratio
(from 0.5 to 2) in samples formed in uninoculated and inoculated
D. vulgaris media (Fig. 6b). However, this trend in Mo-S bond
lengths could also be due to natural variation in the bulk analyses of
amorphous FeMoS samples or in the fits. Moreover, there is no
apparent correlation between Mo—S bond length and the average
Mo oxidation state in the precipitate (Fig. 6¢). Overall, the Mo-S
bond lengths of FeMoS samples formed in abiotic and uninoculated
solutions (2.41 £ 0.01 A) are indistinguishable from those formed in
the presence of SRB cells (2.40 + 0.01 A).

The only sample markedly different from the rest with regards to
its XANES and EXAFS spectra is the abiotic FeMoS precipitate
prepared at high pH (~11) (Fig. 5). The XANES spectrum for this
sample exhibits a distinct pre-edge feature similar to that present in
the molybdate spectrum. XANES LCF indicates that Mo in this
sample is of +6 oxidation state (Table 2). EXAFS fitting suggests Mo
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Figure 5. Mo XANES (left), k3 weighed EXAFS spectra (centre), and FT of EXAFS spectra (right) for time series data set (top; listed numerically in Table S8) and abiotic and Fe
concentration series data sets (bottom; listed numerically in Table S7). Solid black lines represent data; dashed red lines represent best fit models for each spectra.

coordination in this sample is very similar to that in molybdate,
with 4 O atoms at 1.75 £ 0.01 A (Table 2). This drastic change in Mo
oxidation state and coordination was only observed at the high pH
(~11) in which this sample was prepared, while the transition from
low pH (~4.5) to circumneutral pH (~7.5) did not seem to have a
strong effect on the final precipitate. Samples prepared at low and
circumneutral pH were similar in Mo oxidation state (4.50 £ 0.18
and 4.36 + 0.23, respectively) and coordination (1 O atom at ~1.63 —
1.65 A, 4 S atoms at ~4.32 —2.50 A and 1 Fe atom at ~2.88 —3.00 A),
based on XANES and EXAFS spectra (Fig. 5, Tables S6 and S7).

https://doi.org/10.1180/gbi.2024.7 Published online by Cambridge University Press

Discussion
Effect of molybdate and thiomolybdate on SRB growth

The observed inhibition of SRB growth in the presence of MoO 4>
is consistent with previous understanding that molybdate is toxic
toward SRB due to its structural similarities to SO,>*, which allows
molybdate to bind with sulfate transporters and subsequently
enter the metabolic path for sulfate reduction (e.g., Chen et al.,
1998; Biswas et al., 2009; Stoeva and Coates, 2019). Our findings
suggest that D. vulgaris growth is potentially more strongly
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Table 2. The average EXAFS fit for our FeMoS precipitates compared to EXAFS data from both field and experimental samples reported in previous studies. This
table is modified from Table 1 in Helz and Vorlicek (2019) and Table 7 in Dahl et al. (2013).

Sample N Ro (A) N Rs1 (A) N Rsz (A) N Rss (A) N Rre (A) Mo Ox. Reference

Standards This study

Mo0,* 4 1.77 6

MoS,> 4 2.17 6

MoS, 6 2.39 6 3.15° 4

Samples This study

Abiotic FeMo''s® 1 1.63-1.69 1 2.31-2.35 1 2.35-2.42 2 2.45-2.51 1 2.88-2.99 4.3-4.5

Biotic FeMo''s” 1 1.65 1 2.31-2.33 1 2.34-2.36 2 2.44-2.49 1 2.71-2.95 4.0-4.4

High pH Mo"'0,* 4 1.75 6

Sediment Previous studies

Black Shales 2-3 1.69-1.71 1-2 2.31-2.38 1 2.60-2.64 4-6 Helz et al. ( 1996)

Western interior 2.4 1.70 1.6 2.37 4.7-5.3 Tessin et al. (2019)

seaway

Anoxic mud (Lake 0-2 1.94-2.14 4 2.24-2.38 1 2.71-2.73 4.2 Dahl et al. (2013;

Cadagno)- Type S 2017)

Anoxic mud (Lake 1 1.69-1.74 1 2.38 1 242 2 2.45 1 2.73-2.77 5.9 Dahl et al. (2013;

Cadagno)- Type OS 2017)

