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ARTICLE INFO ABSTRACT

Associate editor: Susan Halsall Little We have analyzed concentrations of Mo, Re and U in the suspended particles, water column, underlying
carbonate-dominated sediments and pore waters of two contrasting marine lakes situated on the Adriatic Coast of
Croatia. Our data are the first for Re in these lakes. Rogoznica Lake is mainly euxinic, but subject to occasional
oxygenation events, whereas Mljet Island’s Malo Jezero is currently oxic year around but historically was

seasonally euxinic. These characteristics make the lakes useful testing grounds for redox proxies. We devote
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Molybdenum . . . . . . . .
Rheﬁium particular attention to Re/Mo ratios, which have great promise as redox proxies. In marine sediments, the range
Uranium of log[Reauth/Moaun] exceeds 2, and typical analytical uncertainty is +0.05, providing resolving power similar to

5°8Mo. Authigenic [Rey/Mos] ratios in sediments depend on varying supplies of three components: FeMo,Re)S4
coprecipitates, Fe(IlI) oxyhydroxides (plus Mn(IIL,IV) oxyhydroxides in some cases) and a still-uncharacterized
Re-rich, Mo-poor component possibly of biological origin. Removal of the latter component explains a 50%
depletion of Re,q without Mo,q from Rogoznica’s oxic waters. Water column concentrations of Mo,q and Re,q, as
well as [Res/Mos] ratios in Rogoznica’s suspended particles are predicted successfully by a model that attributes
these elements’ removal from sulfidic seawater solely to coprecipitation in Fe(Mo,Re)S4, assuming a partition
coefficient of 0.6. However, to predict sediment compositions, additional authigenic Mo supplied by mainly Fe
(I oxyhydroxides during sporadic oxygenation events must be considered. In Malo Jezero, sulfide concentra-
tions are too low even in pore waters for precipitation of Fe(Mo,Re)S4. Consistent with earlier work, U,q profiles
are best explained by eddy diffusive transport to the sediment rather than capture by a precipitate in the water
column. In Rogoznica pore waters, Mo,q extracted through 0.45 pm pore size filters exceeds by 50-fold con-
centrations predicted by the model and measured previously with 0.15 pm filters. This observation implies
presence of ferrothiomolybdate colloids, which could be important, overlooked participants in the sedimentary
geochemistry of Mo.

1. Introduction

In oxic and in anoxic but non-sulfidic marine water columns, dis-
solved concentrations of Mo, Re and U are nearly constant vertically
(Anbar et al. (1992; Nameroff et al., 2002; Singh et al., 2011; Goswami
et al., 2012, 2022; Ho et al., 2018; Dickson et al., 2020), implying that
neither abiotic nor biotic scavenging or precipitation occurs to a
meaningful extent. In contrast, dissolved forms of all three elements
become depleted in significantly sulfidic water columns or pore waters,
and associated sediments become enriched (Emerson and Huested,
1991; Colodner et al., 1995; Morford et al., 2005, 2007, 2012; Rolison
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et al.,, 2017). These elements’ enrichments in sedimentary rocks are
therefore interpreted as proxies that indicate sulfidic conditions during
those rocks’ deposition.

Importantly, depletions of Mo,q and Re,q under sulfidic conditions
never reach analytical detection limits. Mo,q declines to pH-sensitive,
sulfide-independent solubility minima, causing aqueous concentra-
tions to approach asymptotes. The asymptotes are independent of
organic carbon availability, proving that the so-called organic pathway
for Mo,q removal from euxinic natural waters is unimportant in nature
(Helz, 2021). By preventing quantitative scavenging of Mo,q and
requiring a small degree of Mo,q return to the ocean, solubility
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asymptotes hinder sediments from fully acquiring seawater’s 3°*Mo
signature (Helz, 2021). The Mo,q asymptotes have been attributed to the
equilibrium solubility of FeMoS4 (Vorlicek et al., 2018; Helz and Vor-
licek, 2019), and the Re,q limits may reflect Re,q control by coprecipi-
tation with FeMoS, (Helz and Dolor, 2012; Helz, 2022). Morford et al.
(2005) propose that UX({, which can be a terminal electron acceptor in
microbial metabolism, is alternatively limited to the minimum concen-
tration capable of supplying biologically useful energy.

Early researchers assumed that these elements’ authigenic enrich-
ment mechanisms simply involved reduction of seawater’s MoO3
U05(CO3):2™2" or ReO7 to tetravalent oxides or other unspecified
reduction products (Piper and Isaacs, 1995; Crusius et al., 1996). Also,
capture of these elements by unspecified organic functional groups was
often proposed (reviewed by Smedley and Kinniburgh, 2017; Helz and
Vorlicek, 2019; Phillips and Xu, 2021). Ambiguities about these mech-
anisms have impeded rigorous testing. However, as methods such as x-
ray spectroscopy evolved for studying chemical properties of sub-micron
and amorphous forms of trace elements in sediments, these concepts
proved overly simplistic. In the case of uranium, the tetravalent oxide
(UOs, uraninite) indeed is common in sediments and soils, but both UY!
and U" organic complexes as well as U' carbonates, silicates and
phosphates are also found (Jerden and Sinha, 2003; Sharp et al., 2011;
Mikutta et al., 2016; Smrzla et al., 2019; Bone et al., 2020; Fuller et al.,
2020). In the case of molybdenum, MoO; is too soluble to appear in
sediments. Beneath euxinic Lake Cadagno, x-ray spectra reveal one form
in which Mo has mixed O- and S-coordination with a mean oxidation
state of +5.3 to +5.5 and another form in which Mo is predominantly S-
coordinated with a mean oxidation state of +4.4 to +4.5 (Dahl et al.,
2013). The form of Re in natural sediments has not yet been observable
owing to its low concentrations. However, Yamashita et al. (2007)
injected sufficient ReO4 into biologically active, reducing sediments to
produce interpretable x-ray spectra; these revealed changes explainable
by incomplete reduction or by Re thiolation (ReO4 — ReSy).

The plan for this paper is to examine the scavenging and deposition
patterns of Mo, Re and U in two marine lakes. The lakes are similar in
most respects, including extremely restricted exchange with the sur-
rounding sea, but differ in their dominant water column redox charac-
teristics, one being oxic and the other euxinic. Previously Mo and U, as
well as their isotopes, have been discussed in these lakes (Helz et al.,
2011a; Bura-Nakic et al., 2018, 2020). Our focus here is not on the lakes
themselves but on what they can teach about the mechanisms that
control the behavior of redox sensitive elements.

2. Methods
2.1. Locality description

Rogoznica Lake (locally known as Zmajevo Oko, Dragon’s Eye Lake;
43°31.8'N 15°57.5F) is located on a small peninsula protruding into the
Adriatic Sea from the west coast of Croatia. Malo Jezero (Small Lake;
42°47'N 17°21'E) is located 150 km to the southeast from Rogoznica
Lake on the Croatian island of Mljet. Both are situated in lithologically
simple drainage basins consisting only of limestone with minor dolo-
mite. Malo Jezero sediments are aragonite-dominated with total CaCO3
reaching 72%, whereas Rogoznica Lake sediments are calcite-dominated
with total CaCO3 up to 92% (Mihelcic et al., 1996; Sondi and Juracic,
2010; Sondi et al., 2017).

The terrane began in the Mesozoic as a Bahamas-like platform that
accumulated carbonate sediments to a thickness of >5 km. Tectonic
deformation, beginning in the late Cretaceous and climaxing in the
Oligocene/Miocene, thrust up the limestones and dolomites forming the
Dinaric Alps (Vlahovic et al., 2005). This karstified, mountainous terrain
now buttresses the Adriatic coast of the Balkan Peninsula. When sea-
level dropped during the Pleistocene, caves and dolines (topographic
basins that lack surface outlets and drain through karst) penetrated the
limestone and dolomite to depths below modern sea-level.
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Subsequently, rising sealevel has drowned these features (Suric et al.,
2005; Razum et al., 2021), converting the dolines and exposed caves
into the conspicuous marine lakes and embayments that adorn the
Adriatic coast today.

