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Abstract

Molybdenum (Mo) isotope studies in black shales can provide information about the redox evolution of the Earth’s
oceans, provided the isotopic consequences of Mo burial into its major sinks are well understood. Previous applications of
the Mo isotope paleo-ocean redox proxy assumed quantitative scavenging of Mo when buried into sulfidic sediments. This
paper contains the first complete suite of Mo isotope fractionation observations in a sulfidic water column and sediment sys-
tem, the meromictic Lake Cadagno, Switzerland, a small alpine lake with a pronounced oxygen—sulfide transition reaching up
to H,S ~ 200 pM in the bottom waters (or about 300 pM total sulfide: £S>~ = H,S + HS™ + S>7). We find that Mo behaves
conservatively in the oxic zone and non-conservatively in the sulfidic zone, where dissolved Mo concentrations decrease from
14 nM to 2-8 nM across this transition. Dissolved Mo in the upper oxic waters has a §*Moyic = 0.9 =+ 0.1%,, which matches
that of the riverine input, 8°*Moyiver = 0.9 +0.1%,. In the deeper sulfidic waters, a subaquatic source delivers Mo at
1.55 4+ 0.19,, but the dissolved Mo is even heavier at 3 Moguindic = 1.8%,. Sediment traps in the sulfidic zone of the lake col-
lect particles increasingly enriched in Mo with depth, with 8°*Mo values significantly fractionated at —0.8%, to —1.2%, both
near the chemocline and in the deepest trap. Suspended particulates in the sulfidic waters carry lighter Mo than the ambient
dissolved Mo pool by ~0.3-1.59,. Sedimentary Mo concentrations correlate with total organic carbon and yield Mo levels
which are two orders of magnitude higher than typical crustal values found in rocks from the catchment area. Solid-phase
Mo in the sediment shows a slightly positive §°®Mo trend with depth, from 8°*Mo = 1.2, to 1.4%, while the pore waters show
dramatic enrichments of Mo (>2000 nM) with a relatively light isotope signature of 8*Mo = 0.9-1.09%,.

These data are explained if Mo is converted to particle-reactive oxythiomolybdates in the sulfidic waters and is fractionated
during removal from solution onto particles. Isotope fractionation is expressed in the water column, despite the high sulfide
concentrations, because the rate of Mo removal is fast compared to the slow reaction kinetics of thiomolybdate formation.
However, elemental and isotopic mass balances show that Mo is indeed quantitatively removed to the lake sediments and thus
the isotopic composition of the sediments reflects sources to the sulfidic water. This efficient Mo drawdown is expected to
occur in settings where H»S is very much in excess over Mo or in a restricted setting where the water renewal rate is slow
compared to the Mo burial rate. We present a model for the Mo isotope fractionation in sulfidic systems associated with
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the slow reaction kinetics and conclude that quantitative removal will occur in highly sulfidic and restricted marine systems.

© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The fractionation of molybdenum (Mo) isotopes in an-
cient sediments holds information on the evolution of glo-
bal marine redox state (Arnold et al., 2004; Lehmann
et al., 2007; Pearce et al., 2008; Wille et al., 2008; Gordon
et al., 2009; Kendall et al., 2009). In the modern ocean,
molybdate has a long residence time (~800 kyrs) and is
well-mixed (Morford and Emerson, 1999; Siebert et al.,
2003). Due to its long residence time, Mo is also the most
abundant transition metal in the ocean at ~105nM (Col-
lier, 1985). Today’s oceans display a heavy Mo isotope
composition of E‘>98Moocean=2.3:i:O.l%0 relative to the
average crust (8 *Mogruse ~ 0%,; (Siebert et al., 2003; Nak-
agawa et al., 2008), and this has been attributed to the re-
moval of isotopically light Mo of §*Mo = —0.7 +0.1%,
by adsorption onto Mn-oxyhydroxides (Siebert et al.,
2003; Barling and Anbar, 2004). Another major Mo sink
are sediments underlying a sulfidic (euxinic) water column,
because Mo is readily scavenged under sulfidic conditions.
The isotopic composition of these sediments is variably off-
set (Arnold et al., 2004; Neubert et al., 2008) with no offset
during quantitative removal of Mo from the sulfidic water
column where any isotope fractionation will not be ex-
pressed. This is what is observed in the Black Sea (Neubert
et al., 2008) and is considered normal for sediments in euxi-
nic water bodies. Because of the isotopic difference between
the oxic and euxinic sinks, and because euxinic sediments
seem to record seawater values, the isotopic composition
of ancient euxinic shales may be used to understand the
fraction of Mo removal into euxinic versus oxic environ-
ments and the extent of ancient sulfidic conditions in the
ocean (Siebert et al., 2003; Arnold et al., 2004). For exam-
ple, it has been proposed that the ocean contained substan-
tial expanses of sulfidic water during much of the
Proterozoic (Canfield, 1998) changing the balance of isoto-
pic sinks and dictating the Mo isotopic composition of the
Proterozoic ocean (Arnold et al., 2004; Kendall et al.,
2009).

The pathway of Mo removal from oxygenated waters
into sulfidic sediments involves a conversion of molybdate
to particle-reactive thiomolybdates in the presence of
>11 uM H,S. We measure total sulfide with Cline reagent,
which includes all dissolved protonated and non-proton-
ated species: ¥S?~ =H,S + HS™ + S>". As H,S is the sul-
fide reactive form towards molybdate, its concentration
must be calculated from the Cline total sulfide results,
pH, and equilibrium constants for the different protonation
reactions. Sulfidation of molybdate, however, is a slow pro-
cess, and metastable oxythiomolybdates prevail in many
natural sulfidic systems (Erickson and Helz, 2000). The
pathways of particle-reactive Mo removal remain in dis-
pute, but experiments have shown that Mo(VI) adsorbs
both to pyrite and organic matter at neutral pH (Helz
et al., 1996). On pyrite, tetrathiomolybdate MoS,*~ adsorbs

irreversibly while molybdate easily desorbs (Bostick et al.,
2003). A higher particle affinity has also been observed
for the more sulfidated species in adsorption experiments
with FeS (Helz et al., 2004).

The isotope fractionation factor between species A and
B is given in terms of Yo g = (**Mo/"Mo)a/(**Mo/
%Mo) and we adopt the approximation **Aa g~ 103
(*8aa_g—1) to represent the isotope offset between product
(A) and reactant (B). Theory predicts an equilibrium frac-
tionation factor of 98Atetrathiomolybdate molybdate — _6~2%0 at
4.8 °C with about a —1.5%, shift for each sulfidation step,
MoO, ,S?>", where x=0-1-2-3->4 (Tossell,
2005). Each successive sulfidation step progresses 10 times
slower than the previous one (Erickson and Helz, 2000),
so the isotope fractionation associated with the first steps
are likely not expressed in stagnant waters, where there is
sufficient time for conversion to more sulfidated Mo. For
example, where particles capture all tetrathiomolybdate
and dissolved Mo remains as pure trithiomolybdate, one
should find 98Apart-diss = 98Atetrathio-trithio = —1.7%, (interpo-
lation from Tossell, 2005). For comparison, molybdate ad-
sorbs onto Mn-oxides with an equilibrium fractionation
(** Asorbed molybdate) Of —2.8%, (Barling and Anbar, 2004;
Wasylenki et al., 2008).

In an effort to evaluate the robustness of the Mo isotopic
paleo-ocean redox proxy, we aim to address five important
questions about the removal pathways of Mo and their iso-
topic implications: (1) are Mo isotopes fractionated during
removal at oxic-sulfidic boundaries?, (2) do diagenetic pro-
cesses change the Mo isotopic composition?, (3) what con-
trols Mo isotope fractionation in sulfidic water columns
(adsorption, sulfidation, or reduction to Mo'")?, (4) what
is the nature of the particles to which Mo adsorbs under
sulfidic conditions? and (5) do 8°*Mo values in euxinic sed-
iments reflect the Mo isotopic composition of the overlying
water column? Our study is based on measurements of Mo
elemental and isotopic abundances in the water column,
sediments, pore water, source materials, suspended parti-
cles, and sinking particles in the meromictic Lake Cadagno.

2. SITE DESCRIPTION

Lake Cadagno is a 21 m deep alpine meromictic (perma-
nently stratified) lake situated at an altitude of 1921 m in
Piora Valley in the southern part of central Switzerland
(Fig. 1). The local bedrock includes felsic gneiss, dolomite
and gypsum. The lake basin was created by glacial erosion
and was dammed by a moraine during the last glaciation of
the valley about 8000 yrs ago. The water body has three dis-
tinct layers, the oxic mixolimnion, a narrow chemocline at
~11 m depth in which anoxygenic phototrophic organisms
thrive, and an anoxic and sulfidic monimolimnion. This
structure is maintained by the density difference between
dense solute-rich water constantly supplied by subaquatic
springs to the monimolimnion and the low-salinity river
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Fig. 1. Geographical map of Lake Cadagno, Switzerland. Water column studies have been performed within the >19 m depth zone. The
approximate location of our samples are marked on the map: sediment cores are taken from the deepest point and 11 m depth (x), outcrop
samples of gneisses (@) and dolomites (O) have been taken from the catchment area. The riverine inflow to the lake was sampled from a creek
at a major waterfall on the northeast side of the lake. Water from swamps just 50 m west of the creek were sampled for comparison. The
riverine outflow was sampled from a creek on the western part of the lake.

water supplying the mixolimnion (for example Uhde, 1992;
Del Don et al., 2001). This redox stratification is known to
have existed for more than 100 yrs (Del Don et al., 2001).

3. METHODS
3.1. Sampling

Samples were taken during field trips in June 2006, Sep-
tember 2006, and August 2007. Water was pumped using a
metal-free Flojet Quiet Quad pump system and sampled for
sulfide, sulfate, oxygen, pH, Sr isotopic compositions and
Mo concentrations. We sampled water from ~20 depths
from the surface to 20 m by pumping the water into a clean
plastic bucket and this water was sub-sampled with a plastic
syringe. Both bucket and a syringe were rinsed with the
water from the respective depths, and the syringe was rinsed
in water several times to avoid air bubbles or oxidation of
the sample. For metal concentration determinations, we
collected unfiltered water, filtered water and the particu-
lates. Oxidation of the samples is limited by the short sam-
pling time (less than 1 min) and the slow reaction kinetics of
thiomolybdate to molybdate. We used Advantec glass fiber

filters (GF-75 or GC-50 with pore size of ~0.7 pm and
~1.2 um, respectively). The particulate was leached from
the filters with 2N HNO;. All acids used were singly dis-
tilled, if not otherwise stated. Dilutions are made in
18.2 MQ milli-Q H,O.