Experimental Previous studies

precipitates

Fe'"MoS,(S,) 2 2.30-2.32 3 2.44-2.47 1 2.79-281  4.0-41  Vorlicek et al. (2018)

MoVO(S,)* 1 1.69 4 2.38 4 Draganjac et al.
(1982)

M0,Y0,S; (S,)* 2 1.68 2 2.11 2 2.32 4 241 5 Clegg et al. (1980)

M0,"S4(S,),> 2 2.12 2 231 4 2.39 5 Pan et al. ( 1984)

Mo0,"(S,)6> 2 2.42 4 2.49 5 Miiller et al. (1978)

MoS3 6 2.43 1 2.6-2.9° 4 Hibble et al. (1995)

MoS,%/FeS, 0.1-4 1.76-1.78 04 2.39-2.41 0-3 2.68-2.72° Bostick et al. (2003)

absorbate

MoS,%/FeS, 4 243 1 2.99 4 Freund et al. (2016)

absorbate

MoS,*/2MPA/FeS, 1 2.19 6 243 1 3.03 4 Freund et al. (2016)

absorbate

Mo0,%/FeS, 4 1.75 £ 0.01 1 2.88+0.01 5.5 Freund et al. (2016)

absorbate
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Sample N Ro (A) N Rs; (A) N Rs, (A) N Rss (A) N Rre (A) Mo Ox. Reference

Fe-Mo-S-humate 2 1.68 2 2.31 Helz et al. ( 1996)

(pH7)

Fe-Mo cubane 3-4 2.35+0.03 1-2 2.49 +0.03 1 2.72+0.05 4 Cramer et al. (1978);

(C. pasteurianum) Venters et al. ( 1986)

DMSO reductase 1 1.72 1 2.38 1 2.42 2 2.45 4 Dias (1999; Dahl et al.
(2017)

Live SRB-associated 1 1.73 1 2.34 1 2.36 2 2.40 +0.01 4.8 Dahl et al. (2017)

MoS precipitates

Dead SRB- 1 1.69 £ 0.07 4 2.35+0.06 4.8-5.2 Dahl et al. (2017)

associated MoS

precipitates

Dead SRB- 1 1.66 + 0.07 5 2.37 £ 0.04 4.0-4.4 Dahl et al. (2017)

associated MoS
precipitates

2Range of interatomic distances for best fits of FeMo''S precipitates formed in abiotic solutions or uninoculated culture media.
PRange of interatomic distances for best fits of FeMo''S precipitates formed in biological solutions (SRB cultures).

“Mo-Mo in molybdenite (MoS,)

inhibited by MoO,>" than D. balticum growth (Fig. S1). The
different responses to MoO,”" exhibited by the two species may
be due to differences in the specificity and sensitivity of their
sulfate transporters such that those in D. vulgaris do not as easily
distinguish between MoO,* and SO,%, thus transferring more
MoO,* into their cells, leading to more severe inhibition (Stoeva
and Coates, 2019). Alternatively, because the D. balticum media
contains higher concentrations of Ca** and Mg>*, which may
form strong ion-pairs with MoO,”", this lowers the activity and,
thus, the toxicity of MoO,4>" in this media, potentially explaining
the weaker inhibition of D. balticum growth compared to
D. vulgaris (Helz et al., 2011).

The effect of thiomolybdate on SRB had not been previously tested
by direct addition of MoS,> to SRB cultures (only by MoO,> addition,
which inhibits sulfide production and, thus, does not allow the full
conversion of MoO,4>” to MoS,%). Our results suggest that MoS,* also
inhibits bacterial sulfate reduction, potentially more strongly than
MoO,* (Fig. S1). However, a quantitative comparison of the degree
of inhibition caused by MoO,> versus MoS,> is difficult as the
solution turbidity and sulfide concentration measurements used to
estimate SRB growth are altered by the presence of MoS,”".

Since both MoO,>” and MoS,” effectively inhibit SRB growth at
relatively low concentrations, these compounds are probably trans-
ported into SRB cells through sulfate transporters (Nair et al., 2015;
Stoeva and Coates, 2019). However, given the lack of Mo precipita-
tion in Mo-containing cultures, this uptake is probably not a major
sequestration pathway in natural euxinic environments and is also
not permanent due to the lack of Mo reduction associated with this
uptake (Stoeva and Coates, 2019; Phillips and Xu, 2021).