Both lakes experience a Mediterranean climate with annual precip-
itation of ~1 m/yr, two-thirds arriving between October and March.
Potential evaporation considerably exceeds precipitation, so very little
precipitation reaches the lakes as surface runoff, but subaquatic, fresh-
water springs are known (Wunsam et al., 1999; Cuculi¢ et al., 2009).
Rogoznica Lake has no surface inlet or outlet to the Adriatic Sea but
weak tides reveal subterranean connections. Malo Jezero has only a
narrow opening (=2 m? cross section) to an adjacent marine lake (Veliko
Jezero) that in turn connects to the Adriatic Sea. Both can be described
as highly restricted basins. Despite their similarities, the two lakes have
some prominent differences that are summarized in Table S-1. In recent
decades, Malo Jezero bottom waters have contained O that fluctuated
seasonally between about 50 and 150 pmol/L (Benovic et al., 2000;
Hrusti¢ and Bobanovic-Coli¢, 2017). However, Buljan and Span (1976)
reported that Malo Jezero’s deep water column contained £S5~ con-
centrations in the 10-1000 pmol/L range during the 1950s. Strongly
eutrophic Rogoznica Lake has generally higher chlorophyll and nutrient
concentrations than Malo Jezero and is sulfidic at depth. Its sediments
contain up to 6.7% organic carbon whereas Malo Jezero’s sediments
peak at 2.1%. Rogoznica’s chemocline fluctuates in depth seasonally. In
some years, it remains within 3 m of the sediment-water interface (Bura-
Nakic et al., 2009a; Cankovi¢ et al., 2019). It is sometimes wiped out
briefly in Autumn as oxic surface waters cool and mix downward before
winter rains dilute them and restore water column stability. Past
monitoring of S~ at 12 m shows that although Rogoznica’s deep-water
sulfide fluctuates, there has been a secular rise during recent decades
(Cankovi¢ et al., 2019; Simonovi¢ et al., 2023).

2.2. Sampling

Water columns from both lakes were sampled using a clean Niskin
water sampler. The samples were transferred from the Niskin water
sampler to appropriate acid-cleaned perfluoralkoxy-polymer containers
(Nalgene), transported to the laboratory, filtered under a nitrogen at-
mosphere, acidified with HNO3 (69%, s.p., Rotipuran, Carl Roth,
Karlsruhe, Germany) to a final concentration of 0.5% v/v, and stored at
5 °C. Water samples from Malo Jezero were syringe-filtered through 0.2-
pm filters (cellulose acetate, Minisart, Sartorius), while those from the
Rogoznica Lake were vacuum-filtered using 0.45-pm filters (cellulose
acetate/nitrate, Millipore) due to very slow water drainage through 0.2-
pm filters. Unacidified aliquots of water samples for the determination of
sulfides from Rogoznica Lake were stored at 5 °C in clean glass bottles
until analysis on the following day by voltammetry (Bura-Nakic et al.,
2009a). Filters from Rogoznica Lake that contained visible amounts of
suspended particulate matter (SPM) were freeze-dried under reduced
pressure and stored for the determination of rhenium and trace elements
in SPM.

Sediment samples from both lakes were collected using gravity
corers. Cores were immediately capped and sealed, transported to the
laboratory, and frozen at —20 °C until processing. Within two weeks
after the collection, the sediments were thawed, sliced at 2-cm intervals
under a nitrogen atmosphere, and transferred into appropriate plastic
centrifuge vials. Porewater was separated from the sediment bulk by
centrifugation at 4200 rpm for 15 min. Under a nitrogen atmosphere,
porewater was decanted, filtered through 0.2-pm filters (Malo Jezero) or
0.45-pm filters (Rogoznica Lake), acidified with HNOs (s.p. grade) to a
final concentration of 0.5% v/v, and stored by freezing at —20 °C.
Unacidified aliquots of filtered porewater samples were frozen at —20 °C
in 3-mL Eppendorf tubes for determination of sulfide.

Compacted sediment remaining after centrifugation was freeze-dried
by lyophilization under reduced pressure, crushed, homogenized, pul-
verized, and stored at room temperature in sealed plastic zip-lock bags.
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We collected one core from Rogoznica Lake in July and four cores
from Malo Jezero, sampling this lake in April and November. On each
visit to Malo Jezero, cores were taken at 24 m and 30 m water depth.
Fig. S-1 in the Supplementary Material shows that appreciable variation
in redox sensitive element concentrations were observed between the
cores taken on the same date at two depths and between the cores taken
at the same depth on different dates. In order to avoid an intricate dis-
cussion that would reveal little of general interest, we have opted in this
paper to neglect these variations and to focus attention on the one Malo
Jezero core with the highest redox sensitive element concentrations.
However, the data for all cores are included in the Supplementary
Material.

2.3. Sample preparation for rhenium and multielemental determinations

Rhenium in all sample types was determined using the isotope
dilution (ID) approach. The amount of the ®Re spike that was required
to optimize quantification was estimated for every sample type by pre-
analyzing several samples with external calibration.

For rhenium determinations in the Malo Jezero water column,
80-100 mL of seawater was spiked with enriched ®°Re standard tracer
at least 24 h before extraction on ion-exchange columns. The samples
were then acidified with HCI (35%, s.p., Rotipuran, Carl Roth, Karls-
ruhe, Germany) to a final concentration of 1 M. Due to expected low Re
concentrations in Rogoznica Lake anoxic samples, samples were addi-
tionally preconcentrated by evaporation: 250-500 mL of aqueous sam-
ple was spiked with an appropriate amount of the 8°Re standard tracer,
evaporated under sub-boiling conditions to approximately 30 mlL,
cooled down, filtered through a 0.2-pm filter, and acidified with HCI (s.
p.) so that the final HCl concentration was 1 M.

For rhenium determination in porewaters, almost all of a sample
(only 1 mL was retained for multielemental analysis) was spiked with
the pre-estimated amount of enriched '®°Re standard tracer and acidi-
fied with HCI (s.p.) to a final concentration of 1 M at least 7 days before
loading on the ion-exchange column. All water samples were loaded on
the resin, as described below.

Soils and sediments for Re determinations were prepared using the
following procedure. Between 50 and 80 mg of the sample was i) mixed
with 5 mL HNOj3 (65%, p.a., Kemika, Zagreb, Croatia), 1 mL HCI (37%,
VLSI Grade, Rotipuran, Carl Roth, Karlsruhe, Germany), 1 mL HF
(47-51%, for trace analysis, Fluka, Buchs, Switzerland), ii) digested in a
microwave oven, iii) mixed with 6 mL of 40 g/L H3BOs solution (s.p.,
Fluka, Buchs, Switzerland) and iv) digested again in a Teflon bomb using
a microwave oven (Multiwave 3000, Anton Paar, Graz, Austria) by
ramping to 180 °C in 10 min and holding at 180 °C for 40 min. Lime-
stone was digested in a similar manner but used HNOg s.p. and about
300 mg of sample. Digested samples were then quantitatively trans-
ferred to acid-cleaned PFA bottles, diluted with 25 mL of MQ, and stored
until further processing (1 mL of this solution was retained for multi-
elemental analysis). This solution contained high HNO3 content and was
unsuitable to be loaded on the ion-exchange column. Dellinger et al.
(2020) and Faris and Buchanan (1964) showed that nitric acid does not
interfere with Re adsorption on strongly basic ion-exchange resin if the
HNO3 concentration is <1 M. Therefore, the solution was transferred to
an acid-cleaned Teflon container, spiked with the pre-estimated amount
of enriched '%°Re standard tracer, and slowly evaporated (sub-boiling)
to a volume of 0.5-1.0 mL, thus removing most of volatile acids (HCl and
HF), while the remaining solution was probably a mixture of boric and
nitric acid. The sample was then diluted with 25 mL of MQ water and
acidified with HCI (s.p.) to the final HCI concentration of 1 M. Using this
approach, the final content of HNOj3 in the solution was <0.6 M, which
does not interfere with rhenium adsorption onto ion-exchange resin.
Prepared samples were then loaded on the ion-exchange resin, as
described below.

Filters with SPM were mixed with 4 mL of HNO3 (s.p.) and digested
in Teflon bombs using a microwave oven. Digested samples were then
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quantitatively transferred to acid-cleaned PFA bottles, diluted with 15
mL of MQ, and stored until further processing (1 mL of this solution was
retained for multielement analysis). Further sample preparation is the
same as described for sediment in the paragraph above. As the deter-
mination of Re in SPM was not initially planned, the mass of the empty
filter was not measured and the estimated mass of SPM on filter is only
approximate. Therefore, the results are provided in ng of Re per liter of
filtered water.

2.4. Determination of rhenium

The rhenium ID spike was obtained from QMX Laboratories (UK) and
the certified '"Re/'®°Re isotope ratio was 0.061. Rhenium in prepared
samples was preconcentrated using an ion-exchange resin to remove
isobaric interferences. The resin (Dowex 1X8, 100-200 mesh, chloride
form) was first precleaned by soaking several times in 8 M HNOg (s.p.).
Approximately 1 mL of the resin was transferred as a slurry in 8 M HNO3
to a 4 mL polypropylene column (United Chemical Technologies)
equipped with a porous frit (10 pm), rinsed with 5 mL of 8 M HNO3 and
cleaned with 5 mL of MQ water. The resin was finally preconditioned
with 5 mL of 1 M HCI (s.p.). Rhenium was preconcentrated on the col-
umn by eluting a known volume of the sample (prepared as described
above) through the column at a flow rate of approximately 0.5 mL
min~". The preconcentrated Re was finally eluted from the column with
3 mL of 8 M HNO3 (Bura-Nakic et al., 2021), as 6 portions of 0.5 mL.