For Mo isotope analysis, water samples of 2-5 L were
pumped from the lake through plastic tubing and stored
in acid-cleaned polyethylene containers. Water samples
were filtered at the Lake Cadagno field station using the
same type of filters as for concentration analyses (pre-fil-
ters: Advantec glass fiber filters GF-75 or GC-50 with pore
size 0.7 pm and 1.2 pm, respectively, and a 0.22 um Advan-
tec Mixed Cellulose Ester Membrane filter). In September
2006 and August 2007 we used an anaerobic pressure filtra-
tion apparatus with N, overpressure to minimize oxidation.
Vacuum filtration was used in June 2006. Most particulate
Mo was captured by the pre-filter (termed here particulate
Mo), and we confirmed that Mo in filtered water plus Mo
on the pre-filter matched the Mo content in unfiltered water
samples (Fig. 2e,f). Filtration commenced within seven
hours of sampling. The water samples were acidified to a
pH of 1-2 with a few milliliters of doubly distilled concen-
trated HNO;. Particulates were leached from the filter in
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Fig. 2. The main chemical and physical characteristics of Lake Cadagno water column are shown in panels (a—c) for three sampling periods.
Depth profiles showing O, ([J) and molybdate-reactive H,S (V) concentrations are shown in units of uM (NB! Total sulfide concentrations are
a factor of ~2 higher: £~ = H,S + HS™ 4 S?7). The salinity increases with depth and is inversely correlated to O (not shown). This causes
a density increase and thus permanent stratification throughout the year. The sulfate concentration profile from June 2006 (+) is shown in
millimolar in panel (a), the temperature profile for September 2006 (O) is shown in °C in panel (b) and pH (V) is shown in panel (c) for August
2007. The annual changes in the sulfate profile are small (Tonolla et al., 2003), temperature varies only in the mixolimnion (surface is frozen in
the winter, 8.6 °C at 3.6 m depth in June 2006) and pH varies between 6.9 and 7.9 at 11 m depth and remains close to neutral at greater depths.
The turbidity peaks at the chemocline which indicates the highest density of cells (not shown). In panel (d—f) Mo concentrations of unfiltered
water/total Mo (M), filtered water/dissolved Mo (OJ) and filter/particulate Mo ( x). Filtrate concentrations from June were not measured. The
Mo control curve (dotted line) shows that [Mo]iota1 = [MO]4iss + [MO],ar holds within precision of the analyses.

2N HNOs;. About 1 L filtered lake water, containing from
400 to 1400 ng Mo, was evaporated for each depth and
the residue treated with hydrogen peroxide and aqua regia
to oxidize “dissolved” organic matter. The total Mo proce-
dural blank for water samples using Millipore 18.2 MQ
H,O (including pumping, filtration, purification and sample
handling through all procedures) contained ~10 ng Mo, en-
abling us to analyze samples with >250 ng Mo with a neg-
ligible blank contribution.

Precipitation was sampled as snow in June 2006, and in
1 kg evaporated snow, Mo was below the detection limit
(<0.1 pM). We conclude that precipitation is a negligible
source of Mo to the lake. Rock samples of dolomite and gran-
ite were collected from outcrops near the lake (Fig. 1) and
crushed to fine powders in a clean agate mortar.

We installed sediment traps at depths of: 7, 9, 12, and
17 m and collected them after 54 days (August 30—October
23, 2007). These were constructed by attaching a funnel to
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acid-washed polyethylene bottles and suspended in tripli-
cate at each depth. Unfortunately, the funnels retained
the sediment at the edge and thus acted to inhibit particle
capture, so sediment flux rates could not be calculated, be-
cause the effective capture area is unknown (but smaller
than the cross-sectional area of the trap). The content of
each trap was filtered through a 1.2 um Advantec GC-50
glass fiber and a 0.22 um Advantec Mixed Cellulose Ester
Membrane filter, so that both small and large particles
could be analyzed. Particles in the traps are termed sinking
particles.

Sediments were collected with a sediment coring device
lined with a removable plastic sleeve. Cores were plugged
with stoppers to avoid oxygenation and kept vertical until
cut in slices and stored in 50 ml centrifuge tubes. Pore water
was separated from the sediment in a centrifuge for 15 min
at 3000 rpm and filtered through Advantec GC-50 glass fi-
ber filters with a nominal pore size of 1.2 um.

3.2. Analytical techniques

Oxygen was measured by Winkler titration (Winkler,
1888) with a detection limit of <1 uM, while sulfide concen-
trations were measured with Cline reagent (Cline, 1969)
with a detection limit <1 uM. Conductivity and turbidity
were measured with a Y.S7 6000 multiparameter probe from
YSI Hydrodata Ltd., while pH was measured with a cali-
brated pH meter. Sulfate concentrations were measured
by ion chromatography on a Sykum ion chromatograph
with column suppression. Uncertainty was <5%.

The water content of the sediment was measured by
mass difference before and after drying the sample in an
aluminum tray for 24 h in a kitchen oven at 110 °C. This
was done immediately after sampling to minimize potential
dehydration before the initial weighing. Samples were
cooled in a desiccator to ensure no mass gain during cool-
ing. Determination of the sedimentary burial flux of Mo is
very sensitive to accurate estimates of the sedimentary
water content (porosity), so three different cores were com-
pared to guarantee robust results.

The organic C wt% was calculated from the weight lost
during ignition (Loss on Ignition, LOI) of the dry sediment
for 24 h at 550 °C assuming the average composition of or-
ganic matter is CH,O (0.4 g C per gram lost weight). Two
different cores were measured to check the consistency of
the results. Total trace metal concentrations were obtained
from samples ashed in ceramic crucibles to avoid metal con-
tamination. Samples were brought into solution by a series
of consecutive acid digestions including concentrated
HF + HNO;, HCI, and HNOj. The dissolved sediment
was diluted with MQ H,O to a 0.32 M HNO; solution.
All metal concentrations were determined with a quadro-
pole inductively coupled plasma mass spectrometer
(ICPMYS) by intensity comparison to a multi-element cali-
bration curve with correction for plasma suppression using
a multi-element internal standard.

3.2.1. Sr and Mo isotopic compositions
Sr was purified from 2 ml filtered water, dried, redissolved
in nitric acid, and processed over miniature columns charged

with 200 pL of Eichrom’s SrSpec™ resin using a standard elu-
tion scheme (Horwitz et al., 1992). Sr isotopic compositions
were measured on a V'G-54 Sector multiple-collector Thermal
Ionization Mass Spectrometer (TIMS) at the Institute of
Geography and Geology, University of Copenhagen in dy-
namic collection mode. 8’Sr/*®Sr ratios were normalized to
86Sr/38Sr = 0.1194. Procedural blanks were below 150 pg
and they were negligible relative to the amount of sample
Sr. The long-term reproducibility of the NBS 987 Srstandard
for our method is ¥’Sr/%°Sr = 0.710235 + 0.000017 (2 SD;
n=28).

For Mo isotopes, rock samples were dissolved in 6 M HCI
after a HF-HNOj digestion while water samples were evap-
orated to reduce volume first. Samples were purified using the
separation method described in Barling et al. (2001) for anal-
ysis using an element spike to correct for instrumental mass
bias. The water samples from September 2006 contained or-
ganic matter which blocked fluid flow in the columns reduc-
ing chemical recovery during purification. Hence, profiles
from September 2006 and August 2007 were also purified
by batch separation using Biorad chelating resin Chelex-
100 after equilibration with a *’Mo-'"°Mo double spike for
48 h prior to extraction. The recovery of this methodology
was ~80%, and we assumed an exponential mass bias law
to apply to both the instrumental fractionation and the loss
during purification. The element spike and double spike
methods were compared to check that the two techniques
give consistent isotope compositions. The data for the same
waters sampled in August 2007 analyzed with both methods
give consistent results (Table 1, Fig. 3). All samples were oxi-
dized with hydrogen peroxide prior to isotope analysis to re-
move organics eluted from the resin.

Samples of sediment-trap material were analyzed using a
*"Mo—'"Mo double spike to correct for mass bias in the
instrument and on the columns (Siebert et al., 2001), since
samples prepared by element spike (Barling et al., 2001) suf-
fered from low-yield during purification.

The stable isotope compositions of molybdenum were
determined with a Thermo-Fisher Scientific Neptune multi-
ple-collector inductively coupled plasma mass spectrometer
(MC-ICPMS) at Arizona State University. Instrumental
mass bias for the non-double spiked samples was corrected
for by standard-sample bracketing and an external Zr spike
technique (Barling et al., 2001). The mass spectrometer was
set up to measure 90Zr, 217z, Mo (+922r), 95Mo, Mo
(+%Zr), Mo, **Mo and '°°Mo from which we could derive
five Mo isotope ratios and one Zr isotope ratio; the latter was
used to correct for instrumental mass bias. Data was only ac-
cepted when maximum and minimum of §/amu for Mo,
3®Mo and §'Mo differed by <0.1%, per amu
(5*"Mo = [("M0/**M0)sampie/(M0/**MO)sandara — 1] x 10%).
Data was also rejected if the mass bias corrected 8°Mo dif-
fered from 8°*Mo obtained from standard-sample bracket-
ing by more than 0.509, suggesting that significant
correction for matrix effects was required. In addition, in-
house rock and gravimetric standards were run repeatedly
in each session to verify agreement with long-term averages.
Three well-known standards were processed through chemi-
cal purification (SDO-1, Nod-A1, and Nod-P1) to verify that
the methods were consistent with previous work (Barling
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Table 1

Mo concentrations measured by isotope dilution at Arizona State University and **Mo/**Mo isotope fractionation relative to the RochMo2
standard (2 SD uncertainty levels) given in nmol kg™! and 9%, respectively. The precision on 8°*Mo of the mass spectrometric analyses is
typically 0.059%, (2 SE). Error bars represent the 2 SD reproducibility of each sample measured on different days, typically 0.14%, (2 SD) and n
is the number of replicate analyses. Data for complete replicate digests are shown as separate rows.

