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A B S T R A C T

The molybdenum (Mo) isotope composition in euxinic shales has been used as a proxy for the global distribution
of anoxic conditions in ancient oceans, and since more recently also as a proxy for sulfide concentrations in
depositional environments. However, there is currently no way to distinguish isotope fractionation at low
bottom water sulfide concentrations in ‘local’ basins from ‘global’ secular isotope variations associated with
changing seawater composition. This uncertainty is challenging the use of Mo isotopes for paleoceanographic
reconstructions.

To explore this further, we present new data from sediments deposited over the past ~9800 years in one of
the best studied euxinic localities in the world: Lake Cadagno in Switzerland. The sample set allows us to test
ways to discern isotope fractionation processes at play in a highly restricted euxinic basin.

Most of our drill core samples (n = 18) show high δ98Mo values similar to previously studied shallow
sediments, indicative of quantitative Mo removal from the water column (Dahl et al. 2010a). However, a few
samples (n = 3) deposited between about 1200 and 3400 years ago carry low δ98Mo values and have been
isotopically fractionated in the lake. Sedimentological and geochemical characterizations show that these δ98Mo-
fractionated sediments formed during times of frequent injection of O2- and sediment-rich river water into the
deep sulfidic water column. A positive correlation between δ98Mo and sedimentary Mo contents suggests that
isotope fractionation occurred during times of non-quantitative Mo removal, although Mn-oxide cycling at the
chemocline might also contribute a subordinate proportion of (98Mo-depleted) molybdenum into the sulfidic
zone. Sedimentary Mo/U enrichments relative to oxic lake water further supports the hypothesis that a
particulate Mo shuttle was most efficient during times of quantitative Mo removal. Therefore, periods with
inefficient Mo capture are ascribed to incomplete conversion of molybdate to particle reactive Mo species when
bottom water H2S levels were low or less stable than today.

Using XAFS spectroscopy, we found that the two distinct Mo compounds predominating in the sediments
(MoIV-S and MoVI-OS) are not diagnostic for isotope fractionation that has occurred in Lake Cadagno. Instead, we
infer that δ98Mo-fractionated products (forming via a low-sulfide Mo pathway) can be subsequently altered with
little or no isotopic imprint during remobilization and re-precipitation (e.g., at higher sulfide levels in the
sediments) as well as during post-depositional oxidation.

Future work could investigate local δ98Mo-fractionation processes expressed in other euxinic settings and
explore other sedimentary metrics to constrain the steps involved in the euxinic burial pathway(s). One
tantalizing prospect of this is to distinguish between local bottomwater sulfide levels and variations in the
fraction of global seafloor anoxia from the Mo isotope composition in ancient euxinic mudrocks.

1. Introduction

1.1. The δ98Mo record and ancient ocean chemistry

The molybdenum isotope composition of ancient black shales holds
important clues to the evolution of the oxygenation state of Earth's

oceans (Arnold et al., 2004; Barling et al., 2001; Chen et al., 2015; Dahl
et al., 2010b; Dickson et al., 2014; Duan et al., 2010; Gordon et al.,
2009; Kendall et al., 2009, 2011, 2015; Pearce et al., 2008; Siebert
et al., 2003; Wille et al., 2007). Yet, not all black shales display the
isotope composition of contemporaneous overlying seawater (e.g.,
Baldwin et al., 2013; Dahl et al., 2011, 2010b; Gordon et al., 2009;

http://dx.doi.org/10.1016/j.chemgeo.2017.04.018
Received 23 January 2017; Received in revised form 11 April 2017; Accepted 16 April 2017

⁎ Corresponding author.
E-mail address: tais.dahl@snm.ku.dk (T.W. Dahl).

Chemical Geology 460 (2017) 84–92

Available online 18 April 2017
0009-2541/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/00092541
http://www.elsevier.com/locate/chemgeo
http://dx.doi.org/10.1016/j.chemgeo.2017.04.018
http://dx.doi.org/10.1016/j.chemgeo.2017.04.018
mailto:tais.dahl@snm.ku.dk
http://dx.doi.org/10.1016/j.chemgeo.2017.04.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2017.04.018&domain=pdf


Herrmann et al., 2012), because isotope fractionation is expressed
between the sediments and seawater whenever Mo removal from the
water column is incomplete.

At least two processes can induce a net Mo isotopic offset between
Mo in surface waters and euxinic sediments. First, Mo adsorbing onto
Mn-oxides in oxic seawater induce strong isotope fractionation (−3‰)
that might be transported across the chemocline into deeper anoxic
bottomwaters and sediments (Neubert et al., 2008; Noordmann et al.,
2015; Reitz et al., 2007). Secondly, Mo isotope fractionation occurs
during sulfidation of molybdate to thiomolybdate species. This process
is associated with isotope fractionation (Tossell, 2005; Kerl et al., 2017)
that may be preserved in sediments when bottomwater hydrogen
sulfide concentrations are low (e.g., H2S < 11 μM) and/or there is
not enough time available for Mo to react with sulfide and convert to
reactive Mo compounds (Dahl et al., 2010a; Nägler et al., 2011; Neubert
et al., 2008). This sensitivity towards hydrogen sulfide opens up a
potential to infer sulfide concentrations in ancient anoxic basins via Mo
isotope analysis (Arnold et al., 2012). However, both seawater δ98Mo
and bottomwater sulfide concentrations can change independently as a
result of redox changes in local basins versus changes in the global
oceanic Mo sinks.