Mo thiolation in abiotic and biotic systems

Full conversion of MoO,* to MoS,> was achieved in all biological
systems tested as seen in abiotic systems at low to circumneutral pH,
suggesting that the presence of live D. vulgaris or D. balticum cells
does not limit the degree of Mo thiolation under these conditions.
The faster rate of Mo thiolation in D. vulgaris media (both inoculated
and uninoculated) compared to that in D. balticurm media is poten-
tially due to their slight differences in pH (initial pH of D. vulgaris
media = 7.76 + 0.16; initial pH of D. balticum media = 7.01 £ 0.17)

https://doi.org/10.1180/gbi.2024.7 Published online by Cambridge University Press

(e.g., Lohmayer et al.,, 2015; Vorlicek et al., 2015; Phillips et al., 2023).
The differences in ionic strength of D. vulgaris media (~0.1 M)
relative to D. balticum media (~0.7 M) may have also played a role
as more rapid flocculation of FeS precipitates in D. balticum media
may reduce the availability of reactive surface sites, where the
replacement of O atoms in MoO,> with S atoms is catalysed.
However, given that faster Mo thiolation in D. vulgaris media relative
to D. balticum media was observed in both the presence and absence
of Fe*", pH was probably the major factor.

The faster rate of Mo thiolation and sequestration in live
D. vulgaris cell cultures compared to uninoculated media (Figs
1 and S2) is potentially due to the presence of (1) cell surfaces that
act as catalytic sites, (2) activated sulfur species (i.e., intermediates of
bacterial sulfate reduction) and/or (3) microenvironments with
higher concentrations of sulfide. It is possible that SRB cell surfaces
adsorb MoO,”" and facilitate reactions of molybdate and sulfide/
other reduced sulfur species. However, our experimental results show
that Mo reduction requires Fe** in all live cell-containing cultures,
thus the proposed role of SRB in facilitating Mo—S redox reactions is
probably only significant in the presence of iron. Moreover, given the
similar rates of Mo thiolation observed in live D. balticum cell cultures
compared to uninoculated D. balticum media, it is unlikely that SRB
cells catalyse Mo thiolation to a degree that would heavily alter Mo
behaviour in nature. Alternatively, higher polysulfide concentrations
in live cultures (as indicated by the more intense UV-vis peak at
~345 nm) compared to uninoculated cultures may have increased
Mo thiolation and sequestration rates, as polysulfide has been previ-
ously proposed to induce Mo reduction (Vorlicek et al., 2004; Helz
and Adelson, 2013; Freund et al., 2016; Vorlicek et al., 2018).

Mo reduction in abiotic and biotic systems

All FeMoS precipitates formed at low to circumneutral pH (~4.3 to
8.0) contain predominantly reduced Mo(IV) (Table 1). Only the
FeMosS precipitates formed at high pH (~11.0) contain predomin-
antly oxidized Mo(VT), probably due to the lack of Mo thiolation in
high pH systems (e.g., Phillips et al., 2023). Because Mo thiolation
and reduction were not observed in high pH experiments, only the
results from low to circumneutral pH systems are discussed for the
remainder of this section.
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The high-resolution XPS fitting and XANES LCF results are in
close agreement with average Mo oxidation states of 4.18 + 0.04 and
4.24 + 0.18 for abiotic and biotic samples, respectively, based on the
XPS data and 4.31 + 0.06 and 4.34 + 0.24 for abiotic and biotic
samples, respectively, based on the XANES data (Table 1). Given the
consistent Fe>" requirement across abiotic and biotic samples for Mo
reduction and precipitation as well as the similar average Mo oxida-
tion states in abiotic and biotic precipitates, it is unlikely that SRB
directly affected Mo reduction in these experiments. The more
intriguing trend in the Mo oxidation state data is the positive
correlation observed between the relative amounts of reduced Mo
(IV) and Fe (II) (Fig. 4a). This trend highlights the close relationship
between Fe coordination (reflected in its valence) and Mo reduction
in these Fe—-Mo-S systems. Although we cannot completely rule out
the observed Fe(II)-Mo(IV) correlation (Fig. 4a) as an artefact of
sample oxidation during analysis, this possibility is minimal given
that the samples were prepared in an anaerobic chamber (N,:H, =
97%:3%) and transported in anaerobic serum vials stored in airtight
Thermo Scientific AnaeroPack containers with oxygen scavengers;
sample surfaces were sputtered during XPS analyses to remove any of
the surface material that may have become partially oxidized. That
said, another more likely explanation for the observed Fe(II)-Mo
(IV) correlation is that the reactivity of Fe in the precursors and initial
precipitate is highly dependent on its structural position; those that
are able to fit into a centre position of S polyhedra (i.e., of lower
reactivity) are exclusively Fe(III) due to size limitations, resultingin a
positive relationship between Mo reduction and Fe(II). However,
further experiments are needed to verify this hypothesis.