Description Depth [Moiss 5”*Mo n Technique®/Yield Sr 878r/308r°
(m) (nmol kg™") (%0) (%) (pmol/kg)
June 2006°
Oxic water 3.0 14.3 0.78 £0.16 3 100 + 1% 12.7 0.708082
Replicate 2 3.0 14.3 0.91 £0.02 2 100 & 1% 12.7 0.708082
Replicate 3 3.0 14.3 0.97 +£0.07 3 98 + 1% 12.7 0.708082
Replicate 4 3.0 14.3 0.90 +0.18 3 DS 12.7 0.708082
Oxic water 7.0 14.9 0.95+0.05 4 98 + 2% 16.8 0.708058
Oxic water 9.8 13.0 1.29 +£0.17 3 98 £ 2% 34.2 0.707994
Oxic water 10.4 12.2 1.37 +£0.07 3 99 + 2% 36.1 0.707972
Chemocline 11.0 10.9 145+0.14 4 98 £ 2% 42.5 0.707966
Sulfidic water 13.0 8.8 1.61 £0.14 4 96 + 2% 53.2 0.707961
Sulfidic water 16.0 8.6 1.74 £ 0.17 6 100 £ 2% 54.8 0.707936
Sulfidic water 16.0 particulate 1.34 +£0.27 3 88 £ 1%
Sulfidic water 19.0 8.5 1.71 £ 0.13 2 97 £ 1% 55.7 0.707956
Riverine inlet 0.0 8.0 0.86 +0.20 4 98 + 2% 0.12 0.720920
Swamp inlet 0.0 322 0.78 +£0.03 3 99 + 1% 0.49 0.717748
Riverine outlet 0.0 14.3 1.02 £ 0.10 3 98 + 1%
September 2006
Oxic water 34 144 0.89 +£0.13 2 DS 12.3 0.708090
Replicate 34 144 091 +£0.17 2 DS
Replicate 34 144 1.00 £+ 0.19 3 DS
Replicate 34 144 0.92 +£0.28 3 103 + 2%
Oxic water 10.4 13.9 1.10 £ 0.18 2 DS 30.2 0.707993
Oxic water 10.9 14.2 1.08 £+ 0.04 3 DS 32.5 0.707987
Chemocline 11.2 11.7 1.09 +0.15 3 DS 373 0.707978
Chemocline 11.4 11.3 1.46 +£0.12 3 DS 39.5 0.707968
Chemocline 11.7 133 1.67 +0.20 2 DS 42.5 0.707971
Sulfidic 12.4 6.2 2.35+0.05 3 DS 50.6 0.707955
13.4 Particulate
Sulfidic 1.16 + 0.06 2 99 + 3%
14.3 Particulate
Sulfidic 8.8 1.33 +£0.08 3 99 + 3%
Sulfidic 16.4 3.6 2.82 +0.004 2 DS 47.0 0.707968
Sulfidic 19.4 6.2 1.51 +£0.09 3 DS 50.1 0.707949
Riverine inlet River in - 0.87 +0.08 3 DS
Riverine outlet River out - 0.86 +0.11 3 DS
August 2007
Oxic water 7.0 12.2 0.92 +£0.10 4 77 + 3% 12.9
Oxic water 7.0 12.2 0.93 +£0.10 2 DS 12.9
Oxic water 9.0 14.1 0.93 +£0.11 3 96 + 3% 23.2
Oxic water 9.0 14.1 0.99 +£0.10 2 DS 23.2
Oxic water 10.3 10.7 1.00 +0.19 3 95+ 1% 27.4
Oxic water 10.3 10.7 1.10 £ 0.10 2 DS 27.4
Oxic water 11.0 7.2 1.27 +£0.26 5 99 + 9% 28.8
Oxic water 11.0 7.2 1.32 4+ 0.08 2 DS 28.8
Chemocline 11.8 2.2 1.49 +£0.12 4 93 +£4% 29.8
Chemocline 11.8 2.2 1.23+0.17 2 DS 29.8
Chemocline 12.1 2.7 1.32 +£0.18 4 107 £ 9% 29.6
Chemocline 12.1 2.7 1.49 £+ 0.06 1 DS 29.6
Sulfidic water 12.5 2.7 1.68 +0.09 3 93 +3% 30.9
Sulfidic water 12.5 2.7 1.88 +£0.16 1 DS 30.9
Sulfidic water 15.0 2.9 1.61 +0.23 4 98 + 7% 31.2

(continued on next page)
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Table 1 (continued)
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Description Depth [MoOdiss 3”*Mo n* Technique®/Yield Sr 87Sr/86sr°
(m) (nmol kg™") (%o) (%) (umol/kg)

Sulfidic water 15.0 2.9 1.84 + 0.05 2 DS 31.2

Sulfidic water 19.0 1.8 1.72 £ 0.04 3 102 £+ 3% 31.8

Sulfidic water 19.0 1.8 1.76 £ 0.12 2 DS 31.8

2 Number of replicate measurements of 8°*Mo from which the reproducibility is derived as 2 SD of the mean.
® Methods applied to correct for instrumental mass bias are either quantitative extraction (>92% yield) or doping with double spike (DS)

prior to purification.

¢ Sr isotope compositions measured by TIMS, the long-term producibility of the NBS 987 Sr standard for our method is

878r/8%Sr = 0.710235 + 0.000017 (2 SD; n = 28).

4 Waters sampled in June 2006 are filtered using aerobically using a vacuum pump, while September and August samples are filtered

anaerobically using pressure filtration in a N, atmosphere.

June 2006 September 2006 August 2007
0 T 8 0 T T T T 0 T T
|
ol | 5| | ot —e— double spike | |
|
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£ 8 8
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0.5 2.0 %5 10 15 20 25 3.0 00.5 1.0 1.5 2.0
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Fig. 3. Mo isotopic composition in the water column expressed as 8°*Mo in permil of the dissolved water. Data from (a) June 2006, (b)
September 2006 (c) August 2007. Instrumental mass bias correction is made by either the Zr-doping technique ([J) or double spike technique
(O) also indicated in Table 1. Notice the different scale in b). Dashed lines represent the subaquatic (dolomitic) value.

et al., 2001; Siebert et al., 2001). Accuracy of the measure-
ments was monitored by measurements of an ICP standard
and the SDO natural sample by adding a gravimetrically
measured amount of calibrated *>Mo spike to result in a
—19, offset on °’Mo.

For data presentation, we use the Zr-corrected **Mo/°* Mo
ratio and compare to the average of the ASU in-house stan-
dard “RochMo” (Alfa Aesar Specpure Lot # 802309E run
immediately before and after each sample; standard-sample
bracketing). Errors are reported as the 2 SD reproducibility
for replicate analyses of the same sample. The long-term repro-
ducibility of the USGS rock standard SDO-1 is 0.15%, (2 SD;
n =255) over a period of 3 yrs. The beam intensity was en-
hanced by at least a factor of eight using an Apex nebulizer
compared to wet aspiration, making it possible to analyze solu-
tions with 40 ppb Mo at °’Mo intensities of ~250 mV.

Chemical yields for Mo during column separation were
measured for all non-double spiked samples by isotope
dilution using a calibrated *’Mo spike on pre- and post-

chemistry aliquots. This technique allows for precise yield
determination because the *’Mo/*’Mo isotope ratio could
be measured to a precision of <1%. In most cases, mass-
dependent isotope fractionation during purification was
negligible due to a ‘near’-quantitative yield (>92%).

For the double-spiked samples, the instrument was set up
to measure 92M0, 94M0, 95Mo, %Mo, 97M0, 98Mo, 99Ru, and
1%0Mo. All seven isotopes allow correction for instrumental
mass bias and isobaric interferences with Zr (QZZr, %7z,
and °®Zr) simultaneously. Our data reduction procedure uti-
lized a least squares fit with six equations (measured ratios) to
four unknown parameters: instrumental mass bias (Fj,s), nat-
uralisotope fractionation (F,), spike/sample molar ratio (x)
and Zr/Mo molar ratio (z). The seven equations can be writ-
ten in index notation (‘Mo/”>Mo)measured = ((‘M0/**Mo0)ga-
m ™+ x.("Mo/**Mo)spike + z-(“Zr/**Zr))m "™, where
index i represent any of the isotopes. The optimal solution
is found using a MATLAB® optimization procedure created
by Stephen Romaniello at Arizona State University.
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A preliminary data quality check was performed prior to
the double spike data reduction by rejecting lines of data
(1 line = data integrated over 3 s) with low signal to noise
ratio, Mo < 0.1 V. An approximate solution to the mass
bias corrected Mo isotope distribution was derived and
lines were rejected if the isotope distribution failed to follow
an internally consistent mass fractionation law (cyclic rejec-
tion of outliers with any isotope ratio outside 3 SD of the
mean of remaining lines). The 8°*Mo was derived from
the mean of 30 lines and additional quality check included
a rejection of the sample data if all lines did not converge in
the data reduction and if the standard error of the mean
5°®Mo value was 3 times greater than for a standard
(0.109,) or 10 times greater than the expected error based
on counting statistics alone. The misfit between predicted
and observed isotope ratios were calculated for each isotope
ratio and termed ‘residues’. We rejected data if the infinity
norm of Zr-free residues (*’Mo, *’Mo, **Mo, and 1OOMO)
exceeded the error expected from counting statistics, and
if the derived instrumental mass bias varied by more than
5% from a standard. All samples were spiked with 10—
90% Mo (by moles) which is known to give correct results
in spiked standards. We calculate the 8°*Mo value by sub-
tracting the mean of the daily standards to correct for
changes in fractionation behavior in the instrument be-
tween different days. Finally, we analyzed a known rock
standard (SDO-1) to ensure accurate results. SDO-1 was
found to have 8*Mo =1.13 +0.07%, (2 SD; 9 sessions)
which is in excellent agreement with the results obtained
by Zr-doping, 3*Mo = 1.14 4 0.14%, (2 SD; 65 sessions).

4. RESULTS
4.1. General chemical characterization of the water column

Dissolved oxygen, total sulfide (£8°7) and conductivity
profiles are shown in Fig. 2a—c. The water column was satu-
rated with O, down to a depth of 7 m, followed by a decrease
towards the chemocline. Sulfate is delivered horizontally by
subaquatic springs to the deep lake, and the concentration
decreases towards the oxic zone and into the sediment. Sul-
fide starts to accumulate at 11-12 m, just below the steepest
conductivity gradient, and reached a maximum concentra-
tion of about 250 uM at depth in the water column (Del
Don et al., 2001; Peduzzi et al., 2003; Tonolla et al., 2003).
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For our purposes, ‘chemocline’ refers to the narrow anoxic
zone where the sulfide concentration begins to increase.

The water column 2S>~ profile can be fitted to sigmoidal
functions of depth. The steepest gradients of these functions
give consistent results for all field trips at 100-150 uM/m.
In September 2006 and August 2007, the chemocline was
located deeper compared to June 2006 (Fig. 2a—c) correlat-
ing with steeper sulfide gradients at these times.