Therefore, the scatter in the δ98Mo record of euxinic sediments
through time is not surprising, and the ambiguity currently complicate
efforts to infer the secular evolution of seawater Mo isotope composi-
tion through time (e.g., see Kendall et al., 2017 for a recent summary).
Currently, only the maximum δ98Mo value from any one euxinic
sedimentary succession is thought to represent seawater isotope
composition, because isotope fractionation processes produce sedi-
ments with negative isotope offsets compared to overlying seawater
(Dahl et al., 2010b; Kendall et al., 2015). However, this approach limits
our ability to reconstruct secular changes in seawater composition, and
we loose valuable information about bottomwater sulfide concentra-
tions in the paleobasin that might be extracted from the geological
record.

1.2. Aquatic molybdenum geochemistry

In current models for the Mo burial pathway(s) in euxinic settings,
molybdenum is sourced as MoO4

2− in oxic surface waters and ultimately
ends in the sediments as reduced Mo(IV)-sulfides complexed with organic
matter and/or Fe-sulfides in the sediments (Chappaz et al., 2014; Dahl
et al., 2013a, 2016; Freund et al., 2016; Helz et al., 1996). The
intermediate steps have not yet been identified in nature, but they seem
to include sulfidation, reduction and scavenging with particulate matter.

In aqueous sulfidic solutions molybdate reacts with hydrogen sulfide
to form thiomolybdates (MoO4

2− +H2S→MoO4 − xSx2− +H2O).
When H2S > 11 μM (=100 μM total sulfide at pH= 8.1) the stable
dissolved Mo species is MoS42− (Erickson and Helz, 2000). However,
these sulfidation reactions are rather slow. In sulfidic waters with 50 μM
H2S (comparable to Saanich Inlet or Cariaco Basin) it would take> 1 year
for molybdate to react to tetrathiomolybdate and become the dominant
species. Each successive sulfidation reaction is 10-fold slower than the
previous reaction, suggesting sulfidic solutions evolve with only two
consecutive thiomolybdate species predomiant at any point in time (if no
other species-selective reactions occur) (Erickson and Helz, 2000). These
sulfidation reactions impart strong Mo isotope fractionation (Tossell,
2005; Kerl et al., 2017) that can result in a net isotope offset between
sediments and overlying seawater Mo removal, assuming the more
sulfurized species are more particle reactive and are thus preferentially
buried in the sediments (Amini et al., 2016; Arnold et al., 2004; Dahl et al.,
2010a; Nägler et al., 2011).

Although, thiomolybdate is often said to be “particle reactive”
(Lyons et al., 2009), Vorlicek et al., 2004 showed from laboratory
experiments that the particle reactivity significantly increases when a
reductant is added to thiomolybdate solutions. They found evidence
that tri-thiomolybdate (MoVIOS32−) reacts with zero-valent sulfur to

form MoIV-polysulfide compounds and that the reduced phase can be
readily scavenged from solution by pyrite (Vorlicek et al., 2004). We
note that other reductants may also reduce Mo, and that other mineral
surface including FeS, various clay minerals, and particulate organic
matter also scavenge particle reactive Mo phases that form in aqueous
sulfidic solution (Bertine, 1972; Bostick et al., 2003; Dahl et al., 2016;
Helz et al., 2004; Vorlicek and Helz, 2002; Wagner et al., 2017).

Another potential fractionation process is Mn and Fe recycling at the
O2/H2S chemocline. Molybdenum with a distinctly low δ98Mo signature
might adsorb onto Fe- and Mn-oxide mineral particles in the oxic zone
(Noordmann et al., 2015; Scholz et al., 2013). Molybdenum will be
released during reductive dissolution of the metal oxides once these
settle into the sulfidic zone. As Mn2+ and Fe2+ diffuse back upwards
into the oxic zone, fresh metal oxides will form and capture more Mo.
This Fe-Mn cycling could potentially pump molybdenum into the anoxic
zone. This process operates in sediments near the chemocline in the
Baltic Sea (Scholz et al., 2013), where it produces substantial Mo
enrichments (1–25 ppm) in the underlying sulfidic sediments relative to
crustal rocks (but smaller enrichments than most sediments deposited
in deep euxinic settings; i.e., 30–200 ppm) (Dahl et al., 2013b; Scott
and Lyons, 2012). It may also be responsible for the low δ98Mo
signatures observed in the unstably euxinic parts of the Baltic Sea
(Nägler et al., 2011; Noordmann et al., 2015; Scholz et al., 2013) and
perhaps also in the mildly sulfidic sediments of the shallow parts of the
Black Sea (Neubert et al., 2008). However, Mo isotope systematics in
fully sulfidic basins shows that Mn-oxide cycling delivers only a minor
proportion of the Mo present in the sulfidic deep waters and sediments,
since neither sediments nor sulfidic waters carry lower δ98Mo than
overlying oxic waters (e.g., > 100 μM H2S) (Dahl et al., 2010a; Nägler
et al., 2011; Noordmann et al., 2015).