Rhenium was determined using either high resolution-inductively
coupled plasma-mass spectrometer (HR-ICP-MS; Element 2, Thermo
Finnigan, Bremen, Germany) or inductively coupled plasma-triple
quadrupole-mass spectrometer (ICP-QQQ-MS; Agilent 8800, Agilent,
Santa Clara, USA), depending on the instrument availability. HR-ICP-MS
was operated in hot plasma mode and '®Re and '®"Re isotopes were
measured at both low (LR) and medium (MR) resolution. For each
sample, a total of 30 scans were performed (5 runs x 6 passes) to obtain
good accuracy and precision. ICP-QQQ-MS was operated in hydrogen
mode as preliminary tests demonstrated the absence of rhenium isotope
fractionation. (The measured ‘®’Re/*®°Re ratio in ID spike solution was
0.0611 + 0.0028, n = 9, while in the Re standard solution (ASTASOL®
AN90461H) the ratio was 1.6730 & 0.0154, n = 13, which is similar to
the natural abundance 8’Re/'8°Re ratio of 1.6738). For each sample, a
total of 300 scans were performed (30 runs x 10 passes) to obtain better
accuracy and precision, as the ICP-QQQ-MS is not a high-resolution
instrument.

Several blank samples, certified reference materials (CASS-4, MESS-
3, NCS DC 75301), duplicate parallel samples, and samples spiked with
natural abundance Re were always prepared to assess the detection
limit, accuracy, reproducibility, and recovery of the analytical proced-
ure for both water and sediment samples. The amount of rhenium in
samples was always corrected for rhenium in the corresponding blank
sample. Comparison of measured Re content in certified reference ma-
terials with the literature values is presented in section B of the Sup-
plementary Materials. The method reproducibility was assessed by
duplicate parallel samples prepared following the whole analytical
procedure (including sample digestion for sediments) whose difference
was always lower than 6%, thus confirming good sample homogeneity
and analytical performance. The average recoveries of natural abun-
dance Re spikes from water and sediment samples were 97.2% and
100%, respectively, indicating that both !®°Re enriched spike and
isotopically normal Re show similar behavior in the sample matrix and
on the ion-exchange resin.

2.5. Multielemental determinations

Depending on the instrument availability, HR-ICP-MS or ICP-QQQ-
MS were used for the determination of elemental concentrations in
water, soil, sediment, and SPM samples. The water samples for the an-
alyses were prepared in pre-cleaned polyethylene tubes by 10-fold
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dilution of seawater/porewater in 2-5% HNOj (s.p.) and using *°In or
103Rh as an internal standard. The calibration was performed using an
external calibration in seawater. For soil and sediment samples, we
applied a 100-fold dilution of digested samples in 5% HNOs (s.p.) and
used 1°3Rh as an internal standard. The calibration was performed using
an external calibration in 5% HNOj3 (s.p.).

Quality control of HR-ICP-MS and ICP-QQQ-MS measurements in
water was checked by analyzing certified standard reference materials
(CASS-4 and CASS-5, National Research Council Canada, Ontario,
Canada). For soils and sediments, certified reference material NCS DC
75301 (China National Analysis Centre for Iron and Steel, Beijing,
China) was used. A good agreement with the certified data was obtained
for all investigated elements and matrix (see Section B, Supplementary
Material). Limits of detection (LODs) were calculated as three times the
standard deviation of procedural blanks (including digestion). The
typical LODs for Mo, Re, U, and Al in sediments were 25 ng/g, 0.08 ng/g,
0.5 ng/g, and 7 pg/g, respectively. The LODs for Mo, Re, and U in water
samples were 0.1 pg/L, 0.05 ng/L, and 0.01 pg/L, respectively.

2.6. Modeling Mo and Re solubility

To interpret Re,q and Mo, profiles in Rogoznica’s euxinic waters, we
employ a model that attributes Mo,q and Re,q scavenging to their
mutual coprecipitation in Fe(Mo,Re)S4 nanoparticles as described by
Vorlicek et al. (2018), Helz and Vorlicek (2019) and Helz (2022). The
model requires data for only £S5~ and pH. We found that we could fit
measured pH values versus depth in Rogoznica Lake by linear segments
in the sulfidic waters and could fit =57 by a quadratic equation (see
Fig. S-6, Supplementary Material). We used these functions for
smoothing and interpolating between sampling horizons in the water
column. The solubility of the coprecipitate phase is assumed to be the
same as endmember FeMoS, (Vorlicek et al., 2018), because the mole
fraction of Re in Mo sites will always be <1073, We set Qpeg to 107487,
the value appropriate for FeS nanoparticles. The model yields concen-
trations of total dissolved Mo, which includes not only MoO3 ™ and the
thiomolybdates, but also the Fe-Mo-S complexes characterized by Helz
et al. (2014).

Where we discuss concentrations of authigenic components in solid
phase materials, a correction for a lithogenic contribution will have been
made using a conventional formula:

E = Eyps — Al <7>
auth obs obs
[ litho

where E represents Mo, Re or U, and [E/Al] i, is the ratio of the element
to Al in a representative lithogenic material. E,y, values are not very
sensitive to the choice of lithogenic reference material because sus-
pended particles and sediments in the two lakes are highly enriched
relative to lithogenic materials and Al tends to be small in the
carbonate-dominated sediments. Generally, Eay is >99% of Eqps.

Where we discuss Re/Mo mass ratios in either the aqueous or solid
phase, we will normalize them to seawaters’ dissolved ratio of
0.000735; normalized ratios will be designated by a subscript sw.
Normalization is a convenient way to suppress superfluous zeros in the
data and to facilitate comparison of the composition of seawater to the
composition of its sedimentary products.

Where we discuss Rayleigh fractionation of Re,q with respect to Moaq
during coprecipitation, the concentration of Re,q will be calculated
from:

(€Y

Rea \°
Re,y = Moy, (Moaq ) Fot
ag

where [Reaq/Moaq]0 is the ratio of the dissolved concentrations of the
two elements before any coprecipitation has occurred, fis the fraction of
Mo,q remaining in solution after some amount of coprecipitation has
occurred and o = [Res/Mos]/[Reaq/Moyq] = the partition coefficient.

(2)
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Finally, where we discuss the composition of cumulative Fe(Mo,Re)S4
coprecipitates, the product’s composition will be calculated from:

Reaun _ (Req s
Mown) s \MOw) o, \1=f )"

3. Results

3

3.1. General redox characteristics

Fig. 1 shows redox indicator properties in the water columns and
pore waters of the two lakes. In Malo Jezero, the water column is oxic
down to the sediment-water interface. When our samples were
collected, water column salinity ranged from 36 at the top to 39 at the
bottom. Step increases by >100-fold in Mn,q and Fe,q concentrations
and the first appearance of =S~ occur in shallow pore waters; pore
water pH shifts downward from 8.3 at the interface to an average of 7.5
below —0.1 m depth in sediments, and total sulfide (=S rises to only
about 25 pmol/L.

In Rogoznica Lake, a chemocline existed between 7 and 9 m above
the sediment-water interface when our samples were taken in July
2021. Salinity in the water column spanned a small range from 34 at the
top of the water column to 36 at the bottom. In the downward direction
across the chemocline, Mn,q jumps by 10-fold, Fe,q by 16-fold and s
by 3000-fold, the latter reaching values exceeding 2000 pmol/L. Pro-
duction of H', mainly by biological sulfate reduction, drives pH down
across the chemocline from 8.2 to 7.2, and drives it further to below 6.8
in pore waters (see data tables in Supplementary Material).

In both lakes, the 0-=S™! transition in the downward direction is
marked by a large release of Mn,q (Fig. 1). In Rogoznica, where this
transition is observable in the water column, a corresponding large
decrease of Mns in suspended particles occurs (Fig. 2A). At greater
depths, Mngs in suspended particles as well as Mn,q change little,
although Mn,q in the sediments of both lakes undergoes a gradual
downward decline that could be related to a corresponding slight in-
crease in pH (Fig. 1), which lowers the solubility of Mn carbonates. A
thermodynamic speciation calculation employing published DIC mea-
surements (Pjevac et al., 2019) suggests that beneath the 053871
transition, Mn,q is controlled by saturation with CaMn[CO3], (pseudo-
kutnahorite; thermodynamic data of Mucci, 2004). At the chemocline,
Mn(IILIV) oxyhydroxides are presumed to be transformed to CaMn
[COsl; and do not reach sediments except when mixing events
oxygenate the entire water column..

Contrary to the Mng pattern, concentrations of Fes in suspended
particles in Rogoznica’s water column sharply rise in the chemocline
region before gradually declining past a peak near 7 m (Fig. 2A). The
righthand panel shows that downward through the chemocline the Qg.s
activity product (=[Fe2*][H2S]/[H"12) in bulk water rises steeply until
becoming fixed in a range characteristic of equilibrium with FeS pre-
cipitates. The Qges values imply saturation with respect to FeS phases
having solubilities intermediate between those of crystalline mack-
inawite and amorphous FeS. These Qgeg values characterize bulk water;
higher values are expected in microbial hotspots (microniches), where
supersaturation must occur before FeS nanoparticles can nucleate.