The slight decrease in the average Mo oxidation state and the
increase in the overall amount of Mo sequestered with increasing
experimental duration (Figs 3a and 2b, respectively) indicate a
potential relationship between Mo sequestration and reduction
(Fig. 3b). However, the trends in the data are insufficient to rule
out analytical or natural variation and there is no observable trend
in average Mo oxidation state with S concentration in the precipi-
tates (Fig. 4c) despite the positive relationship between Mo and S
concentration in the final precipitates (Fig. 2d). This suggests that
the amount of overall sulfide precipitation and, thus, Mo seques-
tration does not significantly affect the degree of Mo reduction in
the resulting precipitate.

Role of iron (Fe)

The faster Mo thiolation and sequestration rates in the presence of
Fe** observed in all experimental systems (Figs 1 and 2), suggests
that Fe** catalyses these processes as found in previous studies
(Bonomi et al., 1992; Helz et al., 2004; Phillips et al., 2023). More-
over, the requirement of Fe** for Mo sequestration in experimental
conditions emphasizes the importance of Fe** for Mo sequestra-
tion. Although only present at trace concentrations, slight vari-
ations in Fe*" concentrations in natural basins may be partially
responsible for the variations in Mo behaviour observed across
modern euxinic basins (Helz, 2021; Phillips et al., 2023).

The degree to which Fe** addition catalysed Mo thiolation and
sequestration in our experiments did not scale consistently with
increasing the initial Fe*" concentration, suggesting that at lower
Fe** concentrations, like those present in natural settings, the
catalysis effect of Fe** may be just as strong. For example, the
occurrence of precipitation in our ‘Fe-free’ SRB cultures (in contrast
to the lack of precipitation in Fe-free uninoculated media), suggests
either that (1) these cells provide reactive surfaces that induce Mo
reduction and precipitation in the absence of Fe** or (2) trace
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amounts of Fe** were unintentionally transferred into the media
during inoculation from a previous (Fe-containing) culture. Given
that the ICP-OES and XPS data revealed the presence of Fe** in
these solutions and precipitates (Table S4), it is likely that the
presence of trace Fe** led to the Mo sequestration observed in these
samples.

The concentration of transferred Fe®" in these solutions was
only ~0.002 — 0.026 mM, based on the concentration that could
have been transferred from the 1% inoculation of the original
Fe-containing culture (Table 1). Because Mo precipitation occurs
at such low Fe®* concentrations, comparable to those observed in
some modern euxinic basins (e.g., Emerson and Huested, 1991;
Helz et al., 2011; Nagler et al., 2011; Dellwig et al., 2019), it is likely
that this Fe catalytic effect on Mo thiolation and sequestration also
operates in natural euxinic settings. Here we also argue that previ-
ously reported ‘Fe-independent’ removal of Mo facilitated by SRB
(e.g., Dahl et al,, 2017) involved similar Fe-catalysation as the media
used contained Fe (at ~0.026 mM), which, based on our findings, is
sufficient to facilitate Mo precipitation. Future work should inves-
tigate the influence of other redox-active trace metal cations, such as
nickel and copper, on Mo behaviour in euxinic conditions. These
metals may exhibit similar catalytic behaviour to iron, potentially
enabling Fe-independent pathways of Mo sequestration.

Role of sulfate-reducing bacteria (SRB)

Comparison between the two SRB species utilized in this study
yields major differences in the estimated thiolation and sequestra-
tion rates (Fig. 1), but these differences are present in uninoculated
controls as well. Thus, the faster Mo thiolation and sequestration
observed in uninoculated and inoculated D. vulgaris cultures com-
pared to those of D. balticum cultures is due to abiotic factors, such
as the higher initial pH and ionic strength of D. balticum media
(7.76 £0.16 and ~0.7 M) compared to D. vulgaris media (7.01 £0.17
and ~0.1 M). The presence of the SRB cells was shown to have
relatively minor effects on Mo thiolation and sequestration.