In this study, we find sediments deposited both under a range of H2S
concentrations and use various elemental and Mo speciation analyses to
constrain the Mo burial pathway in a highly restricted setting.

1.3. Study site

We studied Mo burial pathways and isotopic signatures in Holocene
sediments from the anoxic and sulfidic Lake Cadagno, situated in the Swiss
Alps. Today, Lake Cadagno is permanently stratified with anoxic and
sulfidic waters from ~11 to 21 m depth as a result of microbial sulfate
reduction in the poorly ventilated deep waters (Del Don et al., 2001).
Modern Mo isotope dynamics and Mo burial pathways operating from the
oxic waters to the sediments have been studied in detail (Dahl et al.,
2010a, 2013a). Total sulfide concentrations (ΣS(−II) = H2S
+ HS− + S2−) reach 175–275 μM in the deepest part of the water
column (21 m), and this sustains an anoxic phototrophic community of
green and purple sulfur bacteria (Dahl et al., 2010a; Gregersen et al.,
2009; Habicht et al., 2011; Musat et al., 2008; Tonolla et al., 2005). The
pH below the chemocline is ~7.1 and temperature is ~4 °C, which means
110–190 μM of the total sulfide is dissociated into H2S (Dahl et al., 2010a;
Del Don et al., 2001). Sulfate is supplied mainly via subaquatic springs
sourced from gypsum-rich dolomite bedrock (Del Don et al., 2001).
Molybdenum is sourced both via rivers and subaquatic springs in roughly
equal proportions, but with distinct Mo isotope signatures
(δ98Morivers = 0.8 ± 0.1‰, δ98Modolomite = 1.5 ± 0.1‰, see definition
of δ98Mo below) (Dahl et al., 2010a). The euxinic conditions were
established ~9800 years ago according to new geochemical and mole-
cular evidence from a 10 m-long sediment core recovered from the
deepest part of the lake (Wirth et al., 2013). Sedimentological evidence
shows that intervals with frequent underflows triggered by flood events
and injecting O2-rich waters into deep sulfidic waters occurred in the
course of the Holocene. Most striking is the period from 5000 to
1200 cal yr BP; it is characterized by the interval with peak flood
frequencies from 4500 to 2400 cal yr BP and includes episodes with
intermediate flood activity preceding and following the peak interval
(Fig. 1d). The frequent occurrence of the flood-triggered underflows might
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have interrupted or weakened the redox stratification in the lake and
slightly lowered Mo content in the sediments (Wirth et al., 2013). This
scenario differs from former results from recent sediments (until a
sediment depth of 30 cm covering the past 150–200 years; Dahl et al.,
2010a) recording a δ98Mo signature indistinguishable from the source
fluids to the lake, which is characteristic of deposition under highly
euxinic conditions (with> 10 μMH2S in the water column) (Arnold et al.,
2012; Dahl et al., 2010a; Nägler et al., 2011; Neubert et al., 2008).

2. Samples and methods

We analyzed the Mo concentration and isotope composition in 21
samples from a 10 m-long sediment core collected at the deepest point
of Lake Cadagno, i.e., at the depositional center. A subset of the samples
was previously studied for Mo speciation using XAFS spectroscopy
(Dahl et al., 2013a), and additional Mo-XANES characterizations of
some samples are reported here. Sedimentological characterization, age
determinations and mm-scale trace metal concentration analyses were
performed on a parallel reference core (Wirth et al., 2013). The
reference core was also used for detailed sedimentological descriptions,
organic matter characterization, 14C-, 137Cs- and 210Pb-dating and age-
depth modeling (Wirth et al., 2013). The sediments consist of mainly

three lithologies: 1) regular autochtonous sediment (RS) consisting of
black laminated sediments with 8–16 wt% total organic carbon, 2)
mass-movement deposits (MMD) consisting of sediment relocated from
shallower depths in the lake to the depositional center, and 3) flood
deposits (FD) with larger grains, high mineral content (gneissic
signature), and organic matter almost exclusively of terrestrial origin.

The sediment cores were brought to the field station laboratory and
were subsampled in 4 cm (short core, SC) and 10 cm intervals (long
core, CDP), transferred to 50 mL centrifuge tubes and immediately
frozen to −20 °C to minimize oxidation prior to XAFS analyses. On
average, the regular sediment samples represent intervals of ~40 years
of sedimentation for the past 100 years and up to several hundred years
for older sediments (Wirth et al., 2013). In comparison, the modern-day
residence time of Mo in the sulfidic part of the lake is ~80–130 days
(Dahl et al., 2010a). Thus, each sediment sample used for this study
represents numerous seasons and/or cycles of Mo sedimentation rather
than any single episodic event.