Water column pH was measured in August and in-
creased from 6.9 to 7.1 in going from 8.5 to 19m
(Fig. 2c). The precision on the pH meter was <0.1 units.
Values up to pH = 7.9 have previously been observed with-
in the oxic waters but it remains close to our measured va-
lue of 7.1 in the sulfidic zone (Del Don et al., 2001).

4.2. Molybdenum in the sulfidic water column

The concentration of dissolved Mo decreased by 40—
80% (June 2006: 40%, September 2006: 70% and August
2007: 80%) across the chemocline into the sulfidic waters.
A substantial fraction (30-60%) of the Mo in the sulfidic
zone was adsorbed or complexed with suspended particles
recovered from 1.2 pym glass fiber filters (Fig. 2d-f, EA-
Table Al in electronic annex A). Our results confirm that
dissolved Mo plus particulate Mo equals total Mo within
error. There is considerable chemical enrichment of Mo in
the sediments of the deep basin: these sediments are 2-3 or-
ders of magnitude elevated in Mo concentration (Table 5)
compared to typical rocks in the catchment area (i.e., dolo-
mite and gneiss contain <1 ppm Mo, Table 2).

The isotopic composition of Mo varied in the water col-
umn (Table 1, Fig. 3). The sulfidic water at 19 m was en-
riched in heavy Mo isotopes, with 8°Mo = 1.73 + 0.05%,
in June 2006 and August 2007 compared to the well-mixed
mixolimnion with §**Mo = 0.91 4 0.11%, (24, 10 samples)
at 3-7m depth. In September 2006, intermediate sulfidic
waters were dramatically shifted to 5°*Mo values of up
to 2.8%,, which decreased towards the sediment value at
depth. The main river source to the lake carried ~8 nM
Mo with 8*Mo = 0.86 =+ 0.20%,. The swamps in the catch-
ment area had variable Mo concentrations; one sample ta-
ken north of the lake contained as much as 32nM Mo
with §*®Mo = 0.78 +0.03%,. This is within error of the
isotopic composition of the riverine source. The main out-
let contained ~14 nM, with 8°*Mo = 1.02 + 0.10%, equiv-
alent, within error, to the oxic waters. These surface waters

Table 2

Mo and Sr concentrations and isotope composition in rocks from the catchment area.

Name Rock type [SrT* 87Sr/30Sr ns,® [MoT* 3% Mo o Yield (%)
(ppm) (ppm) (%0)

Doll Dolomite 633 +61 0.70773 £ 0.00001 17 0.48 +0.04 1.56 £0.10 5 94 +2

Dol2 Dolomite 277 + 41 0.70784 + 0.00004 15 0.32+£0.07 1.55 £ 0.06 4 93+2

Gnel Gneiss 114 +4 0.72840 + 0.00001 16 0.28 +£0.03

Gne2 Gneiss 38+1 0.73645 £+ 0.00001 13 0.15+0.001

4 Measured on the Thermo-Fisher Scientific X-Series quadrupole ICPMS at Arizona State University by intensity comparison to a standard

curve.
® Number of replicate analyses for 87Sr/%Sr.

° Number of replicate analyses for 5°*° Mo measured on different days.
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fall close to the weighted mean of major global rivers,
8”Mo = 0.7%, (Archer and Vance, 2008).

4.3. Sr in the water column

The concentration of Srincreased with depth into the deep
waters, reaching up to ~50 pmol kg ! in the monimolimnion
(Table 1). In contrast, the riverine inlet and swamps were rel-
atively dilute (0.12 pmol kg™' and 0.49 pmol kg™, respec-
tively; Table 1). The Sr isotopic composition decreased
with depth (Table 1) and ’Sr/®Sr correlates with 1/Sr (with
a correlation coefficient of R* = 0.98 in both June 2006 and
September 2006, Fig. Bl in electronic annex B). Typical rocks
in the local environment displayed a significant variation in
Sr concentration. Strontium is abundant in outcropping dol-
omites which strongly influence the chemistry of the monim-
olimnion (Table 2). The 8’Sr/%¢Sr composition of the oxic
surface water is dominated by diffusion from the deep lake,
rather than the riverine source which is ~500 times more di-
lute. Also, of the potential source rocks in the catchment area,
the isotopic composition of the Sr in the deep lake is closest to
the dolomites. This strongly suggests that the main source of
Sr to the deep lake is the dolomites, as input by subaquatic
springs.

4.4. Molybdenum isotopes in catchment rocks

Since the dolomites provide Sr to the deep lake, we ana-
lyzed the Mo isotopic composition in nearby dolomite out-
crops to evaluate the prospects of a subaquatic Mo source.
Analyses of two  dolomites revealed indeed
8Mo = 1.56 + 0.10%, and 1.55 + 0.06%, (Table 2) which
is heavier than the riverine value. The concentration of
Mo in two dolomites and two gneisses from the catchment
area were found at 0.32 ppm, 0.48 ppm, 0.15 and 0.28 ppm,
respectively (Table 2). This is 4-7 times lower than average
upper crust (1.5 ppm, Taylor and McLennon, 1995).

4.5. Sinking particulates and suspended particulates

Pre-filters (>0.7 um) from the 12 m sediment-trap were
dark purple due to rain out of purple sulfur bacteria from
the chemocline. The 17 m sample, in contrast, lacked this

Table 3

Sinking particles
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Fig. 4. Depth profile showing 8°*Mo (@) and Mo/Ti (O) in
sediment traps. Sinking particles are offset by —0.8 to —1.29,
relative to dissolved Mo (dashed line). Sediment values are shown
below the horizontal line.

Table 4
3%/%Mo of sediment traps left hanging in the water column for
54 days.*

Name Description 8% Mo n
(m) (%60)

ST54-3al Sediment-trap 12 0.53 +£0.21 2

ST54-3b2 Sediment-trap 12 0.74 £0.11 3

ST54-4cl Sediment-trap 17 0.63 +0.29 1

* Isotope analyses were performed by equilibrating sample and
*"Mo-'"Mo double spike prior to purification. Errors represent
2 SD reproducibility.

color and contained less sediment. Both 7 and 9 m traps
contained very little sediment. Microscopic examination re-
vealed only organic matter in the traps from the monimno-
limnion and no metal sulfide particles (e.g. framboidal
pyrite). For the particles caught in the sediment traps,
Mo/Ti increased with depth. At 12 m depth Mo/Ti values
of the large fraction were a factor of three higher than par-

Element distribution between small and large particles in the sediment traps.

Small particles 0.2-0.7 pm

Large particles >0.7 pm

Depth Mo Mo/Fe Mo/Ti Mo?* Mo/Fe Mo/Ti

m ng mg/g mg/g ng mg/g mg/g

7 16 4.5 18.5 45 n.d. -

9 28 22 18.7 24 0.2 7

12 68 3.0 37.6 4342 1.4 34

17 56 4.6 324 252 3.8 135

Blank filter 13 12.5 10.0 9 n.d. -

Proc. blank <1 453 15.1 <1 11.7 11.6
Sediment

Sediment upper § cm June 2006 core J 32+£0.2 (lo) 84 £ 8 (lo)
Sediment upper 8 cm August 2007, core 1 3.0+£0.6 (lo) 43 +4 (lo)

% Approximate amount of Mo in one trap estimated from the amount of analyzed filtrate. The 12 m trap data is based on the analysis of
three out of eight filters. One of the filters has 4 times more Mo than the other two and dominates the above average.
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Table 5

Sedimentary Mo, Mo/Ti and 8%/ Mo.

Name Depth [Mo] Mo/Ti §%%%°Mo n
(cm) (ppm) (mg/g) (J60)

June 2006, core J, 21 m depth

Sed2 2.5 132 82.6 - -

Sed3 3.8 158 93.9 1.154+0.29 5

Sed4 5.0 166 90.2 1.224+0.12 3

Sed5 6.3 129 70.4 1.254+0.15 3

Sed6 7.5 167 87.0 - -

Sed7 8.8 180 81.3 - -

Sed8 10.0 130 54.4 1.31 +£0.10 3

Sed9 11.3 117 51.2 1.19 £0.14 3

Sed10 12.5 124 58.6 -

Sed11 13.8 58 25.6 - -

Sed12 15.0 121 65.0 1.44 +0.09 3

Sed 14 17.5 123 42.6 1.37+0.19 3

Sed 15 18.8 94 30.7 - -

Sed16 20.0 - - 0.98 +0.16 3

Sed17 21.3 7 2.2 0.87 +0.18 4

Sed18 22.5 5 1.3 1.11+£0.16 4

Aug 2007, core 1, 21 m depth

Sed_a2 1.5 114 47.6

Sed_a3 3.0 101 39.7

Sed_a4 4.5 91 39.0

Sed_a5 6.0 183 43.9

Sed_a7 9.0 116 30.7

Sed_a9 12.1 83 34.2

Sed_all 15.1 165 40.0

Sed_al3 18.1 77 18.6

Sed_al5 21.1 6 0.7

Sed_al7 24.1 53 11.0

Sed_al9 27.1 2 0.4

Sed_a2l 30.1 3 5.3

ticles at 9 m depth and the procedural blank (Table 3), and
by 17 m, the Mo/Ti of particles were ~20-fold higher than
at 9 m depth and significantly higher than the sediment va-

lue for the largest particles and smaller than the sediment
value for the smallest particles (Table 3, Fig. 4). The sedi-
ment traps at 12 m showed the lowest 8*Mo values ob-
served in the lake system at a mean value of 0.6%,. This
isotopic offset is —0.39,, relative to oxic waters and ca.
—0.89%, relative to dissolved Mo at the same depth. At
17 m the sinking particles carry similar 8°*Mo = 0.63%,,
which is —1.29%, lighter than dissolved Mo at the same
depth and significantly lighter than the upper sediment (Ta-
ble 4; Fig. 4). We also obtained data from particulate frac-
tions. In June 2006 the suspended particles carried
Mo =1.3440.27%, (2SD; n=23) compared to dis-
solved Mo 8®Mo =1.7440.17%, (2SD; n=6) in the
waters at 16 m depth. In September 2006, Mo associated
with suspended particulates at 13.4 and 14.3 m depth car-
ried 1.16 + 0.06%, (2 SD; n=2) and 1.33 + 0.08%, (2 SD;
n = 3), respectively, or ca. 1-1.5%, lighter than dissolved
Mo. In all cases particulate Mo was also lighter than deep
water dissolved Mo, with a value similar to the sediment
(Table 6).

4.6. Sediments and pore fluids

The sediment was black, finely laminated and smelled
strongly of sulfide. The upper sediment was very fluid, con-
taining ~98 wt% H,O (Fig. 5a). The water content was
measured on three separate cores, and the data are in good
agreement.