In all circumneutral to high pH (~7 — 11) experiments, Fe was
required for Mo sequestration in either the presence or absence of
the SRB cells. The absence of precipitation in cultures lacking Fe
suggests that the SRB cells and other OM present in the cell cultures
cannot directly induce Mo reduction and sequestration without Fe
(Table S2). Furthermore, no major differences are observed in the
Mo oxidation state and coordination environment in the precipi-
tates formed in the presence of D. vulgaris/D. balticum cells com-
pared to those formed abiotically. Thus, although previous studies
have suggested that SRB may actively induce Mo sequestration (e.g.,
by taking up and reducing MoO,*’; Biswas, et al., 2009), the results
of this study indicate that the role SRB plays in Mo sequestration is
passive (i.e., by providing the sulfide with which Mo reacts; Helz
and Vorlicek, 2019) and relatively minor compared to that of Fe.

Other studies have suggested that even if SRB do not actively
take up and reduce Mo, they may act as carriers of Mo to the
sediment by providing reactive cell surfaces that adsorb, complex
and immobilize molybdate (Biswas et al., 2009; Dahl et al., 2017). As
described previously, rates of Mo thiolation and sequestration
observed in SRB-containing solutions are, in some cases, slightly
higher than those observed in SRB-lacking solutions, which could
be in part due to the effects of reactive SRB cell surfaces. However,
the Fe:Mo ratios observed in the precipitates formed in the presence
of SRB cells are roughly the same as those in abiotic precipitates
(Tables S3 and S4), emphasizing the minor role of SRB cells in Mo
sequestration.
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Bonding environment of FeMoS precipitates

The best fits for the EXAFS spectra of our FeMoS samples indicate
that Mo is coordinated by 4 S atoms at an average distance of 2.40 +
0.01 A and, potentially, an O atom at 1.65 + 0.01 A and Fe atom
at 2.88 + 0.06 A (Table 2). The presence of O and Fe is not certain
as including these bonds in the models only marginally
improves the fits. The length of the Mo—S bonds in our FeMoS
samples (2.31 — 2.51 A) are comparable to those observed in
previously studied Mo(IV)-sulfide structures, such as FeMoS,(S,)
experimental precipitates (2.31 — 2.45 A; Vorlicek et al., 2018),
MoS,> /FeS, adsorbate (2.43 A; Freund et al., 2016), FeMoS cubane
structures (2.36 + 0.02 A; Cramer et al., 1978), SRB cell-associated
experimental precipitates (2.33 — 2.45 A; Dahl et al., 2017), Lake
Cadagno sediments (2.24 — 2.38 A; Dahl et al.,, 2013), black shales
(2.31-2.38 A; Helz et al., 1996), MoO(S4),> experimental precipi-
tates (2.38 A; Draganjac et al., 1982) and Mo-Fe proteins in nitro-
genase enzymes in nitrogen-fixing bacteria, Azotobacter vinelandii
and Clostridium pasteurianum (2.35 — 2.39 A; Cramer et al., 1978;
Chen et al., 1993; Dahl et al., 2013).

The length of potential Mo—O bonds in our samples (1.65 + 0.01
A) are shorter than those present in Mo(V)O,* (1.78 A) and
Mo(VI)O; (1.75 A) MoS,>"/FeS, adsorbate (1.76 — 2.19 A) (Bostick
et al.,, 2003; Dahl et al., 2013; Freund et al., 2016, Table 2). They are
closer to, but still slightly shorter than, Mo—O bonds found in Lake
Cadagno sedimentat 1.69—1.74 A (Dahletal, 2013) and black shales
at 1.69 — 1.71 A (Helz et al., 1996). They are also comparable to the
1.64 — 1.73 A Mo-O bonds found in molybdate-OM complexes
(where OM is oxalate, malate, citrate, catecholate or tannic acid;
Wagner et al., 2017). However, these molybdate-OM complexes
contain oxidized Mo(VI) in contrast to our samples that contain
reduced Mo(IV).

Given the short Mo—O interatomic distances, these may represent
terminal Mo=0 bonds (Table 2). Previous studies show that Mo=0O
bonds typically result in the presence of a pre-edge feature in the
XANES spectra as observed in molybdate spectra (Dahl et al., 2013;
2017; Wagner et al,, 2017). However, the absence of this pre-edge
feature in most of our samples is probably due to the amorphous
nature of our precipitates, as the pre-edge feature is most prominent
in minerals with tetrahedral geometry such as molybdate or tetra-
thiomolybdate (Wagner etal., 2017; Fig. 5). Alternatively, the absence
of this pre-edge feature may indicate the absence of Mo—O/Mo=0
bonds altogether as, in most samples, the presence of O in the Mo
coordination environment only marginally improves the fit.