Elemental concentration data (incl. Mo, U, Mn, Fe and Al) were
obtained at the Center for the Environment, Harvard University. Samples
were digested with doubly distilled concentrated HNO3 + HF (3:1) using
a closed system Teflon vessel PicoTrace Dissolution unit. Concentrations
were measured on aliquots diluted with 18.2 MΩ deionized H2O on an
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Fig. 1. Temporal evolution of geochemical and environmental properties of the Lake Cadagno sediments: a) Mo and (b) Mn concentrations in regular sediments and flood deposits from
XRF (X-ray absorption fluorescence spectroscopy) core scanning at 1 mm down-core resolution (qualitative XRF core scanner counts calibrated by ICP-MS); c) δ98Mo values and Mo
speciation of discrete samples with horizontal dashed lines indicating the δ98Mo values of the major water sources, river water and subaquatic sources; d) frequency of floods injecting O2-
and sediment-rich waters into the anoxic water column and recorded as flood deposits in the sediment sequence. For details on the data sets shown in (a), (b) and (d) refer to Wirth et al.,
2013. In this time plot, samples containing mass-movement deposits are not represented (e.g., CDP8) as these event deposits are out of chronological order with the here represented
regular sediments and flood deposits.
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inductively coupled plasma mass spectrometer (ICP-MS) using a multi-
element external standard solution, corrected for drift during analysis
using an internal element spike (Ge, Y, In, Bi) at a constant level in all
standards and sample solutions.

Mo isotope compositions were determined at Arizona State University
by multiple-collector ICP-MS (Thermo Neptune®) using a calibrated 97Mo
+ 100Mo double spike to correct for instrumental mass bias according to
the analytical procedure described in Goldberg et al. (2013). The
molybdenum stable isotope composition is reported in terms of δ98Mo
notation where relative 98Mo/95Mo variability is reported in parts per
thousand on a scale where the standard NIST-SRM 3134 is defined with
δ98Mo= 0.25‰ (Nägler et al., 2013). On this scale, our in-house
molybdenum standard, RochMo-2, gives −0.09 ± 0.05‰, and open
ocean oxic seawater is δ98Mo= 2.34 ± 0.10‰ (Goldberg et al., 2013;
Nägler et al., 2013).

X-Ray Absorption Near-Edge Spectroscopy (XANES) measurements
were made at the MAX-II laboratory (Lund University, Sweden) at the
superconducting multi-pole wiggler beam line i811 with 1.5 GeV beam
energy and 100–200 mA electron current. Mo K-edge (20,000 eV)
spectra were recorded using a Vortex Be 1 element fluorescence
detector in steps of 5, 0.5 and 1.5 eV before the edge (−200 to
−40 eV), at the edge (−40 to +60 eV), and after the edge (60 to
600 eV), respectively. Samples were thawed, dried and ground using an
agate mortar and pestle in an anaerobic chamber at the NanoChalk
Center, University of Copenhagen, before the sediments were packed in
sample holders with Kapton tape windows and transported to the
beamline in an anaerobic jar. The samples were only briefly (< 10 min)
exposed to air before analysis during sample installation into the He-
cooled cryostat. The energy scale was calibrated by simultaneously
measuring Mo(0) foil in transmission mode, where the first three peaks
in the derivative spectra of the Mo(0) foil were assigned 20,000.0,
20,010.5, and 20,024.0 eV (Dahl et al., 2013a; Wichard et al., 2009).
Despite lower beam intensity at MAX-II and lower energy resolution
using the Si(111) monochromator compared to previous data obtained
at other beamlines (see below), we were able to distinguish XANES
spectra for Mo-OS and MoeS compounds (Fig. 2) and determine Mo
oxidation states of the samples (Table 1) (Dahl et al., 2013a, 2016).
Characteristic absorption peaks and edges were determined by spectral
analysis in Matlab (Table 1).

XANES spectra were recorded at i811 for a set of reference materials
and a set of new sediment samples (see Table 1). Some of the synthetic and
natural reference materials (MoV2S8, MoIVS2, Lake Cadagno: SC5 and

CDP70) were previously analyzed at National Synchrotron Light Source
(NSLS) at Brookhaven National Laboratories (beamlines X11-A, respec-
tively Table 1). In addition, two new reference materials were analyzed;
one Mo(V)-containing mineral, ilsemannite (Mo3O8·nH2O, #1976.107)
from the mineral collection at the Natural History Museum of Denmark
and a natural molybdenite reference material from China (HLP-5). Our
data showed that Mo K-edge XANES spectroscopy accurately determines
the Mo oxidation state (± 0.4 unit) within the level of precision that EK
(± 1 eV) that was determined at i811 using a Si(111) monochromator
crystal with lower energy resolution than at NSLS. New sediment samples
analyzed in this study include two sediment samples from Lake Cadagno
(CDP8, CDP10) with low δ98Mo, and two Devonian black shale samples
with distinct δ98Mo values of 1.84 ± 0.14‰ (Chattanooga shale, Chat2)
and 1.05 ± 0.14‰ (Devonian Ohio Shale, SDO-1), respectively (Dahl
et al., 2010b; Goldberg et al., 2013).