However, if the authigenic iron precipitates appearing near
Rogoznica’s chemocline were exclusively FeS (with or without some
authigenic pyrite), it would be puzzling why particulate Feg declines
downward through the sulfidic water column (Fig. 2A), given that the
solution remains saturated with FeS phases (Fig. 2B) and that pyrite
precipitation is irreversible under reducing conditions. Very likely,
authigenic Fe(IlI) oxyhydroxides also form near the chemocline owing
to mixing of Fe2" from deeper waters with O from shallower waters. As
Fe(IIl)-bearing particles settle into the sulfidic zone, some will react with
sulfide and gradually dissolve, thus explaining the loss of particulate Feg
below 7 m. Apparently, though, not all particulate Fe(III) is consumed
within the water column of this shallow lake. The large =S~ deficit
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Fig. 1. Water column and pore water composition of Malo Jezero and Rogoznica Lake. These Malo Jezero data were obtained in November 2021 and the Rogoznica
Lake data in July 2021. £8* " is the sum of zero-valent and divalent sulfur as determined by voltammetry; above the chemocline, zero-valent sulfur predominates
and below, divalent sulfide predominates (Bura-Nakic et al., 2009a). Note scale breaks on the vertical axes.

shown in Fig. 1 at the sediment-water interface in Rogoznica Lake im-
plies that significant amounts of oxidative particles survive to accumu-
late and react with sulfide at the sediment-water interface. Fig. 1 shows
that in the —0.01 to —0.02 m depth interval in Rogoznica’s pore waters,
x5 I equals a scant 0.6 pmol/L (below the detection of some analytical
methods). This is much lower than in samples immediately above and
below it. Maintenance of this deep sulfide well at the interface requires a
steady supply of reactive, oxidizing particles. Particulate Fes averages
4.7 mg/g at 0.00 to —0.05 m of sediment and 2.7 mg/g below —0.10 m,
confirming loss of Feg during burial.

3.2. Redox-sensitive trace elements

Figs. 3 and 4 show sediment and water column data for Malo Jezero
and Rogoznica Lake respectively. A first impression of these data is that
the patterns for all three redox sensitive elements are quite similar.
Mutual correlations between the three elements in sediments are posi-
tive and highly significant (all p < 0.0001) in both lakes (Fig. S-2).

Figs. S-3-S-5 in the Supplementary Material present correlations
between these three elements and Al (a lithogenic proxy), Sr (a car-
bonate proxy, especially for aragonite) and Ba (a biological productivity
proxy). Those correlations are mostly of low significance (p > 0.01) and
negative. Exceptions are significant positive correlations of all three
redox sensitive elements with Al in Malo Jezero. Negative correlations
imply that the components that those proxy elements stand for are more
likely to be diluents than sources of the redox sensitive elements.

In Malo Jezero, the range of salinity-normalized concentrations for
Moaq, Reyq and U,q in the water column are respectively 95-110 nM,
34-40 pM and 11-13 nM, which are similar to seawater concentrations.
The results are consistent with overall experience that these elements
exhibit little reactivity in oxic waters. Chemical processes that measur-
ably affect redox sensitive element concentrations are confined to
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sediments in this lake.

In contrast, in Rogoznica Lake scavenging depletes seawater
normalized Re,q in the oxic zone by about 50% and U,q by about 30%
while having a negligible effect on Mo, (Fig. 4). These elements’
aqueous concentrations are constant vertically in the oxic zone, indi-
cating that scavenging is slow in relation to vertical mixing within this
zone, but particulate [E/Al]; ratios (E = Mo, Re or U) rise downward,
indicating that all three elements experience some scavenging. In eleven
previously published Mo,q profiles obtained at various times of year
(Helz et al., 2011a; Bura-Nakic et al., 2018), salinity-normalized Mo,q in
Rogoznica’s oxic water usually corresponds closely to its value in
seawater. Exceptions occur during episodic deposition of North African
dust, when surface waters become greatly enriched in Mo,q. Salinity-
normalized U,q in oxic Rogoznica water is consistently depleted rela-
tive to seawater in the larger dataset, even during dust deposition epi-
sodes (Bura-Nakic et al., 2018). No previous data for Re,q are available.

In Rogoznica Lake, the lowest E,q concentrations and highest [E/Al]s
ratios for all three elements are found in the middle, sulfidic zone of the
water column. [Re/Al]; and [Mo/Al]; ratios reach plateaus a short dis-
tance beneath the chemocline, implying that net scavenging of these
elements from the deeper sulfidic zone is negligible despite rising 5.
As discussed later, when plotted on a linear, rather than logarithmic
scale, the [U/Al]; profile is seen to be subtly different.

In Table 1, the [E/Alls (E = Mo, Re or U) ratios in sediments are
compared to upper continental crust (UCC), and local Terra Rossa soils.
Included in the table are several of Bennett and Canfield’s (2020)
enrichment thresholds proposed to aid in classifying the redox status of
depositional environments. The thresholds misclassify the Croatian
lakes’ sediments. For example, [E/Al]s ratios in the shallowest Malo
Jezero sediments (line 6 in the table), which were deposited under
modern oxic conditions, are most similar to Bennett and Canfield’s
euxinic thresholds (line 7) and contain far more Mo, Re and U relative to
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Al than oxic basin sediments (line 11). This result is due to low Al in the
carbonate-rich sediments of the Croatian lakes.

Taking UCC as the reference material for calculating enrichment
factors, Rogoznica’s are 830, 300 and 30 for Mo, Re and U respectively.
These values approach those in so-called highly enriched black shales.
Malo Jezero’s enrichment factors are less striking but nonetheless quite
large: 170, 180, and 7.9. If local Terra Rossa soils (residues of limestone
weathering modified by aeolian dust from North Africa) are chosen as
the reference material, enrichment factors are substantially lower but
still large: Rogoznica’s are 170, 15, and 23 for Mo, Re and U respectively
and Malo Jezero’s are 35, 8.7 and 6.2.

Curiously, Rogoznica’s water column suspended particles (line 4,
Table 1) have much higher [Re/Al]s and [Mo/Al]; ratios than particles
accumulating in underlying sediments (line 2; also see Fig. 4). In part,
this can be attributed to seasonal effects. Suspended particle concen-
trations record transitory conditions whereas sedimented particle con-
centrations record time-composites. Our Rogoznica Lake suspended
particles were collected in July, which is a season of high photosynthetic
Corg production, which drives high sulfide production in the deep waters
(Bura-Nakic et al., 2009a). Introduction of aluminous particles by
erosion of the watershed and by rainout/washout of aeolian dust are
near annual minima during this dry period (Mifka et al., 2022). This
combination of conditions favors high [Re/Al]s and [Mo/Al]s on sus-
pended particles in summer. Long-term averages registered by sedi-
ments will be lower because of higher Al input in the wet season. In
contrast, [U/Al]s is less affected by seasonal variations (Table 1),
because it is not directly affected by sulfidic conditions in the water
column, as discussed later.

Our measured Mo,q and U,q concentrations in Rogoznica’s pore
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waters exceed those reported by Bura-Nakic et al. (2018) by ~50-fold.
As discussed later, this disparity probably arises from differences in
methodology. Our pore water concentrations were determined after
centrifuging sediment samples under anaerobic conditions and then
taking up the solution by syringe through 0.45 pm filters. After similarly
centrifuging, Bura-Naki¢ et al. (2018) took up the solution through
Rhizon samplers (0.15 pm pore size).

4. Discussion

Understanding how Life originated and evolved is one of the big
problems challenging 21st century science. Life’s evolution is docu-
mented by fossils only over the last tenth of Earth’s history. Before that,
in the Precambrian, the fossil record fades out both because older rocks
have suffered more damage by geologic processes and because very few
earlier organisms produced recognizable, geologically resilient struc-
tures. Therefore, the record of Life’s evolution during the Precambrian is
reconstructed largely from proxies—molecular, elemental or isotopic
signatures that in sedimentary basins are controlled directly or indi-
rectly by biological processes. The signatures’ behaviors in modern en-
vironments are most often the basis for inferences about Life in ancient
environments. An always precarious assumption is that Life’s evolution
has not changed this behavior over time in unknown ways. Under-
standing any proxy’s mechanism at a fundamental chemical or
biochemical level can enhance confidence in this assumption.

In the following sections, we test how well [Reauth/Moguthlsw ratios
calculated from our data serve as a proxy for the known redox history of
the two Croatian lakes, and how well the chemical mechanism proposed
by Helz (2022) can explain the data. Consistent with previous work, we
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Fig. 3. Overview comparing Mo, Re and U distributions in Malo Jezero cores taken at 30 m water depth in April and November 2021. Aqueous concentrations in
nmol/L for Mo, Re and U and these elements’ solid phase ratios to Al in mg/g. Data for particulate material in the water column could not be obtained because of
paucity of material in these oligotrophic to mesotrophic waters. In the middle panel, two [Re/Al]; outliers (circled) occurred at 5 and 7 cm depth. Note vertical scale

break at the sediment-water interface.

will also show that U is controlled by a different mechanism than Mo and
Re despite the high degree of correlation (p < 0.0001) between all three
elements in both lakes (shown in Fig. S-2).