Sulfate concentrations decreased from 2 mM in the
overlying water to 1.3 mM in the uppermost few cm of sed-
iment, with strongly decreasing concentration deeper into
the sediment (Fig. 5a). Sulfide is produced by microbial sul-
fate reduction in the sediment and reached maximum con-
centrations of £S?~ ~ 1000 uM at 8 cm depth (Fig. 5). At
greater than 8 cm depth, sulfide reacted out of solution,
mostly as metal sulfides (Birch et al., 1996), but it remains
above water column levels at 20 cm depth.

Table 6

Pore water [Mo] and §**Mo.

Name Depth [Mo] 5”Mo n Column yield
(cm) (mol kg ™) (o) (%)

June 2006, Core J, 21 m depth

LCJ_pwl 0 2116 1.60 £+ 0.07 4 97 +2

LCJ_pw2 1.25 21

LCJ_pw3 2.5 167

LCJ_pw4 3.75 281

LCJ_pw5 5 281

LCJ_pw6 6.25 563 pwo + pw7

LCI_pw7 7.5 1178 1.31 £0.28 4 89 +3

LCJ_pw8 8.75 792 pw8 + pw9

LCJ_pw9 10 844 1.12+£0.10 3 95+3

LCJ_pwl0 11.25 1209 pwl0 + pwll

LCJ_pwll 12.5 2199 0.97 £0.21 5 95+3

LCJ_pwl2 15 2679 - -

LCJ_pwl4 16.25 3262 0.97 +£0.03 5 99 +3

LCJ_pwl5 17.5 2231 - -

LCJ_pwl6 18.75 3189 1.26 £+ 0.06 3 97+3

LC)_pwl7 20 1303 pwl7 + pwl8

LCJ_pwl8 21.25 2231 1.36 £ 0.16 3 99 +3
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Fig. 5. Pore water characteristics in Lake Cadagno. Data comes from two cores sampled at the deepest point of the lake (21 m) in June 2006
(core J) and August 2007 (core 1). Panel (a) shows water content, f, in units of gram water per gram wet sediment (August 07) and
concentrations £S*~ and SO, in uM (June 06). Panel (b) shows Mo concentrations and Fe (note the different axes). Panel (c) shows 5”*Mo
of pore water. The dotted lines represent 8°*Mo values of the river (0.9%,) and monimolimnion (1.8%,). The turbidite deposits for core J and
core 1 are marked with black and grey rectangular boxes, respectively.
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Fig. 6. Sediment characteristics in Lake Cadagno. Data comes from two cores sampled at the deepest point of the lake (21 m) in June 2006
(core J) and August 2007 (core 1). Panel (a) shows Mo in ppm, Fe (wt%) and Mn (wt%) (notice the different scale). Panel (b) shows Mo/Ti
(mg/g) and organic C measured by LOI (this study) and TOC shown with ‘A’ (Putschew et al., 1995). Panel (c) shows sedimentary 8°*Mo (%,).
The dotted lines represent 8°*Mo values of the river (0.9%,) and monimolimnion (1.8%,) and the pore fluid §**Mo curve (thin black line) is
shown for comparison. A linear fit in the sediment above the turbidite predicts a positive 8**Mo trend with depth of 0.16 - 0.05%,/10 cm
(R*=0.64). The turbidite deposits for core J and core 1 are marked with black and grey rectangular boxes, respectively.
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The Mo concentration of dried sediment was
~130 ppm at the top of the core, declining by 10-20%
to a depth of 19.6 cm, where a combination of lighter col-
or, coarser grained texture, abruptly lower Mo/Ti, low
water content and low organic matter concentrations indi-
cate a turbidite deposit consistent with previous interpre-
tations (Birch et al., 1996; Putschew et al., 1996). The
top of the sediment contains 10.9 and 11.2 wt% total or-
ganic carbon for the cores sampled in June 2006 and Au-
gust 2007, respectively. Previous studies using a TOC
analyzer yielded similar values of 10-14 wt% (Putschew
et al, 1995). Mo/Ti correlates with decreasing TOC
(Fig. 6b) and depth profiles of Mo/TOC scatter around
a value of 13 £+ 2 and 11 + 4 ppm/wt% for core J and core
1, respectively (Fig. 7). Sedimentary Fe is constant at
5.04+0.7wt’% (Fig. 6a) and Mn concentrations increase
with depth. None of these are correlated to sedimentary
Mo (Fig. 6a). The sedimentary 3°®Mo profile scatters
around 1.29, in the upper 10 cm, increasing to ~1.4%,
at 15 cm depth (Fig. 6¢) with a strong decrease to 0.9%,
in the turbidite layer.

There is a profound enrichment of dissolved Mo and
Fe in the pore waters (Fig. 5b). In June 2006, Mo concen-
trations increased to 1000 nM at the sulfide peak at 8§ cm,
and continued to increase to a maximum of over 3000 nM
by 17 cm. In August 2007, even higher Mo concentrations
were reached at depth, but concentrations remained rela-
tively low until 15 cm, where a strong increase began. Dis-
solved Fe** from June 2006 mimics dissolved Mo
concentration. The dissolved Mo/Fe molar ratio in the
upper 8 cm was 0.31 £ 0.07. The 5°*Mo of dissolved Mo
in the uppermost sediment layer were similar to the over-
lying water, and with depth, §**Mo decreased to values
lower that the solid-phase Mo. In the turbidite deposit, so-
lid-phase §**Mo was similar to Mo in the pore fluids.

oH + CoréJ ‘
—o— Core 1

Depth (cm)

2 4 6 8 10 12 14 16 18 20
Mo/TOC (ppm/wt%)

Fig. 7. Sedimentary Mo/TOC for core J sampled in June 2006 (®)
and core 1 sampled in August 2007 (CJ). Both cores are sampled at
the deepest point in the lake. Here, TOC is measured by loss on
ignition (LOI). Linear fits of Mo (ppm)= 4 x Corg (wt%)+ B
(not shown) yields 4 =22.9+2.5 and 17.7+ 3.9 and ordinate-
intercept B = —21 4 16 and —10 + 23 with correlation coefficients
R =10.86 and 0.67 for core J and core 1, respectively.

5. DISCUSSION

In what follows, we consider the dynamics of Mo cycling
within Lake Cadagno, with particular focus on the fractio-
nations associated with Mo removal from the lake and into
the euxinic sediments. These results allow us to assess in
general how the isotopic composition of water column
Mo is transferred to the euxinic sediments with implications
for understanding the isotopic mass balance of the modern
marine Mo cycle, and interpretations of the past.

5.1. Water column Mo

5.1.1. Concentration profile

The concentration gradient of dissolved Mo is steepest
at the chemocline (Fig. 2) and suggests that substantial
Mo removal occurs in the water column where sulfide con-
centrations are high. The drawdown of Mo into the sulfidic
zone is from 40% to 70% of the overlying water concentra-
tions (Mogui/Mo,x = 0.3 to 0.6, where ‘sulf” and ‘ox’ repre-
sent sulfidic bottom water and oxic surface water,
respectively). This magnitude of removal is comparable to
that observed in Framvaren Fjord (Mog,i/Moy, = 0.3,
¥S*” ~6mM) and Lake Nitinat (Mogy/Mooy = 0.3,
28?7 ~ 150 pM), but less dramatic than observed in the
Black Sea (Mogy /Mooy ~ 0.06, 8>~ = 150 uM) (Emerson
and Huested, 1991). Clearly, Mo is also removed onto par-
ticles in the sulfidic waters of Lake Cadagno. This is evident
from the accumulation of Mo onto sinking particles as seen
by the progressively higher Mo/Ti ratios with depth (Fig. 4)
resulting, near the bottom, in ratios similar to the sediments
and much higher than particles in the oxic water column
(Fig. 4; EA-Table Al). This observation contradicts previ-
ous studies which maintain that Mo is removed into sedi-
ments depositing in euxinic waters by processes below the
sediment-water interface (Emerson and Huested, 1991;
Crusius et al., 1996).

The removal process generates a concentration gradient
causing a net flux of dissolved MoO,>~ from the oxic mixo-
limnion into the sulfidic monimolimnion, where sulfidation
to particle-reactive MoO,_,S >~ occurs (Erickson and Helz,
2000). The removal rate is slow enough that Mo resides
~80-130 days in the sulfidic zone (from flux calculations
in Section 5.3). This time scale is much shorter than the
water residence time of >1.5 yr (Electronic annex B) and
is similar to the model predicted ~50-100 day characteristic
time scale for molybdate conversion to trithiomolybdate at
pH = 7.1 and H,S = 100-190 uM without surface catalysts
(Electronic annex C; Erickson and Helz, 2000). Conse-
quently, the reaction kinetics of molybdate conversion to
trithiomolybdate can explain the Mo residence time. As
mentioned above, the rate of each successive sulfidation
reaction is slower: MoO,” « Mo0;S*>~  (~5h),
Mo00;8*™ <5 M00,S,> (~50 h), M00,S,>" <> MoOS,>
(~60 days) and MoOS,>~ < MoOS,> (~1.5yrs) with
increasing susceptibility for particle scavenging (Erickson
and Helz, 2000). Indeed, laboratory experiments confirm
that tetrathiomolybdate adsorbs with higher particle affin-
ity than oxythiomolybdates onto both FeS, (Bostick
et al., 2003) and FeS (Helz et al., 2004). Even though dis-
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solved and particulate Mo will contain species with different
degrees of sulfidation, tri-thiomolybdate must prevail given
the Mo residence in the bottom waters of the lake (calcula-
tions in Electronic annex C). Thus, we propose that Mo is
removed in the sulfidic waters primarily as tri thiomolyb-
date (Fig. 9). The degree to which the Mo species adsorb
to particles is central to understanding the isotope fraction-
ation expressed between particulate and dissolved Mo. This
will be explored below.

5.1.2. Isotopes

The Mo concentration drop is associated with increasing
8°*Mo values in the dissolved pool, while for the sinking
particles, Mo is ca. 0.8-1.29, lighter than their respective
waters (Table 1). This suggests removal of preferentially
lighter Mo isotopes from the sulfidic waters. Sediment
3”*Mo of about 1.2%, is 0.6-2.2%, depleted compared the
dissolved Mo in the sulfidic zone (about 1.8%,; Figs. 3
and 4), suggesting a fractionation factor in excess of
—0.6%, operates in the water column as particles scavenge
Mo in the sulfidic zone. Taken together, these observations
confirm that isotope fractionation occurred while Mo was
scavenged in the sulfidic water column.