3. Results

3.1. Molybdenum concentrations and isotopes

The Cadagno drill core samples display a strong relationship
between Mo concentrations and δ98Mo (Fig. 3). Sediments with the
highest Mo concentrations of 100–200 ppm are associated with a
distinct narrow range of high δ98Mo values (1.2–1.5‰), corresponding
to the properties of the modern surface sediments (120–180 ppm Mo;
δ98Mo = 1.2–1.4‰; Dahl et al., 2010a). Five out of seven samples
consisting partly or fully of mass-movement material have Mo concen-
trations < 25 ppm, but cover a large range of δ98Mo values (Fig. 3).
This allows evaluating the relative contribution of allochthonous (ALL)
and autochthonous (AUT) sediments to the mass-movement material.
Allochthonous sediment derived from the oxic zone defines one end-
member composition on a mixing curve carrying low Mo contents and
low δ98Mo values (Mo ~ 2–4 ppm, δ98MoALL ~ 0.1–0.4‰) whereas the
other component is autochthonous euxinic sediments with high Mo and
high δ98Mo (> 100 ppm, δ98MoAUT = 1.4 ± 0.1‰). We define the
dilution factor from the Mo isotope composition of the sediment: fDIL =
(δ98MoAUT − δ98Mo) / (δ98MoAUT − δ98MoALL). The two remaining
samples recognized as consisting partly of mass-movement material,
do not show a diluted signal (CDP70, CDP80), likely because sediment
was transported from within the anoxic-sulfidic zone (this is also
visually apparent by intermixed fragments of regular sediment).

Three samples (CDP8, CDP10, and CDP30) fall significantly below the
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mixing curves in a plot of δ98Mo versus Mo concentration (Fig. 3). CDP30
and CDP10 were deposited during flood-rich periods, and CDP8 contains
remobilized sediments possibly originally deposited during flood-rich
periods (Table 2). In detail, CDP30 consists of a mixture of regular
autochthonous sediment deposited in the deepest part of the lake and
washed-in allochthonous flood material; CDP10 consists of regular auto-
chthonous sediments; and CDP8 consists at least in part of mass-movement
material transported from the oxic zone. In principle, a higher proportion
of riverine Mo to the lake (with δ98Morivers = 0.8 ± 0.1‰) relative to
Mo from subaquatic springs (1.5 ± 0.1‰) could shift δ98Mo of the
sediments to lower values, i.e., producing the signatures of CDP8 and
CDP10 (δ98Mo= 0.79 ± 0.15‰ and 0.79 ± 0.16‰, respectively)
(Dahl et al., 2010a; all published data was recalculated to the NIST SRM
3134 scale; Table 2). However, one sample (CDP30) carries even lower
δ98Mo (0.13 ± 0.04‰) than can be accommodated by a greater propor-
tion of riverine input relative to subaquatic spring water in the lake. Also,
we note that it is difficult to maintain euxinic conditions in the lake if the
mixing ratio of riverine water to ground water was high enough to result
in δ98Mo ~ 0.8‰, since sulfate (for sulfide production) is supplied almost
exclusively from the subaquatic springs. Alternatively, Mo adsorbed onto
Mn-oxides with a low δ98Mo was sourced into the sediments at these
times, and/or Mo isotope fractionation occurred during the Mo removal
process. In any case, these three samples contain Mo products that were
isotopically fractionated in the lake. Mo was not quantitatively removed

from the water column when these sediments formed and a substantial
portion of Mo transported across the chemocline must have escaped via
the oxic water column.

There is a positive correlation between sedimentary Mo and U
concentrations; in which undiluted samples simultaneously display both
higher Mo and U enrichments, which in turn are comparable to sediments
deposited in other anoxic and euxinic marine settings (Fig. 4). The
undiluted δ98Mo-unfractionated samples display systematically higher
average molar Mo/U ratio (7.7 ± 2.1) than diluted samples
(3.3 ± 1.3) and dissolved Mo/U ratio in oxic lake water (Mo/
U= 4.0 ± 0.4; calculated from Mo= 12.5 ± 1.0 nM, U= 3.2 ±-
0.2 nM; Dahl et al., 2010a). The δ98Mo-fractionated samples have only
slightly elevated Mo/U values (5.3 ± 1.2), but this is due to one sample,
CDP8, with a low Mo/U value (3.9) recognized as a mass-movement
deposit.

3.2. Molybdenum speciation

XANES spectra at the Mo K-edge allow us to assess the Mo oxidation
state (EK) and the immediate bonding environment (e.g., Mo]O,
MoeO, MoeS) in both amorphous and crystalline Mo compounds.
This principle is illustrated in a simplified manner in Fig. 5, where our
new reference material, Mo3O8, falls at the correct EK value
(15.3 ± 1.0) between that of MoIVO2 (11.9) and MoVIO4

2− (16.8)
corresponding to an average oxidation state of 5.4 ± 0.4 indistinguish-
able from its formal oxidation state (5.33) (Dahl et al., 2013a).

Two of the δ98Mo-fractionated samples (CDP8 and CDP10) display
average Mo oxidation states of ~4 and MoeS as the principle ligands,
indistinguishable from other MoIV-S compounds in the lake sediments
(e.g., CDP70) (Fig. 5). This result is robust even though it has not been
possible to validate the structure from the EXAFS spectra obtained at
i811. Therefore, we make the important observation that the MoIV-S
structure is not diagnostic of a quantitative Mo removal pathway and
δ98Mo-unfractionated sediments.

Several samples display XANES spectra similar to oxidized MoVI-OS
compounds (star symbols in Figs. 1 and 3), and there is also no
systematic relationship to their Mo isotope composition. For example,
the δ98Mo-fractionated sample CDP30 carries a strong signal of Mo]O
bonds (Dahl et al., 2013a), whereas several unfractionated samples also
contain predominantly MoVI-OS compounds. Post-depositional oxida-
tion can produce oxidized Mo compounds without affecting the Mo
isotope composition. That said – it is still possible that the oxidized Mo
compounds precipitated directly in the lake via a pristine removal
pathway (Dahl et al., 2013a).