4.1. [Regquh/Mogyunlsw fractionation

Fig. 5A tracks the seawater-normalized authigenic rhenium/molyb-
denum ratios in the sediments of the two lakes. For Rogoznica Lake
sediments, which underly a water column that is normally sulfidic but in
some years becomes hypoxic after overturn in Autumn (see data in Baric¢
et al., 2003; Dominovic et al., 2023), [Reauth/MOauthlsw values are
similar to those in basins like the Saanich Inlet and the Gotland Deep,
which are mostly euxinic but experience oxygenation at irregular in-
tervals (refer to Figure 2 and references in Helz, 2022). A gradual decline
in Rogoznica’s [Reauth/MoOauthlsw in the upward direction may be
indicative of the known secular trend toward more sulfidic conditions
during the last several decades, as described by Cankovié et al. (2019)
and Simonovic¢ et al. (2023).

Fig. 5A shows that the trend in Malo Jezero is in the opposite di-
rection. This is consistent with old reports that during the 1950s Malo
Jezero’s water column was sulfidic, like Rogoznica’s today, but has
gradually become oxic (discussed by Bura-Nakic et al., 2020). Sondi and
Juracic (2010) estimate that Malo Jezero’s sedimentation rate is ~0.26
cm/yr. If this rate is valid for our core, then 1950s sediment would be
found today at —0.15 to —0.18 m depth. Compared to the core obtained
from 30 m water depth, the 24 m Malo Jezero core has progressed
further in the shift to higher [Reyyth/MOauthlsw, suggesting that it has
experienced more extensively oxic conditions. Dissolved oxygen profiles
published by Benovic¢ et al. (2000) and Hrusti¢ and Bobanovi¢-Colic
(2017) show that this is likely to have been true. The evolution of
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[Reauth/MOayuthlsw in Malo Jezero is consistent with the findings of
Bennett and Canfield (2020) that sediments deposited under oxic waters
are commonly Re-enriched compared to upper continental crust (line
11, Table 1).

An alternate interpretation of Malo Jezero’s [Reauth/MO0authlsw trend
might invoke a hypothetical diagenetic process that either releases Reg
or fixes Mo, as sediments become buried. Such a process ought to reveal
itself in pore waters’ dissolved Re,q or Mo,q profiles. Fig. 3 discloses no
evidence of Re,q or Mo,gq trends that would support this hypothesis. Data
in the Supplementary Material show that Mo,q increases, rather than
decreases, while Re,q changes very little with increasing depth in all four
Malo Jezero cores that we studied.

For comparison, Fig. 5B and C reproduce the 698Moauth and 6238Uauth
data presented and discussed by Bura-Nakic et al. (2018, 2020). While
these data can be rationalized based on the known historical evolution of
redox conditions in these lakes, the data do not produce the compelling
record of change presented by the [Mo,y¢h/Reauthlsw record.

4.2. Aqueous phase evidence of Re and Mo coprecipitation

As shown in Fig. 5A, all Rogoznica sediment samples as well as most
of the deepest Malo Jezero samples have [Reayth/MOauthlsw ratios that
are substantially lower than lithogenic source materials such as Terra
Rossa soils and upper continental crust (see also Table 1). Thus, they
cannot be simple mixtures of material from these sources. The ratios are
also lower than typical euxinic and oxic basin sediments, as these have
been characterized by Bennett and Canfield (2020; line 11, Table 1).
Now we will show that [Reayth/Mo0aythlsw ratios in Rogoznica’s water
and suspended particles, but not its sediments, can be explained reason-
ably well solely by coprecipitation of Re and Mo in Fe(Mo,Re)S, in the
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Fig. 4. Overview comparing Mo, Re and U distributions in Rogoznica Lake in July 2021. Aqueous concentrations given in nmol/L and solid phase [E/Al]; ratios in
mg/g. Seawater aqueous concentrations of the elements are marked by vertical dotted lines for reference. The E; peak for all three elements near —0.2 m in the
sediments is caused by simultaneous positive excursions in the trace element concentrations, not a negative excursion in Als concentrations. Other elements showing
a pronounced peak at this depth are Mn,, Cos and Nig (unpublished data). These, along with Mo and to a lesser extent Us, are commonly enriched in marine fer-

romanganese deposits (Hein et al., 2013).

Table 1
Average unitless mass ratios in selected materials ordered by [Re/Mo]sy.
[Mo/ [Re/ [U/Al]l, [Re/
Alls Alls Mo]sw*
1. Marine Fe,Mn crusts and nodules 1.4 x 2.2 x 2.2 x 0.00021
(Mn-1)! 1071 107° 1073
2. Rogoznica Lake sediments (n = 1.0 x 1.0 x 1.3 x 0.16
24) 102 107 103
3. Malo Jezero sediments (Nov, 2.5 x 4.6 x 2.7 x 0.25
depth —0.1 to —0.29 m) 1073 1077 1074
4. Rogoznica Lake sulfidic water 4.6 x 1.2 x 1.3 x 0.36
suspended particles 1072 107° 103
5. Upper continental crust (Chen 1.1 x 3.1 x 3.3 x 0.37
et al., 2016) 10°° 10°° 10°°
6. Malo Jezero sediments (30 m 1.0 x 4.9 x 2.4 x 0.67
Nov, depth 0 to —0.05 m) 1072 1077 1074
7. Euxinic basin sediments (Bennett 1.3 x 1.0 x 3.8 x 1.0
and Canfield, 2020) 1072 10°° 1074
8. Terra Rossa soils (n = 4, this 5.5 x 6.3 x 4.2 x 1.7
work & Sondi et al., 2017) 10°° 1078 10°°
9. Seasonal OMZ sediments ( 2.1 x 2.9 x 6.7 x 1.9
Bennett and Canfield, 2020) 1074 1077 107°
10. Malo Jezero sediments (24 m 1.8 x 3.5 x 2.6 x 2.6
Nov, depth 0 to —0.05 m) 1074 1077 1074
11. Oxic basin sediments (Bennett 1.6 x 6.5 x 3.1 x 5.5
and Canfield, 2020) 10°° 1078 10°

* Normalized to Re/Mo ratio in modern seawater (mass ratio = 0.000735).
 Ferromanganese nodule standard: Imai et al., 1999; Tagami and Uchida
(2007).

water column.

Concentrations of Re,q and Mo,q have been plotted together in Fig. 6
on a linear scale. Below the chemocline, both Mo,q and Re,q drop
quickly to asymptote concentrations that are poised distinctly above
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analytical detection limits. It is noteworthy that Re,q seems to begin
declining in the sulfidic water column just where Mo,q does, and arrives
at its asymptote at 5.5 m depth, just where Mo,q does. Though our
vertical resolution is admittedly poor, these aqueous phase data lend no
support to the view of Crusius et al. (1996) that Re,q is removed before
Mo,q. For Re,q, the asymptote values are maintained down through
shallow pore waters. In deeper pore waters, Re,q rises gradually,
reaching about 19 pmol/L at the core bottom. Asymptote patterns for
Re,q have been recognized elsewhere by Morford et al. (2012), who cite
more than a dozen examples of Re,q asymptotes that fall in the 3.8—16
pmol/L range. For Mo,q, the asymptote value is 25 nmol/L in the water
column but is not observed in pore waters in our dataset.

Curves from the coprecipitation model are compared to the data in
Fig. 6. The model assumes that downward in the water column, as =S
rises and pH declines, Fe(Mo,Re)S4 begins to precipitate irreversibly
where its solubility falls below ambient Mo,q and continues to do so
until its solubility minimum is reached (Helz, 2022). In July in
Rogoznica Lake, the solubility minimum calculated from smoothed and
interpolated values of =S~ and pH (see Fig. S-6, Supplementary Ma-
terial), occurred at 5 to 6 m above the sediment-water interface. Below
that depth, the dashed curve in Fig. 6 traces the rise in solubility
calculated from the further increases in =5~ and declines in pH. For the
Mo concentration in the water to follow the dashed curve below the
solubility minimum, new Mo,q must be supplied to the aqueous phase
from particles. The new Mo,q cannot come from dissolving Fe(Mo,Re)S,
precipitates. Once Fe(Mo,Re)Ss forms, it undergoes an irreversible
transformation that prevents its redissolution in the absence of oxidizing
agents (demonstrated by Vorlicek et al., 2018). The solid curve traces
the expected Mo,q asymptote profile if no sufficiently reactive particu-
late material is available to resupply Moaq. The figure shows that the
observations are best described by the solid curve.
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Notice that under the highly sulfidic conditions prevailing a few
meters above the sediment-water interface in Fig. 6, Mo,q potentially
can reach concentrations several times larger than in seawater before
becoming limited by Fe(Mo,Re)S4 saturation, which is indicated by the
green dashed curve. Contributing to this high calculated solubility are
Fe-Mo-S complexes, including [(Fezsz)(MOS4)2]4* dimers. Table 2
shows the calculated distribution of the most important dissolved Mo
species. The table shows, for example, that at two meters above the
sediment-water interface, calculated Mo,y at saturation is 225 nM
(twice seawater); 93% consists of [(FeZSZ)(MoS4)2]4’ dimers. That di-
mers can become stable at Moy < 1077 M in highly sulfidic, mildly
acidic waters is noteworthy because the chemical conditions that pro-
mote monomer — dimer transitions are apt, when pushed farther, to
promote polymerization, producing ferrothiomolybdate colloids (see
below).