The magnitude of isotope fractionation can also be eval-
uated from the depth trends in dissolved water column
3° Mo values, provided that the Mo draw down (40-80%)
is responsible for the +0.99, excursion in the dissolved
phase compared to a source in the overlying oxic waters.
The fractionation factor associated with that process is
BA=—1.740.6%, or ®A=—-1240.6%, following an
equilibrium fractionation law and a Rayleigh fractionation
law, respectively. These values are somewhat higher than
those estimated from the §°®Mo of the sinking particles
(0.8-1.29%,, see above). This discrepancy could reflect an
additional heavy groundwater Mo source (the Mo of
the dolomitic limestone is 1.55%,) which could increase
the steepness of the 5°*Mo gradient in through the chemo-
cline and into the deep lake, yielding a higher apparent frac-
tionation factor (the subaquatic source is discussed further
in Electronic annex B).

Isotope fractionation during the ligand-exchange reac-
tions accompanying the conversion of molybdate to thio-
molybdate (Tossell, 2005) through successive sulfidation
steps (e.g. MoS,*™ relative to MoOS,?") are predicted to
impart about a —1.7 to —1.49, offset in isotope composi-
tion and there is an overall isotopic difference of —6.29,, be-
tween tetrathiomolybdate and molybdate at Lake Cadagno
temperatures. As discussed above, it is likely that less sulf-
idated oxythiomolybdates exist in so low abundance either
in solution or on the particles, and that the isotope fraction-
ation associated with those species would not be expressed.
Accordingly, the degree of isotope fractionation observed
between sinking particles and the sulfidic waters depends
on the distribution of the thio-species in the water column
and the reactivity of these species with particles.

We argue that given the likely distribution of thiomolyb-
date species in the lake, a 1.29,, fractionation between water
column molybdenum and the particles is realistic. For
example, the —1.29 offset would be generated if the parti-
cles contained ~70% MoOS,*~ (assumed —1.7%, relative to

trithiomolybdate) and ~30% MoO,S,>~ and the dissolved
pool was 100% Mo0O,S,*". In this scenario, MoOS;>" is
preferentially reacted from solution onto particles, yielding
a low abundance in the dissolved phase but a high abun-
dance on the particles. As mentioned above, this scenario
is consistent with the enhanced reactivity of more sulfidated
species as observed in laboratory experiments of particle
adsorption onto iron sulfides (Helz et al., 2004). Such en-
hanced reactivity of MoS,>~ and MoOS,*" might also be
the case for Mo adsorption onto organic matter and humic
acids. In a similar way, isotopic offsets is established in sys-
tems with di-thiomolybdate and tri-thiomolybdate.

5.2. Sediments

5.2.1. Sediment concentrations in solution and solid-phase

Mo is released from its particle carrier in the sediment
with Mo increasing from 2 to 8§ nM at the sediment-water
interface to 2000-4000 nM at ~15 cm depth. This dramatic
buildup would support the diffusion of Mo out of the sed-
iment and back into the water column. In combination with
decreasing solid-phase Mo (and Mo/Ti) with depth, our re-
sults provide evidence that Mo is mobilized and transported
from the deeper sediments towards to the sediment surface.
This behavior provides strong evidence that a majority of
the particulate Mo is deposited as Mo"! and is not reduced
to insoluble Mo" and subsequently sequestered as molyb-
denite (MoS,) even though this reaction is energetically
favorable; AG® = —314.3kJ/mol (Bostick et al., 2003).
Therefore, we see little evidence for biological removal
mechanisms such as dissimilatory molybdate reduction
(Tucker et al., 1998a,b).

Mo is released into pore fluids as organic carbon is
oxidized (Figs. 5 and 6), resulting also in a decrease in
solid-phase Mo concentration with depth (Fig. 6) and a rel-
atively constant Mo/TOC with depth (Fig. 7). Organic car-
bon oxidation is driven by dissimilatory sulfate reduction
above 8 cm, and methanogenesis below (Electronic annex
B, Fig. B3). Increases in “dissolved” Mo and loss of so-
lid-phase Mo may also accompany the conversion of FeS
to pyrite with depth in the sediment, if FeS also acts as
an important Mo carrier in the sediment. (Birch et al.,
1996). Once in solution, Mo is likely bound and transported
by diffusion as humic complexes. The sediment pore waters
are a deep brown color, and this material precipitates on
acidification indicating large quantities of humic acids.
Indeed, in the anoxic and mildly sulfidic meromictic Lake
Pavin, France, Mo is found to diffuse from the sediments
(Viollier et al., 1995) in association with complex humic
substances (Alberic et al., 2000).

The EXAFS adsorption spectra of Mo and humic acids
complexes are quite similar to the spectral type observed in
black shales (Helz et al., 1996), suggesting that the Mo in
many cases is fixed in shales in an organic association (via
Mo=0 double bonds) and the data also indicates Fe—Mo
interactions. Our interpretation of the Mo behavior in Lake
Cadagno is consistent with these observations.

The geological rock record provides numerous examples
of euxinic sediments displaying consistent Mo/TOC
relationships (Algeo et al., 2007; Anbar et al., 2007). These
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consistent relationships in a given setting imply that Mo
was mainly transported to the sediments with organic mat-
ter with a consistent Mo/TOC ratio for the settling parti-
cles. Variability in the Mo/TOC between settings implies
variability in the Mo/TOC of sinking particles. We find
12 ppm Mo/wt% TOC in Lake Cadagno (Fig. 7), which is
typical for semi-restricted modern marine euxinic sediments
such as Framvaren fjord (9 ppm/wt%), and lower than
average for Phanerozoic black shales (27 ppm/wt%) (Scott
et al., 2008). The diagenetic remobilization of Mo as we
see in Lake Cadagno has not altered the Mo/TOC at depth,
and therefore the Mo/TOC relationship in ancient shales
can reflect a water column signature even through terminal
stages of early diagenesis. This will be true as long as the
organic carbon oxidized in a given setting is a rather con-
stant proportion of that originally deposited, a rather con-
stant proportion of Mo is removed during diagenesis and if
the particles rain to the sediment with a rather constant
Mo/TOC ratio. In marine settings, this Mo/TOC ratio is
interpreted to reflect organic matter burial rate relative to
bottom water Mo concentrations (Algeo et al., 2007) and
is correlated to hydrographic conditions of deep water re-
newal rates (or accordingly restrictedness of the basin).

5.2.2. Mo isotopes in sediment pore fluids and its solid-phases

The 8°Mo offset between sediments and pore fluids is
~0.5%, at 12-17 cm depth where Mo release is most pro-
nounced (Fig. 6). The release of light Mo into the pore flu-
ids and out of the sediment by diffusion leaves the sediment
at depth with an apparently higher Mo value (Fig. 6).
This isotopic offset is inconsistent with Mo release by reduc-
tive dissolution of metal oxides, which would create much
lower Mo values in the pore water. Furthermore, Fe oxi-
des are unlikely to persist in the sulfidic pore fluids of the
sediments (Canfield et al., 1993). The fluids in the fluffy sur-
face sediment layers contain mixed 8°*Mo values between
isotopically heavy Mo from the sulfidic water column
(1.8%,) and isotopically light Mo released at ~15 cm depth
(1.0%o)-

The sinking particles are significantly lighter
(0.6 + 0.1%,) than the sediment. This could suggest several
things. One, as mentioned above, is that the release of light
Mo during the earliest stages of diagenesis could drive the
sediment particles to higher 8°®Mo values. Another possi-
bility is that we have not captured sinking particles derived
from a very 5°®Mo-enriched water column such as we ob-
served during September, 2006. If a 1.0%, to 1.2%, offset
is to be expected between these heavy water column values
and sinking particles, we might predict particles with a
3" Mo of 1.6-1.8%,. These are heavier than the sediment
values. A mix of these isotopically enriched particles, to-
gether with those captured during August, 2007, could also
help explain the sediment values. Unfortunately, we do not
know the temporal variability in the 8°Mo of sinking
particles.

The dissolved and solid-phase Mo profiles around turbi-
dite deposits at 20 cm depth reveal differences in elemental
abundance and isotopic composition which may have per-
sisted over ~50 yrs. There is a dramatic decrease in sedi-
ment Mo concentrations, consistent with significant

dilution by mountain-sourced debris. These deposits con-
tain ~5 ppm Mo, which is roughly 10 times higher than
typical rocks in the catchment area (Table 2), suggesting
that these deposits inherited most of their Mo by mixing
with lake sediment during deposition. However, its 8 *Mo
value (0.9-1.09,) is distinctly lower than the overlying sed-
iments (1.2-1.4%,) which means that it cannot be a result of
mixing country rocks with euxinic sediments unless
87 Moyocs Was extremely low (—1%,), or the underlying
sediment was more 8°*Mo depleted than what we observe
above. Rather, the light 5°*Mo in the solid-phase turbidite
could appear if light Mo was supplied from an unknown
source, for example if sediments from the oxic part of the
lake were carried with the turbidite.

5.3. Mo budget for the lake

In order to more fully understand the behavior of
molybdenum in the lake, we establish elemental and isoto-
pic mass balances. Despite its small size, this lake (<1 km?)
is quite complicated in terms of its Mo sources and sinks.
Fig. 8 shows a compilation of the fluxes that we will now
explain.

5.3.1. Elemental mass balance

5.3.1.1. Riverine output. The upper mixolimnion acts as a
conveyer moving Mo through the upper lake, a portion
of which is captured and removed after diffusing into the
chemocline. Surface water enters the lake at several places,
but mainly as snow and glacial runoff from mountains at
the eastern end. Water exits the western part of the lake
and helps drive a local hydroelectric power plant. Water
flux is ~3 times higher in the summer months than during
winter months, and the seasonal average is
2.0+0.3 x 10° Lyr~! (data provided by the local hydro-
electric power plant). The outlet Mo concentration mirrors
the oxic zone at 14 nM and leads to a Mo flux out of the

mixolimnion of 29 + 4 mol yr~.

Riverine outlet 3618
2914

Mixolimnion

Chemocline Chemoclin

74 escape

Chemocline ~0

Particulate | | Dissolved
Subaquatic
outlet <1 Monimolimnion
Burial Sediment

16+4 escape

Sediment 241

Fig. 8. A generalized box model for Mo sources and sinks in the
Lake Cadagno system given in molyr~' which roughly corre-
sponds to nmol cm 2 yr~!. See text for an evaluation of fluxes.
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Fig. 9. Schematic overview of the proposed Mo burial pathway
from water column to sediments, and Mo release in the sediments.
Isotope fractionation occurs during sulfidation of molybdate to
particle-reactive thiomolybdate, but a net isotope fractionation will
not be expressed in the sediment relative to the input sources
(8" MOsediments = 8 MOgource) When Mo is quantitatively removed.