Table 1
Diagnostic XANES features for reference materials and samples. EK: K-edge, EM: Maximum absorption beyond K-edge and Pre-edge inflection point. Signal analysis of the XANES spectra
was performed in Matlab using a smoothing spline fit to calculate derivative spectra (for details, see Dahl et al., 2013a). Uncertainties greater than this were calculated from comparing
spline fits with various smoothing factors ρ (range shown), where ρ= 0 and ρ = 1 corresponds to a perfectly smooth curve and a curve close to data (no smoothing), respectively.

EK EM EM - EK Pre-edge inflection Scans ρ Beamline

Reference material
MoS2 6.1 30.1 24 – 4 0.8 X11-A
MoS2 5.3 ± 1.0 30.5 ± 1.0 25.2 ± 1.0 – 3 0.2–0.4 i811
Mo2S8 9 ± 1 35 ± 1 26 ± 1 −0.3 ± 1.0 3 0.5 X11-A
Mo2S8 8.5 ± 1.0 39.0 ± 3.8 30.5 ± 3.9 1.2 ± 1.0 5 0.1–0.4 i811
MoVI-OS sediment (SC-5) 16.9 36.5 19.6 1.8 5 0.5 X11-A
MoVI-OS sediment (SC-5) 14.4 ± 1.0 35.2 ± 1.0 20.8 ± 1.0 0.8 ± 1.0 11 0.2–0.4 i811
MoIV-S sediment (CDP-70) 6.6 31.4 24.8 – 4 0.5 X11-A
MoIV-S sediment (CDP-70) 5.2 ± 1.0 31.6 ± 3.3 26.5 ± 3.4 – 11 0.2–0.4 i811

Samples and new standards
CDP8-X 8.2 ± 1.7 33.3 ± 1.0 25.1 ± 2.0 – 10 0.5–0.7 i811
CDP10-X 8.3 ± 1.0 33.7 ± 1.3 25.4 ± 1.6 – 5 0.6–0.8 i811
Chattanooga shale (Chat 2) 14.6 ± 1.0 33.3 ± 1.0 18.7 ± 1.4 2.5 ± 1.0 11 0.2–0.4 i811
Devonian Ohio Shale (SDO-1) 14.1 ± 1.0 33.3 ± 1.0 19.2 ± 1.4 3.7 ± 1.0 9 0.2–0.4 i811
Molybdenite ore from China (HLP-5) 3.7 ± 1.0 31.1 ± 1.2 27.4 ± 1.6 – 6 0.2–0.4 i811
Ilsemannite, Mo3O8·nH2O (1976.107) 15.3 ± 1.0 36.1 ± 1.0 20.8 ± 1.4 1.8 ± 1.0 6 0.2–0.4 i811
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Previous EXAFS analyses have shown that black shales (euxinic
mudrocks) contain MoeO bonds (Helz et al., 1996). We add two
Devonian shale samples with known δ98Mo values to this database
(Chat2: 1.84 ± 0.14‰; SDO-1; 1.05 ± 0.14‰). Both of these sam-
ples fall within the MoeO array with an average oxidation state of ~5

(Fig. 5) similar to Mo-OS samples from Lake Cadagno. Therefore, these
Devonian shales contain either a mixture of Mo(IV) and Mo(VI)-phases,
exclusively Mo(V)-phases, or a combination of all. Again, we make the
important observation that Devonian black shales with both high and
low δ98Mo contain MoeO bonds. Hence, the predominant Mo species in

Table 2
Sedimentological and chemical characteristics of the Lake Cadagno drill core samples. The sedimentological description and the age-depth model are described in Wirth et al. (2013). Mo
speciation (XAFS) analyses are described in (Dahl et al., 2013a). Samples containing material from mass-movement deposits (MMD) are shown in grey.

Name Lithology Depth
(cm)

Age
(yr)

δ98MoNIST-SRM3134 ± 2SD (n) ‰a Dilution fdilb XAFS type Ca
(wt%)c

Mn
(ppm)c

Fe
(wt%)c

Al
(wt%)c

Mo
(ppm)c

U
ppmc

SC1 RS, few FD −1 ± 2 0 1.23 ± 0.12 (4) 18% MoIV-S 1.5 299 4.7 5.1 179 48
SC3 RS, few FD 7 ± 2 35 1.37 ± 0.23 (4) 7% MoIV-S 1.4 648 6.2 5.1 155 42
SC5 RS, few FD 15 ± 2 143 1.28 ± 0.24 (4) 14% MoVI-O-S 1.5 1149 6.0 5.3 120 30
CDP2 RS, few FD 53 ± 5 0.83 ± 0.08 (4) 51% 1.4 702 4.7 5.3 23 17
SC7 RS, few FD 23 ± 2 250 0.85 ± 0.15 (3) 49% 1.6 1544 6.4 5.5 11 7
CDP3 RS, few FD 63 ± 5 1.26 ± 0.01 (3) 16% 1.4 849 5.7 5.3 87 29