The high Mo,q concentrations predicted at saturation with Fe(Mo,
Re)S4 (dashed green curve, Fig. 6) are not observed in Rogoznica’s
deepest water column. Iron(IIl) oxyhydroxide particles that could
release Mo,q by reductive dissolution apparently are insufficiently
reactive to affect the Mo,q composition of the lower water column as
they pass through it.

Experimental studies show that reduction rates of Fe(II) phases are
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variable and can be divided into two groups (Poulton et al., 2004).
Ferrihydrite and lepidocrocite are fast reacting. These phases might be
produced rapidly in the vicinity of the chemocline if Fe?* and O, come
into contact. Probably, they would be substantially consumed by reac-
tion with sulfide as they settled toward the sediment, explaining the
observed decline in particulate Feg shown in Fig. 2. Goethite, hematite,
magnetite and Fe-bearing silicates are slow reacting. Goethite and he-
matite are the characteristic minerals of the Terra Rossa soils in the
surrounding watersheds and are known to be important Mo hosts in
karst terrane soils (Lin et al., 2023). These slow reacting phases appar-
ently settle through the 7 m water anoxic column too quickly to react
appreciably with sulfide until after they reach the sediment-water
interface. The importance of these phases lies in their ability to capture
substantial amounts of Mo and U (Hein et al., 2013), while rejecting Re
(Koide et al., 1986; McDaniel et al., 2004; Tagami and Uchida, 2007).
Even over a broad pH range, hematite and powdered marine ferro-
manganese material sorb negligible ReO; (Yamashita et al., 2007).
Fig. 6 shows that high Mo,q does appear in the pore waters beginning at
the sediment-water interface. There, slow reacting Fe(III) minerals that
have accumulated have a much longer time period for reaction. The
large S~ deficit at the interface (Fig. 1) confirms reduction of oxida-
tive particles at the interface.



L Zivkovié et al.

Geochimica et Cosmochimica Acta 359 (2023) 176-190

14 4 g This work
i m| Reaﬁ| (pM)
12 4 Hp (m| Moaq (nM)
1 Bura-Nakic
/E\ o Moaq (nM)
~—" l_-|_¢
= Y A A chemocline”
®
‘=
2
£ =
3z
g 44 A 5
o ; =) 28
= 5 ' 33 O/ﬁl_?i/izj/
- Q
8 o o pH, 2§m
% {1 «=0.6;=0.38
- 02] o e,
- : 7 0 % D D
| ¢ g @ o O
04d ¢ 0
e e O sy ob 4
LN LA | ! | ! | ! | ! | ! | ! | ! |
0 5 10 15 20 50 100 150 200 250 300 350 400

Concentration

(units in key)

Fig. 6. Detailed comparison of Re,q and Mo,q. Symbols: observed concentrations of Re,q and Mo, in Rogoznica’s water column and pore waters. Curves: calculated
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partition coefficient of 0.38. Dotted red curve: Re,q profile given an adjusted partition coefficient of 0.6. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Table 2

Calculated concentrations of Mo,g, the non-ionized form of sulfide (HS,q), free tetrathiomolybdate and two Fe-tetrathiomolybate dissolved complexes. Below 7 m in
Rogoznica’s water column, MoS,037, species with n < 4 are negligible and have been omitted. Z is the height above the sediment-water interface. Assumed: Qpes =

10*%7 in microniches where Fe(Mo,Re)S, precipitates (see Helz, 2022, for description of the model).
Smoothed Smoothed Measured Calculated -

Z (m) =57 (uM) pH Mo,q (MM) Mo,q (nM) H3Saq (M) MoS3~ (nM) [FeO(OH)MoS,1°~ (nM) [(FesS2)(MoS4)2]*~ (nM)
Rogoznica water
9 0.10 8.240 125 > 355 0.002
8 135 7.951 355.6 5.7 2.92 262 4.3
7 428 7.662 60.3 63.9 34.2 4.61 35.1 10.8
6 878 7.324 61.2 24.5* 144 4.05 3.4 8.3
5 1480 7.294 27.7 50.3 259 6.34 2.7 20.5
3 3170 7.234 34.0 153 618 11.68 1.9 69.5
2 4250 7.204 29.1 225 886 14.34 1.5 105
Rogoznica Pore water
Averagesi 1100 6.85 46 +1.8 3.6 435 1.41 0.13 1.01
Malo Jezero Pore water
—0.25 0.021 7.56 148 159 2.1 0.2 17.6 0.01

* Solubility minimum; below the horizon of this minimum, calculated Moy, rises but observed Mo,q does not (Fig. 6).

! Measured by Bura-Nakic¢ et al. (2018).

The last row in Table 2 shows calculated Mo speciation at —0.25 m
depth in Malo Jezero sediments. Owing to S of only 21 pmol/L,
H3S,q is too low to drive appreciable thiolation of MoO%~ to MoS3~ and
Fe-Mo-S dimers are negligible. The calculated solubility of Fe(Mo,Re)S4
is high enough for Mo,q from reduction of Fe(Ill) and Mn(IIL,IV) oxy-
hydroxides to accumulate to values higher than in seawater before
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Owing to scatter in the data, average values of S and pH at Z = 0 to —0.63 were used for Rogoznica pore waters.

saturation is reached. The measured Mo,q value of 148 nM in Table 2
shows that this actually happens in Malo Jezero’s mildly sulfidic pore
waters.

Turning attention to the Re data in Fig. 6, the solid red curve traces
Re,q concentrations calculated from the Rayleigh distillation law (Eq.
(2), assuming coprecipitation of Re,q with Mo,y in Fe(Mo,Re)S4. The
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fraction of Mo remaining in solution is taken from the solid green curve
representing Mo,q and the partition coefficient () is assigned a value of
0.38 (Helz and Dolor, 2012). The calculated Re,q solid curve conforms
only qualitatively to the data; it reaches an asymptote that is about 50%
too large. The discrepancy might be pointing to an additional Re scav-
enging mechanism in sulfidic waters, but more likely is indicating that
= 0.38, which was obtained by fitting Black Sea data (Helz and Dolor,
2012), is inappropriate for Rogoznica’s much more sulfidic waters. The
ReO3/ReSs switch point occurs at HySyq ~ 103 ™M (Helz and Dolor,
2012), a value reached in Rogoznica’s deep waters but not in the Black
Sea’s. If we adjust the value of a to about 0.6, a reasonably good fit to the
Regq data is obtained (dotted curve, Fig. 6). A higher o in more sulfidic
water would imply, plausibly, that Fe(Mo,Re)S4 is more receptive to Re
when it is presented as ReS; than when it is presented as ReO4. Clari-
fying whether a in natural waters truly varies, and if so by how much,
remains a task for the future.

4.3. Regyn and Moy in precipitates

The preceding section compared predictions of the Fe(Mo,Re)S4
coprecipitation model to the composition of Rogoznica’s aqueous phase.
Now we compare the model’s predictions to the compositions of parti-
cles both in the water column’s suspended material and in sediments.

If irreversible coprecipitation of Mo and Re in Fe(Mo,Re)S4 were the
correct and only mechanism that produces authigenic Mog and Res in
sulfidic basins, then Rogoznica’s cumulative [Re,yh/Mogye] ratio in
suspended particles and in sediments ought to be predictable from the
Rayleigh distillation law (Eq. (3)). Taking [Re,q/Mo0gq] ‘S)w = 0.415 from
oxic zone data and f = 0.24 from Mo,q data in the asymptote region
between 2 and 6 m (Fig. 6), we calculate cumulative [Reayh/MOaythlsw
= 0.31 if @ = 0.6. In this interval, our suspended particle data, corrected
for a small lithogenic contribution having Terra Rossa composition (line
8, Table 1), gives [Reayth/MOaythlsw = 0.36 (n = 5, 6 = 0.08). Agreement
between actual and predicted ratios in suspended particles is quite good.