The length of potential Mo—Fe bonds in our samples (2.88 + 0.06 A)
are comparable to those observed in Lake Cadagno sediments (2.85 —
2.96 A; Dahl et al,, 2013) and FeMoS,(S,) experimental precipitates
(2.79-2.81 A; Vorlicek et al., 2018), but shorter than those observed in
MoS,*/FeS, adsorbate (2.99 — 3.03 A; Freund et al., 2016) and longer
than those observed in black shales (2.60 — 2.64 A; Helz et al., 1996),
FeMoS cubane structures (2.72 + 0.03 A; Cramer et al., 1978) and
Mo-Fe proteins in nitrogenase enzymes in nitrogen-fixing bacteria,
Azotobacter vinelandii and Clostridium pasteurianum (2.69 — 2.70 A
Cramer et al., 1978; Chen et al., 1993; Dahl et al., 2013; Table 2). Such
comparisons may help confirm the mechanisms involved in Mo
sequestration in euxinic basins. For example, the modelled Mo-S,
Mo-O and Mo-Fe bonds in our precipitates indicate Mo species similar
in coordination to those found in Lake Cadagno sediments, suggesting
similar abiotic formation processes.

The XANES and EXAFS spectra of most of our FeMoS samples
are largely the same, with only minor differences (Fig. 5). However,
the Mo present in the FeMoS precipitates formed under high pH
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(~11.0) conditions are fundamentally different from those formed
under low to circumneutral pH (~4.3 — 8.0). The high pH precipitates
exhibit Mo XANES and EXAFS spectra comparable to that of
Mo(VI)O,”, suggesting that the molybdate initially added to
these solutions may have adsorbed to the FeS colloids/precipitates
without undergoing reduction and coprecipitation as FeMoS. Given
the much lower concentration of Mo in these precipitates (0.60 + 0.06
at.%) relative to those formed at low to circumneutral pH (4.94 £ 3.81
at.%), it is likely that the lack of Mo thiolation at such high pH
prevents the reductive sequestration of Mo in these systems (e.g.,
Phillips et al., 2023). Thus, the Mo(V1)O,* observed in this sample is
probably susceptible to remobilization if resuspended in solution
(Kowalski et al., 2013; Ardakani et al., 2016; Dahl et al., 2017). This
finding further emphasizes the significance of Mo thiolation and,
thus, pH in controlling Mo sequestration under sulfidic conditions.

Potential sequential Mo sequestration mechanism

The passive role of SRB suggests an abiotic, Fe-dependent Mo
sequestration mechanism, which can take place by either (1) adsorp-
tion of molybdate or thiomolybdate onto solid Fe-sulfides or
(2) thiomolybdate reaction with dissolved Fe*", leading to copreci-
pitation as FeMoS complexes (Bostick et al., 2003; Freund et al., 2016;
Dahl et al., 2013; 2017; Vorlicek et al., 2018, Miller et al., 2020). The
increase in precipitate Mo concentrations and decrease in aqueous
Mo concentrations with increasing experimental duration (Fig. 2b)
indicate an increase in the degree of Mo sequestration over the course
of ageing. Moreover, the positive relationships observed between Mo,
Fe and S concentrations in both precipitates and solutions (Figs 2c
and d) indicate an increase in overall FeMoS precipitation with
ageing. These relationships connect the increase in precipitate Mo
concentrations over time with that in overall FeMoS coprecipitation
rather than cumulative Mo adsorption to previously precipitated
Fe-sulfides.

Nevertheless, the coordination environment of Mo in our sam-
ples based on EXAFS fitting suggests that both coprecipitation and
adsorption mechanisms may be involved in Mo sequestration. The
MoQ,* present in the FeS precipitates formed at high pH (Fig. 5,
Table 2) and the apparent independence of Mo speciation in the
precipitate relative to that in solution in circumneutral pH systems
(i.e., the solid-state Mo species remains constant as the species in
solution changes/becomes thiolated; Figs 5 and S1), suggest that the
reaction of MoO,> with colloidal FeS complexes may be the first
step in Mo thiolation and reduction in Fe-containing sulfidic
systems (Helz et al., 2004).