5.3.1.2. Chemocline flux. Dissolved compounds are trans-
ported across the chemocline by eddy diffusion. The vertical
eddy diffusion coefficient depends on the density stratifica-
tion of the water and is calculated from the profiles of
temperature, conductivity, and turbidity, yielding K, =
41072 em?s™! at 7-11 m depth (Electronic annex B). This
value is in agreement with dye experiments (5-10 X
103 em?s7! (Uhde, 1992), and the value 4.1 +1.3 x
1073 em? s~! obtained from sulfur mass balance (matching
rates of sulfate reduction in the lake and the sulfide gradient;
Electronic annex B). We use K, =4 x 107* cm? s~! and find
net downwards Mo fluxes of 2.2, 9.8 and 8.7 nmol cm™2 yr™!
across the chemocline for June 2006, September 2006, and
August 2007, respectively. This gives a mean value of
74+ 4nmolem 2 yr! (1g). We have considered that the
chemocline was positioned at a shallower depth in June
2006 and thus covered a larger area.

5.3.1.3. Mo sedimentation rate. The net Mo flux to the sedi-
ment can be calculated in two ways. First, the radiotracers,
219pp and '37Cs have been used to calculate a sedimentation
rate, s, of 4-6 mm/yr (Birch et al., 1996). In combination with
water content and wet density of the sediment, the dry Mo
concentrations at the surface are converted to deposition
rates, yielding 16 & 4 nmol Mo cm ™2 yr~! and 16 + 3 nmol
Mo ecm 2 yr~! for core J and core 1, respectively. Alterna-
tively, one can use the turbidite deposit as a time marker, be-
cause the turbidite was caused by an avalanche in 1951, and
then integrate the total Mo deposition to obtain the average
Mo deposition rate over 56 yrs. The depth of the turbidite is
marked by a sudden drop in water content, f, Loss on Igni-
tion (LOI) and [Mo] at z = 19.6 cm depth in core 1.

turbidite
Fyeq = / P
Ocm

(1= p) - [Mo]qdz (1)

(p = density of wet sediment). This second approach yields
an average deposition rate of 20 nmol Mo cm ™2 yr™! into
the sulfidic sediments which is equivalent to 20 mol yr™"
when the mean sulfidic lake floor area is equivalent to the
area of the chemocline at 11 m depth (Del Don et al.,
2001). It appears that the deposition flux of Mo to the sed-
iments of the euxinic zone exceeds the flux of Mo through
the chemocline by eddy diffusion, indicating an apparently
substantial Mo flux through subaquatic springs.

5.3.1.4. Sediment return flux. The combination of increasing
pore water Mo concentrations and decreasing solid-phase
Mo (and Mo/Ti) and the consistent isotope behaviors sug-
gests a net flux from the pore water towards the water col-
umn. The average mobilization rate from the deep sediment
can be derived from linear fits of the sediment Mo/Ti profile
in Fig. 6b, and the average sedimentary Ti concentration
above 8 cm, [Ti]mean ~ 2000 ppm.

Fea=—sp- (01— p) "My o)

This leads to a return flux of 3.1+12 and 0.7+
0.4 nmol cm =2 yr~! for core J and core 1, respectively. A
much larger return flux is calculated from the pore water
profiles using the diffusion coefficient for sulfate (The diffu-
sion coefficient for molybdate is not known, and it is as-
sumed similar to sulfate: D =0.572 107> cm?s~"; Schulz,
2006), and the concentration gradient for Mo obtained by
fitting the profiles at 0-8 cm depth (above the sulfide peak)
to a 2nd or 3rd order polynomial, p(z), (giving R* > 0.9),
and use % = pP(2)
5[21"], where porosity is determined by & = p-f. The
calculated fluxes are 15+ 3nmolem 2yr~' and 542
nmol cm ™2 yr~' and comparable to the deposition fluxes
(~16 nmol cm 2 yr!). We suspect, however, that Mo is
transported in dissolved phase as humic complexes, with
a much lower diffusion coefficient than the free diffusion
coefficient. In fact, both of the pore water profiles yields
the Mo return flux as derived from the decreasing sedimen-
tary Mo profile if the diffusion coefficient Mo is that of dis-
solved organic matter, 0.12 x 107> cm? s~ ! (Burdige et al.,
1999). We, therefore, favor the lower flux estimates based
on the solid-phase profiles.

.o in the flux equation Fp,, = —®D

5.3.1.5. Elemental mass balance. A generalized Mo budget
for the monimolimnion includes two inaccessible sub-
aquatic components. These are the flux of Mo into the an-
oxic zone from subaquatic springs (Fyp,), which deliver the
denser bottom water to the lake (Del Don et al., 2001), and
any subaquatic flux out of the lake (Fyup out). These can be
included in an overall mass balance equation (Eq. (3)), with
the additional terms: F.q, is the flux into the anoxic zone
across the chemocline, F,.q is the deposition flux to the sed-
iment surface and Fieqoss 1 the return Mo flux from the
sediments to the water column.

dMO/dl = Fchem + Fsub + Fsed,loss - Fsed - Fsubx)ut (3)

In steady state, the net subaquatic Mo source would be
FovFspow=  72x64mollyr  (Fapem=  6.914.1,
Fiedjoss= 1.9 £ 1.2, Feq=16=+3). The subaquatic Mo
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Table 7
Mo fluxes in Lake Cadagno.

3% Mo Element budget flux Fraction of sediment output
(%) (nmol cm™2 yr’l)

Sediment Particulate 1.2+0.1 16 +4 1

Chemocline Dissolved 0.9+0.1 6.9 +4.1 0.43 +0.27

Isotopic constraint 72+42 0.45+0.28

Sediment loss Dissolved 1.0+0.1 1.9+1.2 0.12 +0.08

Ground water in Dissolved 1.55+0.1 72+64 0.45+0.35

Ground water out Dissolved 1.84+0.1 <1.2 <0.08

outflow is likely negligible compared to the subaquatic in-
flux. It would carry the Mo concentration of the sulfidic
zone, and since its water flux is minor compared to the sub-
aquatic inlet (or the lake would dry out) which carries
>20 nM Mo (details in Electronic annex B). Our mass bal-
ance indicates a subaquatic Mo source of roughly the same
magnitude as the chemocline flux. The model gives a resi-
dence time for Mo in the sulfidic zone of 80-130 days using
t= M/F,q where M is the total Mo inventories (EA-
Table A3).

5.3.1.6. Isotope budget. The sediment is significantly en-
riched in *®Mo compared to the oxic reservoir and this im-
plies an additional heavy source of Mo to the deep lake. We
propose that subaquatic springs provide that heavy source.
Evidence form Sr isotopes (Electronic annex B) shows that
the subaquatic springs are sourced in dolomitic limestone
and nearby outcrops reveal a 8°*Mo value close to 1.55%,
(Table 2). Therefore, if the dolomite is also the source of
the Mo, the surface sediment isotope composition is bal-
anced between the dolomitic subaquatic source, the riverine
input, and the return flux of sediment Mo to the water
column.

Mo - d/dt(ésulﬁdic) =0= Fcheméchem + Fsubésub
+ Fsed,]ossésed,loss - Fsedased (4)

The isotopic budget leads to the same conclusion as the
concentration mass balance (Table 7) that the subaquatic
springs must accounts for about 7.2 + 4.2 nmol cm 2 yr~!
or 45 + 28% of the Mo burial flux.

In the budget established here, all Mo entering the sulfi-
dic zone is buried and, hence, Mo is quantitatively removed
to the sediments. This is justified by considering the large
fractionation factors involved in sulfidation reactions
(~1.7%,) and the small offset between sediment and any
of the sources to the lake (ca. —0.39, and +0.39, for sub-
aquatic and riverine supply, respectively), which makes it
impossible to accommodate a substantial Mo loss from
the sulfidic zone.

5.4. Implications

Isotope fractionation during burial into sulfidic sedi-
ments has direct implications for interpretation of the pa-
leo-ocean redox conditions for marine sediments. Lake
Cadagno compares with marine euxinic systems such as
the Black Sea and the Cariaco Basin in terms of Mo bur-
ial rate, sedimentation rate, and sediment Mo concentra-
tions at ~100 ppm (Table 8), but displays a ~100 times
steeper sulfide gradient (~100 uM/m). This means that
the residence time of sulfide and Mo is much shorter in
Cadagno compared to the marine sites, and therefore,
Mo is not quantitatively converted to tetrathiomolybdate
in the water column. Rather, Mo is removed as intermedi-
ate oxythiomolybdate species with distinct isotopic com-
positions. However, although isotope fractionation
occurs during molybdenum removal from the sulfidic
waters, little or no net fractionation is expressed in the
sediments.

We attempt to clarify this picture, by first reviewing
the observational record. Sediments of the Cariaco basin

Table 8
Comparison of governing parameters for Mo removal in sulfidic basins.
Basin units T pH 2$*"  Mog/Mog® H.S® K, Tehemo., MO Aopsd  Burial rate
(°C) (1M) (uM)  (em’s™)  (yrs)  (ppm) (%)  (nmol Mocm ?yr')
Lake Cadagno 4 71[01) 275 35 176”1 0.004™" 0.2 110-130"7 10.0" 1220,
Cariaco Basin 9 7.6 40 1.3 1481 0.5% 20 150180 0.5 5-11®
Black Sea 4 7.883 380 15 83 0.0 10 30-501) 0.0 36"

#*Moox/Mogyr is the ratio of Mo concentration in oxic surface water and sulfidic bottom water.
®Dissociation of sulfide is calculated by equations in Hershey et al. (1988).
“The Mo residence time in the chemocline is estimated T = Myo/ Fehemn = [MOmeanfichem/ (K, 8M0/82z],—chem) by interpolation of data from

Emerson and Huested (1991) and K, values from other studies.