Difficulty in testing the coprecipitation model against the sediment
composition arises because both [Reaq/Moaq]?W and f vary over time,
and sediments aggregate the products of this variation. Nonetheless, it is
interesting to compare the composition of Rogoznica sediments to pre-
dictions based on historical average [Reaq/Mo0aq] 0. and fvalues. Twelve
Rogoznica Lake Mo,q profiles that were obtained at various seasons are
available (Helz et al., 2011a; Bura-Nakic et al., 2018; and this work). In
the ensemble, surface water salinity has fluctuated because of variations
in rainfall and evaporation, but average salinity-normalized Mo,q con-
centrations are 106 nM at the surface and 12.1 nM at the bottom, making
f=0.11. No prior data for Re,q are available, but because the average
salinity-normalized Mo,q at the surface is that of seawater, we will as-
sume that salinity-normalized Re,q at the surface is also that of seawater
(40 pM). Consequently, [Reaq/Moaq]gW = 1.00.

With these assumptions, the predicted [Reayth/MOaythlsw in Fe(Mo,
Re)S4 that has accumulated in sediments becomes 0.82 if a = 0.6. This
prediction of the time-averaged [Res/Mos]sw, cum is far >0.16 (n = 24, ¢
= £0.02) that is observed in Rogoznica sediments (line 2, Table 1).
Compared to the observed suspended sediment and modelled [Reyyeh/
Mogyuthlsw ratios, Rogoznica sediments seem to contain too much Mo or
too little Re.

Based on comparing Mo/Al and Re/Al ratios of Rogoznica sediments
in Table 1 to the corresponding ratios in lithogenic source materials like
Terra Rossa soils and upper continental crust, the principal process has
been addition of Mo, not loss of Re. Rogoznica sediments possess both
higher Mo/Al and higher Re/Al than lithogenic sources, but the relative
gain in Mo/Al is far larger.

The simplest hypothesis for why the [Re/Mol,, prediction fails in
sediments while it succeeds in suspended particles is that over longer
time periods sporadic processes supply additional Mo,y to sediments.
Water column mixing during Autumn overturns is such a sporadic pro-
cess. As surface waters cool, the density profile becomes vertical and the
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whole water column homogenizes; O, and MoO%’ mix with =57 and
Fe'. Initially, the mixed water column is often mildly sulfidic, indicating
that reducing equivalents in the hypolimnion slightly exceed oxidizing
equivalents in the epilimnion, but whole-lake mixing soon oxygenates
the entire water column (Baric et al., 2003). As this process plays out, all
the Fe and Mn initially stored in the hypolimnion will be converted to
ferromanganese oxyhydroxides, which are efficient scavengers of Mo,q
but not Re,q.

A potential problem with this hypothesis is that marine ferroman-
ganese precipitates normally have §°®Mo values ~—0.7, whereas
Rogoznica sediments have 5%Mo ~ +1.95 + 0.17 (16, n = 13; Fig. 5B).
However, this problem can be dismissed if scavenging of Mo,gq is nearly
complete during overturns. In that case, mass balance constraints would
require ferromanganese precipitates to have 5°®Mo approaching sea-
water’s value of +2.37. Unfortunately, water column data collected
during an overturn event are not available to test this supposition.

4.4. Ferrothiomolybdate colloids

In Rogoznica Lake pore waters, Bura-Nakic et al. (2018) reported
Mo,q concentrations 50-fold smaller than observed by us. The earlier
data are plotted as diamond symbols in the lower left corner of Fig. 6.
Near the bottom of Table 2, our solubility model has been used to
calculate Mo,q at the average pH and S~ that we observed in pore
waters. As shown by the vertical dashed line at lower left in Fig. 6, the
model predicts the solubilities observed by Bura-Nakic et al. (2018)
quite well, but underpredicts solubilities we observed by 50-fold. (The
calculated Mo,q is much smaller in pore waters than in overlying waters
because pH drops from 7.20 to as low as 6.33 across the sediment-water
interface, and pH mainly determines the Mo,q asymptote concentration;
Helz, 2021). The large underprediction of our measured Mo,q values
based on our measured pH and =S~ in pore waters requires an
explanation.

As indicated above, we suspect that our Mo,q values are much higher
than predictions and previous measurements because of our filtration
procedure. Bura-Nakic et al., used 0.15 pm Rhizon filters whereas we
used 0.45 pm filters. We suggest that some Mo, is released from par-
ticles in shallow sediments in the form of colloids that are able to pass
0.45 pm filters. The colloids appear to contain Re as well as Mo, because
over the range of dissolved Mo and Re found in the pore waters, the
(Reaq/Moyq)sw ratio is nearly constant at 0.17 + 0.03.

Previously, evidence has been reported for significant concentrations
of Mo-bearing colloids in sulfidic natural waters. Studies by Albéric et al.
(2000) first showed that colloids are important Mo carriers at Lake
Pavin. Thiam et al. (2014) expanded on this work, showing that in
Pavin’s pH ~ 6.0 deep waters, where Mo,q asymptote values would fall
at sub-nanomolar levels, most Mo, passes 0.45 pm filters but can be
removed by ultrafiltration. These findings in studies separated by 14
years suggest that colloids have been a continual, not transient, feature
of Lake Pavin’s deep waters. Similarly, in marine lake Etive, Malcolm
(1985) found 1800 nM Mo, in pore waters (17 times seawater’s Moag).
Most of this occurred in a non-labile form that unlike MoO3~ was
inaccessible to extraction by Chelex resin. Various other authors have
made observations of pore waters highly enriched in Mo,q compared to
overlying seawater (Morford et al., 2009; Glass et al., 2014; Sulu-
Gambari et al., 2017). Failure of these high concentrations to dissipate
by diffusion suggests that they are due to colloids, which have diffusion
coefficients orders of magnitude smaller than free ions (Schafer et al.,
2012).

Ferrothiomolybdate colloids are well known and sometimes trou-
blesome in laboratory experiments (Vorlicek et al., 2018). They pre-
cipitate from Fe?*-MoS~ mixtures that are supersaturated with FeMoS4
but can be avoided in MoS3~ solutions into which Fe?* is introduced by
slowly dissolving a low-solubility FeS phase like pyrrhotite (Helz et al.,
2014). Their stability may depend on availability of zero-valent sulfur. A
fusion sealed glass ampoule charged with pyrrhotite, rhombic sulfur, 1
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mM sulfide and 3 pM MoS3~ solution in University of Maryland labo-
ratories in 2002 still retains the inky black sol that soon formed spon-
taneously. After more than two decades, the suspension displays no
tendency to crystallize, coagulate or sorb to the glass vessel.

Colloids are probably a more important aspect of Mo geochemistry
than has been recognized. In the laboratory, formation of homo- and
hetero-polyoxomolybdate colloids by acidification of MoO3~ solutions is
well-known (reviewed by Gumerova and Rompel, 2020). Examples of
these materials in nature include the amorphous minerals, ilsemannite
and ferrimolybdite (Miiller et al., 1999; Mekala et al., 2013). The
amorphous mineral jordisite may be an example of a colloidal ferro-
thiomolybdate material (Vorlicek et al., 2018). Additionally, evidence is
accumulating for the importance of Fe-S colloids in sulfidic natural
waters (Bura-Nakic et al., 2009b; Helz et al., 2011b). Research on the
compositions and structures of all these materials is needed. Their
behavior during sediment compaction and diagenesis is so far unknown.

4.5. Oxic zone losses of Ugq and Regq

In those shallower Malo Jezero sediment samples that were depos-
ited under the current, oxic regime, [Res/Mog]gy ratios are much higher
than in upper continental crust and higher even than in Terra Rossa soils
(Fig. 5A). The highest [Re,q/Mo0aqglsw values, which are in reasonably
good agreement with other oxic basin sediments (compare lines 10 and
11 in Table 1), require an authigenic mechanism that deposits mainly
Re. Helz (2022) proposes that a Re-specialist mechanism might involve
deposition of metastable carbonate phases or of organic particles that
have been enriched in Re by iodine-fixing biochemical mechanisms, as
originally suggested by Scadden (1969; also see van Sande et al., 2003).
Co-enrichment of organic matter in I and Re to the exclusion of related

seawater
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elements like Br and Mo is known in some marine organisms, including
brown macroalgae (e.g. kelp, sargassum) and proteinaceous corals.
Our current data do not test definitively either of these proposals.
Nonetheless, if we assume that Srg in sediments is a proxy for authigenic
CaCOg, particularly aragonite, then we should expect a positive corre-
lation between Res and Sr; in sediments if carbonates are scavenging Re.
In fact, the correlations are negative in both lakes (Fig. S-3, Supple-
mentary Material). Additionally, Fig. 7 reveals a large U,q peak, but no
Re,q peak, just below the sediment water interface in Rogoznica Lake.
Lower pH in pore waters compared to bottom waters may be driving
dissolution of carbonates, which are known U,q scavengers. If this is the
correct explanation for the U,q peak, then the absence of a corre-
sponding Re,q peak raises doubt about carbonate scavenging of Re.
Too little is yet known about the marine biology of Re to fully
evaluate the hypothesis that Re is scavenged from oxic waters by
biochemical mechanisms. In the Chilika Lagoon, this process has been
endorsed by Danish et al. (2021), who attribute 40% of Re scavenging to
it. A potential Re-scavenger in the Croatian lakes is the brown alga, Fucus
virsoides, which historically has been a dominant benthic macrophyte on
the rocky shorelines of the Northern Adriatic region (Munda, 1993). It is
known to concentrate Re 100-1000 times relative to upper continental
crust (Mas et al., 2005; Racionero-Gomez et al., 2016). A substantial
fraction of coastal macroalgal productivity resists microbial degrada-
tion, especially in hypoxic water (Pedersen et al., 2021), and can be
exported into coastal waters (Santos et al., 2021). Also, Fucus virsoides
releases an extracellular polysaccharide, fucoidan, which can form
particles that persist in the environment for hundreds of years (Buck-
Wiese et al., 2023). How much Re is transported and dispersed with such
products is unknown. Planktonic organisms, such as diatoms, may also
have a role in producing Re-rich particles in the ocean (Wagner et al.,
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2013).