The lack of change in Mo coordination in the time series
precipitates, which were collected while dissolved Mo speciation
was still changing drastically, was initially interpreted to indicate
that molybdate and thiomolybdate intermediates can be directly
reduced and sequestered and that the Mo thiolation and reduction
processes are decoupled. However, the lack of thiolation and reduc-
tion in the high pH precipitates suggests otherwise (i.e., at least
some degree of Mo thiolation appears to be an important require-
ment for subsequent Mo reduction). Thus, the lack of change in Mo
coordination in the time series precipitates is more likely due to a
stepwise mechanism of interaction/adsorption, thiolation and
reduction/sequestration. That is, MoO,”" initially reacts with the
FeS clusters/nanostructures, which then induces Mo thiolation and
subsequent reduction and precipitation as FeMoS (Fig. 7).

The source of S for effective Mo thiolation in Fe-containing
circumneutral pH solution is likely from those associated with Fe in
freshly formed FeS clusters or nanostructures. Comparison of the
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Figure 7 Schematic figure showing the likely pathways of Mo reactions and sequestration in euxinic basins lacking Fe (a), containing Fe (b), with acidic pH (c), and with

alkaline pH (d).

Mo thiolation and FeS condensing rates based on calculations using
our data and Mo thiolation equilibrium constants (Erickson and
Helz, 2000) and formerly reported Fe-S precipitation rate constants
(Rickard, 1995) indicates that the formation of FeS complexes/
condensed phases precedes Mo thiolation. This FeS-dependent
thiolation mechanism of molybdate (under circumneutral pH)
may also explain the positive relationships identified among Mo,
Fe and S concentrations in the precipitates (Fig. 2d).

The proposed FeS-dependent Mo thiolation is also consistent
with the observed lack of Mo thiolation in Fe-containing high pH
systems (Fig. 5) as FeS formation kinetics are strongly dependent on
pH (i.e., the higher the pH, the faster FeS condenses). As the
solution pH increases, the formed FeS probably proceeds far
beyond the initial FeS cluster/nanostructure stage, becoming too
dense to provide sufficient reactive sites that may catalyse the Mo
thiolation. However, in the circumneutral pH systems, the FeS
precipitation rate is sufficiently reduced to enable Mo thiolation
and subsequent reduction/sequestration.

Given that Fe is required for Mo reduction in circumneutral to
high pH systems, even in solutions with other ‘nucleation sites’ (e.g.,
SRB cells), Fe probably plays a direct role in facilitating the electron
transfer from S to Mo in these systems. However, the Fe-independent
Mo sequestration observed in low pH systems indicates that Mo
reduction can occur in the absence of Fe and, thus, suggests a
different Mo sequestration mechanism altogether (Phillips et al.,
2023). We confirmed that Mo thiolation is required for Mo reduction
and that a net redox reaction occurs between Mo(VI) and S(-II).
Despite the different molecular mechanisms, Mo sequestration in
both low pH and Fe-containing, circumneutral pH solutions may
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occur via the redistribution of electrons in the tetrathiomolybdate
structure; thus, it is either low pH or FeS clusters that catalyse this
self-redox reaction.

Previous studies have associated an increase in Mo-S bond
length with an increase in structural stability of the Mo-sulfide
(e.g., Freund et al., 2016; Wagner et al., 2017). However, our EXAFS
data show no increase in Mo—S bond length with increasing experi-
mental duration in both inoculated SRB cultures and uninoculated
media (Table S8, Fig. 6a), indicating a lack of structural change over
the course of the reaction. Moreover, the lack of correlation between
Mo-S length and average Mo oxidation state in the precipitate
(Fig. 6c) also suggests that the coordination and bulk oxidation
state of Mo in the precipitates remained relatively stable, despite the
ongoing Mo sequestration and the increase in overall precipitation
throughout the course of each experiment. The only factor observed
to cause a distinct increase in Mo-S length was an increase in
the initial Fe:Mo ratio (i.e., an increase in initial aqueous Fe*"
concentration) (Fig. 6b). This suggests that, in addition to its role
in catalysing Mo thiolation and reduction, Fe*" may also increase
the structural stability of FeMoS precipitates.