IA = 8" MOgource—0 M Ogeqimentss Where the source for marine settings is sea water and the isotope fractionation observed on sinking particles
in Lake Cadagno is finally not expressed in the sediments. References: [1] this study; [2] Astor et al. (2005) [3] Black Sea database online:
http://sfpl.ims.metu.edu.tr/; [4] Ho et al. (2004); [5] Neretin et al. (2001); [6] (Arnold et al. (2004)); [7] Neubert et al. (2008), Scott et al. (2008);

[9] Emerson and Huested (1991).


http://sfp1.ims.metu.edu.tr/

160 T.W. Dabhl et al. / Geochimica et Cosmochimica Acta 74 (2010) 144-163

are found at 8°*Mo = 3/2 8°"Mo = 1.78 + 0.12%, (Arnold
et al, 2004), while seawater is at 8°°Mo =2.3 +0.1%,
(Nakagawa et al., 2008; Siebert et al., 2003), leading to
a net isotope fractionation in the sediments of,
A981\/[055 = 6981\/[Osediment576981v[050urces = —0.5%, Much
larger net fractionations of up to —3.0%, are observed
in Black Sea sediments deposited in water depths of
down to 300 meters and at H,S levels of 10 uM or less.
At > 500 m depths, H,S concentrations rise to those lev-
els needed for efficient formation of strongly particle-
reactive thiomolybdates, and sediments reproduce the
%Mo of seawater (Neubert et al., 2008). Neubert et al.
(2008) conclude that sulfide levels influence the extent
of fractionation by controlling the kinetics of the conver-
sion of molybdate to the various oxythiomolybdate
forms. This is completely consistent with our results,
where the high sulfide levels in Lake Cadagno favor the
more reactive oxythiomolybdate phases and lower overall
fractionations as discussed above.

It is important to emphasize the difference between
A®Mogs and isotope fractionation expressed in situ, on
sinking particles relative to dissolved Mo in the sulfidic
water column, A®*Mopp. Fractionation may well occur in
the sulfidic system, A®*Mopp # 0, while no net fraction-

ation is expressed in the sediments, A”®Mogs = 0. This is
the case in Lake Cadagno.

We qualitatively evaluate the net isotope fractionation,
A®Mogg, by calculating the isotopic composition of sinking
particles that accumulate the adsorbed species. The sedi-
ments should capture the isotope composition of the sink-
ing particles. Molybdate sulfidation progresses towards
tetrathiomolybdate as a function of H,S concentration
and time. We assume all species are in isotopic equilibrium
at all times whether in solution or particle-bound. Isotope
fractionation results only from the (equilibrium) fraction-
ation factors between oxythiomolybdate species in solution
(Amolybdate—mono = Amono-di = 1-4%0’ Adi tri = Atritetra =
1.79%,) and their partitioning between dissolved and partic-
ulate phases. Consequently, A**Mogg becomes a continu-
ous function of [H,S], time available for reaction, and the
particle affinity for each of the oxythiomolybdate species
(Fig. 10). For comparison to natural systems, we suggest
the time available for reaction is given by the Mo residence
time in the chemocline (see footnote of Table 8). We de-
scribe the particle affinities of each species by a partition
coefficients K;= [MOO‘FI'Siszarliculale/[MOO4*fsi27]dissolved’
where i is the number of S atoms in the molecule, which
is written short as K = (Ko, K;, K>, K3, K4). Both particles

Net isotope fractionation expressed in the sediments
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Fig. 10. Model predictions of isotope fractionation expressed in euxinic sediments, A6**Mogs = 8”*MOgediments—0 - MOsource, a$ a function of
H2S (logarithmic axis). Various lines represent fractionation curves for systems with different time for reaction, Lake Cadagno (7 = 80 days,
solid line), Black Sea (¢ = 20 yrs, dotted line), and Cariaco Basin (¢ = 10 yrs, dashed line). Observed values are shown as error bars using the
symbol shown in the legend. In this example, we have chosen the particle affinites for each of the MoO,_,S 2~ species to increase dramatically
for tri- and tetrathiomolybdate: Ky= K; =0, K, =1, K3 =25, and K; = 100. The lower panel shows the predicted isotope fractionation
between sinking particles and dissolved Mo, Ad**Mopp, with the error bar showing observed value from Lake Cadagno. See Appendix C for

model details and more examples.
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and water contain mixed Mo species allowing for smaller
isotopic offset between sinking particles and solution than
between any two species. Details on model derivation are
found in Electronic annex B.

The predicted net isotope fractionation, A**Mogg, is a
strong function of H,S concentration and depends second-
arily on the time available for reaction (Fig. 10). The time
dependence is shown in the figure by the various curves,
where Lake Cadagno (z= 80 days) gives slightly higher
fractionation at high H,S compared to marine settings,
Black Sea (20 yrs) and Cariaco Basin (10 yrs) at the same
bottom water H,S concentration. The particle affinities
are not constrained by direct measurements; instead we fit
these parameters to best match the A**Mogg data for the
three systems, and simultaneously require that the predicted
fractionation between sinking particles and dissolved Mo,
A°®Mopp (shown in the lower panel) match the observed
value 1.0 +0.29,, for Lake Cadagno. The model matches
data from all three systems reasonably well when the parti-
cle affinity is chosen to increase for the more sulfidated spe-
cies. The best fit is found when the particle affinities for tri-
and tetrathiomolybdate are chosen to be much higher than
the other oxythiomolybdate species, for example K = (0, 0,
1, 25, and 100). This choice of parameters is consistent with
the observation that the Mo residence time in the sulfidic
zone of Lake Cadagno is comparable to the characteristic
time scale of trithiomolybdate formation. The range of pos-
sible outcomes for other choices of K is discussed further in
Electronic annex C.

Net isotope fractionation, A*Moss, expressed in sulfidic
basins is compared in terms of Mo residence time in the
chemocline and H,S concentrations (Table 8). Highly sulfi-
dic systems such as Lake Cadagno will not express net iso-
tope fractionation, whereas systems such as the shallow
Black Sea at or below the 11 pM H,S threshold of parti-
cle-reactive thiomolybdate formation produce high fractio-
nations up to 2-3%,. Systems with short time available for
reaction, such as Lake Cadagno, can express net isotope
fractionation at 100 uM H,S, while marine systems have
relatively long time for reaction and isotope fractionation
remain unexpressed above 50 uM H,S. For example, the
deep Black Sea has ~80 uM H,S and Mo has a sufficiently
long residence time at the chemocline that tetrathiomoly-
bate can form, implying nearly complete Mo drawdown
from the water column and no net isotope fractionation ex-
pressed in the sediments. The Cariaco Basin has consider-
able time for reaction, but net isotope fractionation is
expressed in the sediments because of low H,S concentra-
tions close to the 11 uM switch point below which the more
particle-reactive tri- and tetrathiomolybdate species effec-
tively never form (Emerson and Huested, 1991; Hershey
et al., 1988). Under such conditions, Mo is either removed
as M00,S,>” or even Mo0;S>", or possibly within the sed-
iments where sulfide levels are higher. The model overesti-
mates the observed net isotope fractionation in basins
with 10-50 uM H,S, with higher predicted values for the
Cariaco basin (Arnold et al., 2004) and the Black Sea at
intermediate depths (Neubert et al., 2008). Possible expla-
nations include (a) temporal [H,S] variations such that
most Mo has been deposited at times of higher sulfide lev-

els, (b) removal occurs in the sediments (at higher H,S), or
(c) the style of removal and its isotopic consequences of Mo
adsorption needs be modified.

Our model predicts large fractionations on sinking par-
ticles relative to dissolved Mo, A**Mopp up to 2-3%,, which
is expressed in mildly sulfidic sediments of the shallow
Black Sea, but not in highly sulfidic sediments. Instead,
the model predicts that residual Mo in the sulfidic waters
of the deep Black Sea and Cariaco Basin is positively frac-
tionated with 8°*Mo > §”*Moy,, = 2.3%,.

In summary, we have investigated the Mo burial path-
way with special attention to the isotopic consequences of
Mo burial in sulfidic Lake Cadagno. The lake is used as a
modern analogue to show how Mo burial might have pro-
gressed in sulfidic Proterozoic oceans. Our analysis suggests
that Mo isotopes do fractionate as molybdate is converted
to particle-reactive oxythiomolybdate species, and this can
be observed on sinking particles which accumulate light
Mo, leaving a heavy residual in the dissolved Mo pool of
the sulfidic deep waters. However, net isotope fractionation
is not expressed in the sediments and marine euxinic sedi-
ment deposited in high [H,S] copy 8°*Mo of sea water, con-
sistent with observation in the deep Black Sea. We have
established a model for the chemical pathway from source
to sediment, and calculate the net fractionation expressed
in any sulfidic system as a function of H,S concentration,
time available for reaction, and particle affinities of the oxy-
thiomolybdate species. This model suggests H,S levels exert
primary control on net fractionation in marine basins,
where the time available for reaction is long compared to
the reaction kinetics of thiomolybdate formation. The mod-
el can be tested and refined by laboratory studies of the
adsorptive nature of oxythiomolybdate species, e.g. particle
affinity, style of particle adsorption, type of material in-
volved, and more field based studies of euxinic systems.
Also, we need to understand the Mo removal pathway
and diagenetic processes around the 11 uM H,S threshold
where large net isotope fractionations has been observed
(Neubert et al., 2008).

6. CONCLUSIONS

We have found that the major burial pathway of Mo in
sulfidic Lake Cadagno occurs by particle adsorption in the
sulfidic water column. The scavenging process causes a dra-
matic Mo enrichment in the sediment (~100 ppm) relative
to country rocks in the surrounding area (~0.5 ppm) with
light Mo preferentially adsorbing to the sinking particles
(fractionation of 0.8-1.2%, between waters and particles).
The scavenging particles are most likely organic matter.
While isotope fractionation occurs during burial, net iso-
tope fractionation is not expressed, since Mo is quantita-
tively buried into the sediments from the sulfidic zone.
Mo is released during early diagenesis with preferentially
light Mo mobilized into the pore fluids (<0.4%, between
sediments and pore fluids). Isotope fractionation associated
with the removal process in the water column towards low-
er 8°Mo values in the sinking particles is most likely to
dominate over the positive isotope fractionation resulting
from light Mo escape during diagenesis. This results in a
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net negative isotope fractionation in the euxinic sediments
relative to source waters, simply because the release flux
is unlikely to dominate over the Mo deposition rate. The
scavenging process at the chemocline removes a range of
particle-reactive oxythiomolybdates before the slow reac-
tion kinetics converts all Mo to one species (tetrathiomo-
lybdate). Simple models for the isotope fractionation
expressed in euxinic sediments relative to the sources de-
pend on the time available for sulfidation, H,S concentra-
tion, the style of adsorption and the particle affinities for
each thiomolybdate species, and negligible net isotope
fractionations in highly sulfidic marine systems. Our model
results imply that with [H,S] exceeding about 50 uM, the
Mo isotopic composition of ancient seawater will be stored
in marine euxinic sediments. Hence, the observed isotope
fractionation on sinking particles in Lake Cadagno do
not negate the use of the Mo paleo-redox proxy.
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