MMD 31 ± 2 0.31 ± 0.17 (4) 94% 1.6 1152 5.0 6.2 4 6
CDP4 Partly MMD 73 ± 5 1.44 ± 0.42 (3) 1% 1.7 1051 5.5 5.8 22 14

MMD 39 ± 2 0.81 ± 0.21 (4) 53% 1.7 685 4.8 7.0 12 7
MMD 83 ± 5 0.98 ± 0.12 (3) 39% 1.7 827 5.0 5.6 10 9

CDP6 RS, few FD 93 ± 5 726 1.39 ± 0.14 (4) 5% MoVI-O-S 1.2 1071 6.0 5.0 190 59
CDP7 RS, few FD 103 ± 5 978 1.28 ± 0.04 (3) 14% 1.4 1177 6.2 5.2 186 52

MMD 113 ± 5 0.79 ± 0.15 (3) Fractionated MoIV-S 1.4 987 5.2 5.5 44 28
CDP9 RS (lots of MMD) 123 ± 5 1173 MoIV-S 1.6 1408 6.1 5.5 88 31
CDP10 RS 135 ± 5 1359 0.79 ± 0.16 (4) Fractionated MoIV-S 1.6 3148 5.7 5.5 73 32

Partly MMD 236 ± 5 2005 1.08 ± 0.16 (3) 30% MoVI-O-S 1.4 782 4.3 5.0 16 10
CDP25 1.7 1346 4.9 5.5 10 5
CDP30 RS (lots of FD, possibly

some MMD)
365 ± 5 3374 0.13 ± 0.04 (2) Fractionated MoVI-O-S 1.7 2398 5.3 5.3 38 15

CDP40 Many (mostly) FDs 465 ± 5 3960 0.78 ± 0.20 (4) 55% 2.0 811 4.9 5.8 9 4
MMD (mineral-rich, ‘oxic
deposition’ likely)

566 ± 5 0.20 ± 0.01 (2) 100% 2.1 672 4.4 5.4 3 2

MMD (fragments of RS,
organic-rich rel. to CDP50)

691 ± 5 0.85 ± 0.22 (3) 49% 1.7 1824 5.6 6.9 8 11

– 0.83 ± 0.11 (3) 51% 1.6 1830 5.6 6.6 8 11

CDP70 Partly MMD (and FD and
RS→ mix)

782 ± 5 6857 1.55 ± 0.14 (3) −8% MoIV-S 1.7 1873 5.8 5.1 197 61

CDP80 Partly MMD (and FD and
RS→ mix)

884 ± 5 9279 1.22 ± 0.11 (3) 19% MoIV-S 2.0 2119 5.4 5.5 140 78

a Mo isotope compositions are given in terms of the 98Mo/95Mo ratio relative to the global reference material, NIST-3134 with δ98MoNIST3134 = 0.25‰. Our data was collected using
the in-house RochMo-2 standard as reference material, so reported δ98MoNIST3134 values were re-calculated using δ98MoNIST3134 = δ98MoRochMo2–0.09‰ (Goldberg et al., 2013).

b The dilution with end-member 1 (EM1) material was calculated for samples on a two-component mixing curve: fdil = [δ98Mo − δ98MoEM1] / [δ98MoEM2 − δ98MoEM1], assuming
isotope variation is due to mixing Mo-diluted material with 2–4 ppm Mo and δ98MoEM1 = 0.2–0.4‰ (i.e., riverine sediments) into pristine authigenic euxinic sediment with ≥100 ppm
Mo and δ98MoEM2 = 1.3–1.6‰. The range of values leads to an estimated uncertainty of± 26% (2SD). Therefore, undiluted samples are defined as fdil < 26%.

c Sample reproducibilty was better than< 5% (e.g., CDP60), and the accuracy was 15–25% determined using certified reference materials (SCO-1, BCR-2). Abbreviations: RS: regular
sediment, MMD: mass movement deposit, FD: flood deposit, rpt = repeated digestion.
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these sedimentary rocks are probably not diagnostic for Mo isotope
fractionation processes occurring in their deposition environment.

4. Discussion

4.1. δ98Mo-fractionation in Lake Cadagno ~3000 years ago

Dahl et al., 2010a, 2010b concluded that Mo isotope fractionation
occurs in the sulfidic water column, but sediments display no net
isotopic offset from lake sources due to quantitatively Mo removal from
the water column to the sediments. Our new results confirm this
behavior for most of the Holocene, but also show periods when Mo
isotope fractionation was expressed in the Lake Cadagno sediments.

To understand how the δ98Mo-fractionated samples (CDP8, CDP10,
CDP30) from Lake Cadagno formed, it is worthwhile looking carefully
into the context of the lake's environmental history as it has been
discussed in Wirth et al. (2013). Notably, CDP30 was deposited during
an episode of strongly increased flood frequency ~3400 years ago
(Fig. 1d). These floods could have periodically interrupted the chemical
stratification in the water column and ventilated the deep part of the
lake. The periods with high flood frequency, during which CDP30 and
also CDP10 (~1400 cal yr BP) were deposited, are associated with
muted (but still high) Mo enrichments (~80 ppm, Fig. 1a) that are also
indicative of mildly euxinic conditions in marine systems (Scott and
Lyons, 2012). At the same time, molecular and DNA records suggest an
ecological shift in the anoxygenic phototrophic community where green
sulfur bacteria (GSB) started to dominate over purple sulfur bacteria
(Wirth et al., 2013). GSB are generally agreed to cope better with
dimmer light condition (Manske et al., 2005; Tonolla et al., 2005), for
example at the time when flooding episodes would have frequently
injected loose sediment from the catchment.