Freund et al. (2016) found that Mo—-S bonds in FeMoS com-
plexes formed by tetrathiomolybdate adsorption to pyrite were
elongated relative to the initial tetrathiomolybdate (2.43 vs 2.19 A),
suggesting structural rearrangement of tetrathiomolybdate upon
sorption and reduction. The FeMoS precipitates formed in our
experiments exhibit similar Mo—S bond lengths (average = 2.40 +
0.03 A), indicating potentially similar final structures. Moreover,
Freund et al. (2016) found that when OM was added to solutions
containing FeMoS precipitates formed via adsorption of
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tetrathiomolybdate to FeS,, Mo—O bonds were present in the final
precipitates due to the reaction between tetrathiomolybdate and
the OM to form an OM-Mo-FeS, complex (Freund et al., 2016).
Thus, the potential presence of Mo—O bonds in our samples based
on EXAFS fitting suggests that our FeMoS precipitates may rep-
resent similar OM-Mo-FeS structures. However, our FeMoS pre-
cipitates appear to have formed via coprecipitation rather than Mo
adsorption. Moreover, the S speciation in our precipitates indi-
cates the dominance of monosulfide over disulfide. Thus, the
mechanism of Mo sequestration and the sulfur or FeS species that
reduce Mo may not strongly alter the resulting Mo coordination in
the final precipitate.

Conclusions

Sulfate-reducing bacterial species D. vulgaris and D. balticum are
both inhibited by Mo but have very little effect on Mo behaviour.
Although previous studies have suggested that SRB cells and other
organic materials may complex Mo in sulfidic solutions and facili-
tate its sequestration (e.g., Chen et al., 1998; Orberger et al., 2007;
Biswas et al., 2009; Dahl et al., 2017), our experiments indicate that
SRB cells play a negligible role in Mo sequestration. Thus, results
from this study suggest that Mo-OM covariations in euxinic sedi-
ment are probably not due to active Mo uptake, reduction or
complexation by SRB but, rather, the production of sulfide by
SRB which reacts with molybdate to form tetrathiomolybdate,
which is then sequestered. This process leads to the misleading
correlation between Mo and OM in the rock record, as was sug-
gested by Helz and Vorlicek (2019). Given the two very different
SRB species tested in this study exhibited similar effects on molyb-
date and thiomolybdate behaviour, it is likely that these results also
represent the behaviour of other SRB species common in euxinic
environments. However, it is important to note there is a wide
diversity of SRB species, and those not investigated in this study
may interact with Mo differently than D. vulgaris or D. balticum.

The major factors that appear to control Mo speciation and
sequestration in biological systems are the same as those found to
control Mo behaviour in abiotic systems: sulfide concentration, pH
and Fe’" concentration (e.g., Helz et al,, 1996; Phillips et al., 2023).
Based on our experiments, Mo precipitation, even in the presence of
live or dead SRB cells, relies on the presence of Fe** under circum-
neutral pH conditions, suggesting that Mo sequestration is dependent
on Fe** (and/or potentially other transition metals) but not dependent
on SRB (only on the sulfide that they produce). The importance of
Fe** in these experimental systems highlights the need for further
investigation into the effect of other metal cations on Mo sequestra-
tion. An understanding of the factors that control and potentially limit
Mo sequestration in natural settings is critical for improving the
accuracy and precision of palaeoredox reconstructions.

In addition to Fe**, pH strongly controls Mo thiolation and
subsequent sequestration in both abiotic and biotic solutions. Molyb-
denum reduction took place in all Fe-containing low to circumneu-
tral pH conditions, for which precipitates contain predominantly
Mo(IV) (Table 1). However, in highly alkaline conditions, molybdate
did not become thiolated, even in the presence of Fe* (Fig. 5),
suggesting that in natural alkaline conditions, Mo sequestration
may become limited with respect to Mo replenishment (Fig. 7),
leading to non-quantitative removal and erroneous interpretations
of Mo signatures (Phillips et al., 2023). Future experimental work
carried out under more environmentally relevant concentrations,

https://doi.org/10.1180/gbi.2024.7 Published online by Cambridge University Press

15

followed by further investigation into the aqueous chemistry of
modern euxinic basins, like those carried out by Helz (2021, 2022)
would provide more insight into the potential limiting factors con-
trolling Mo sequestration in natural settings, which would greatly
improve our interpretations of Mo signatures in ancient sediment.

Supplementary material. The supplementary material for this article can be
found at http://doi.org/10.1180/gbi.2024.7.
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