In contrast to Malo Jezero, Rogoznica’s oxic waters are ~30%
depleted in U,q and ~50% depleted in Re,q compared to seawater
(Fig. 7); Moyq depletion is negligible (Fig. 4). Re,q depletion suggests
that the putative Re-specialist scavenging mechanism is active in
Rogoznica’s oxic waters. In six water column profiles obtained at various
seasons, Bura-Nakic et al. (2018) observed that salinity-normalized Uy,q
in Rogoznica is always depleted relative to seawater while Mo,q is not
(no data for Re).

In the ocean, some minor Re,q scavenging from oxic or barely sulfidic
waters has been revealed by concentration peaks in shallow marine pore
waters (Morford et al., 2009, 2012; Olsen et al., 2017). These peaks,
which exceed seawater’s concentration, must be sustained by release of
Re,q (without Mo,g) from evanescent particles arriving from overlying
waters. Data compiled by Bennett and Canfield (2020) also attest to
some Re,q scavenging from marine oxic waters; sediments underlying
these waters are ~10-fold enriched in Reg/Als but negligibly enriched in
Mog/Als and U,g/Al relative to continental crust. Despite these lines of
evidence, oceanographers find no indication that Mo,q, Re,q and U,q are
scavenged from oxic marine water columns (Nameroff et al., 2002;
Singh et al., 2011; Goswami et al., 2012, 2022; Ho et al., 2018; Dickson
et al., 2020; but see Anbar et al., 1992). The likely explanation for this
discrepancy is that lack of observable Re,q depletion in the ocean’s oxic
surface waters is due to vertical exchange that is rapid enough to replace
the scavenged Re,q.

Compared to the ocean, Rogoznica’s depletions in Re,q and U,q in the
euphotic zone are anomalous, but the lake’s shallowness, which situates
its oxic water within meters of highly sulfidic water and sediments offers
a likely explanation. Vertical exchange cannot replace Re,q and Uyq in
the surface layer because underlying water is sulfidic and depleted in
these elements. Additionally, vertical exchange is inhibited in Rogoznica
by its various unique features: its dilution-strengthened density gradient
during the wet season, its lack of open exchange with the Adriatic Sea,
its small size and its protection from wind by high limestone walls. These
all inhibit surface water mixing, enabling oxic-zone Re,q and U,q losses
to be observable. Particulate (Mo/Al); data (Fig. 4) suggest that limited
scavenging of Mo,q in the oxic-zone also occurs but apparently is too
feeble to affect Mo,q measurably.

Profiles of U and Re in Fig. 7 differ. In the sulfidic zone, U,q declines
linearly to the sediment-water interface whereas Re,q first declines
sharply but reaches an asymptote near 6 m. The U,q profile in the sul-
fidic zone has been discussed by Bura-Nakic et al. (2018), who inter-
preted the linear gradient as evidence of eddy diffusive transport toward
a sink in shallow sediments. The concentration gradient is steeper at the
chemocline, which probably indicates that the eddy diffusivity is smaller
there owing to a stiffer density gradient. The U,q profile suggests that the
loss of U,q from the oxic zone is due primarily to eddy diffusive U,q
transport toward the sediments, not scavenging from oxic water.

Complications with this explanation are posed by the large U,q peak
that exists at the sediment-water interface and by the upward declining
Uyq profile in deeper pore waters (Fig. 7). Apparently U, is diffusing
toward a sink at the sediment-water interface from three sources: the
water column, shallow sediments, and deeper sediments. The sediment
sources attest to two populations of particles that are decomposing and
releasing U,q at different rates. The faster-reacting particles, responsible
for the shallow peak, may be carbonates, which are known to scavenge U
and which would undergo some degree of rapid dissolution in response
to the pH drop across the sediment-water interface.

The dominant diffusion flux is the one from the water column. The
U,q concentration gradient in the lower water column is ~8.4 x 1077 ug
U/cm®. The eddy diffusion coefficient is roughly 3 x 10° cm?/yr
(Kamyshny et al., 2011; note that eddy diffusivity exceeds molecular
diffusivity by five orders of magnitude). These values produce an esti-
mated eddy diffusion flux toward the sediment of 0.3 pg Ugyn/cm?/yr.
The mass accumulation rate of sediment is 0.093 g sed/cm?/yr (Mihelci¢
et al.,, 1996) and our data give the Ugyn concentration in surface
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sediments as ~4 pg Uuyuh/g sed. Thus the mass accumulation rate in
sediments is ~0.4 pg Ugyn/cm>/yr. The agreement between the calcu-
lated eddy diffusion flux and the observed mass accumulation of Uy, is
surprisingly good given seasonal variations in the concentration gradi-
ents and large uncertainties in the eddy diffusion coefficient; this
agreement implies that diffusion may be supplying most of the Uy, that
the sediments receive.

To explain depletion of Re,q from Rogoznica’s oxic waters, a similar
diffusive mechanism operating across the chemocline might be envi-
sioned. In this case, the sink would occur near the top of the sulfidic
water column owing to coprecipitation in Fe(Mo,Re)S4. However, ob-
jections to this idea are, first, that Fig. 4 shows distinct enrichment of Reg
on particles within the oxic zone, and second, that the sink in the sulfidic
water column fixes both Reg and Mos, but only Re is being measurably
withdrawn from the oxic zone. To overcome these objections, we have
called upon the same Re-specialist mechanism described above to
explain high [Re;/Mog]s,, ratios in Malo Jezero sediments.

5. Conclusions

The U behavior in the two Croatian lakes supports previous findings
(Bura-Nakic et al., 2018 and references therein) that U is fixed mainly
beneath the sediment-water interface in reducing sediments. For Re and
Mo, we replace indefinite mechanisms, such as these element’s capture
by unspecified organic functional groups, their reduction to unspecified
products, or their sequential deposition, with a quantitative model
postulating coprecipitation in Fe(Mo,Re)S4. The model accounts for the
Mo,q and Re,q asymptote pattern that exists in Rogoznica’s water col-
umn (and widely observed elsewhere in sulfidic waters; Helz, 2021), and
it satisfactorily predicts the [Rezuth/MOauth)sw ratio in the water col-
umn’s suspended particles. However, Rogoznica’s sediments differ in
composition from its suspended particles, and to explain this we must
invoke a sporadic contribution from ferromanganese oxyhydroxides.
Additionally, to explain the high [Reauth/Moayuth)sw ratio in the shal-
lowest Malo Jezero core as well as a 50% depletion of Re,q in Rogozn-
ica’s oxic water, we must invoke a formation of Re-rich particles, the
nature and origin of which remain unknown. They may be biological,
and they probably explain the ~ 10-fold elevation of Re/Al ratios
compared to continental crust in oxic sediments elsewhere (Bennett and
Canfield, 2020). The low Alg in the carbonate-rich sediments of these
lakes is responsible for [E/Al]g ratios that are much higher than in
carbonate-poor sediments. Enrichment factors approach values in highly
enriched black shales. One consequence is that [Mo/Al]s and [U/Allg
ratios misclassify the shallowest Malo Jezero sediments as products of a
euxinic basin. Our data demonstrate dramatically the value of [Reyy/
Mog,uth]lsw ratios as redox proxies.
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Appendix A. Supplementary material

Supplementary material includes a PDF file containing an extended
comparison of the properties of the two lakes; a comparison of analytical
results from this work with published reference values, a side-by-side
comparison of the concentrations of Al, Fe, Re, U and Mo in the five
cores collected during this work; illustrations of the correlations be-
tween Re, U and Mo, as well as the correlations of all three elements with
Sr, Ba and Al; and functions used to interpolate pH and =SV data in
Rogoznica’s water column. A second EXCEL file contains all the data
used in this paper. Supplementary material to this article can be found
online at https://doi.org/10.1016/j.gca.2023.08.020.
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