Two of three fractionated (CDP30, CDP10) samples have elevated
Mn contents (2400 and 3150 ppm), whereas CDP8 (1000 ppm) is
similar to average sediments (1300 ppm) (Table 2). CDP10 and
CDP30 contain regular sediment, whereas CDP8 contains mass move-
ment material that might well have been transported in the oxic zone.
There is no Ca-Mn correlation at these deposition intervals, suggesting

that precipitation of Mn-oxides, not Mn2+-carbonates, occurred in the
lake. This could be due to the injection of O2-rich underflows at least
during deposition of CDP30 and CDP10 (contrary to the Mn-enriched
transition period from oxic to euxinic conditions > 9800 yrs ago
(Wirth et al., 2013). CDP8 might have formed with no Mn enrichments
(e.g., in the oxic part of the lake), or lost Mn-oxides and any enrichment
signature during subsequent mass movement within the anoxic part of
the lake, or perhaps Fe-oxides played a greater role on Mo scavenging.
In any case, physical, biological and chemical lines of evidence are all
supportive that the δ98Mo-fractionated samples formed in the lake
when hydrogen sulfide levels were (episodically) lower than today and
perhaps with Mo contribution via Mn-oxide cycling when the O2/H2S
chemocline was nearer the lake floor.

4.2. Do Mo speciation data discern isotope fractionation processes?

Although isotope fractionation is induced only between distinct Mo
species (i.e., due to differences in bond strengths Anbar and Rouxel,
2007), there is no guarantee that the characteristic species involved in
the fractionation process operating in the water column are preserved
or leave any observable differences in the chemical structure of the
sediments. The presence of δ98Mo-fractionated and δ98Mo-unfractio-
nated samples along with two distinct chemical signatures in Lake
Cadagno allowed us to explore such Mo isotope-speciation relationship
further as well as to further constrain the euxinic Mo burial pathway.

First, it has already been established that post-depositional oxida-
tion can alter the Mo speciation of the euxinic sediments, as it can
produce the same MoVI-O signature in samples with predominant MoIV-
S compounds (Dahl et al., 2013a). This will not change δ98Mo unless
Mo is lost or gained in the process. Indeed, some of our δ98Mo-
unfractionated samples contain predominantly MoVI-O compounds
(Fig. 3) that could be ascribed to post-depositional oxidation (e.g.,
during retrieval of the core and transfer into the laboratory), and this
process is also a reasonable explanation for the predominance of MoVI-
O compounds in ancient euxinic outcrop samples (including SDO-1 and
Chat-2 with distinct δ98Mo signatures). Ultimately, our data cannot rule
out the possibilities that either MoVI-OS or MoIV-S compounds directly
precipitated in this euxinic basin.

Importantly, our data shows that MoIV-S compounds are not
diagnostic for quantitative Mo removal and δ98Mo-unfractionated
euxinic sediments. This is clear from the observation that the bulk
MoIV-S signature, in addition to MoVI-OS, is predominant among the
δ98Mo-fractionated samples. Either the Mo species involved in the Mo
isotope fractionation process carry chemical differences not distin-
guished in the XAFS spectra (for example, isotope fractionation occurs
between two distinct MoIV-S compounds) or the δ98Mo-fractionated Mo
compounds have been altered during subsequent processing of the
reactive Mo compounds (e.g., dissolution and re-precipitation in the
sulfidic zone). Given what we know about thiomolybdate reduction, it
seems likely that the Mo]O bonds of reactive reduced Mo compounds,
such as the Mo-polysulfide MoIVO(S4)S2−, are not preserved during
subsequent processing (Vorlicek et al., 2004). Indeed, Dahl et al.,
2010a, 2010b found evidence for Mo re-dissolution in the uppermost
15 cm of the sediments and used mass balance considerations to find a
substantial Mo return flux (~20%) from the sediment towards the
water column. As Mo re-dissolves from the solid phase and a slightly
98Mo-depleted solute (−0.2‰) enters the pore fluids. Eventually, the
desorbed Mo will re-precipitate in the sediments where sulfide levels
are higher (ΣS(− II) = 500–1000 μM) and adsorption sites are more
readily available than in the water column. This early diagenetic Mo
recycling arguably occurred because the Mo host phase is diagenetically
unstable, for example when (Mo associated) organic matter is re-
mineralized and/or amorphous FeS is converted to pyrite. Therefore,
we suggest that even if MoVI-OS compounds precipitated directly from
the water column, then these could be reduced and MoeS bonds could
form during shallow diagenesis with only a small impact on δ98Mo in
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the sediments. Conclusively, the observed Mo speciation signatures do
not discern isotope fractionation processes occurring in the lake.

5. Implications and future directions

The molybdenum isotope composition of ancient euxinic sediments
is mainly a function of both globally integrated ocean oxygenation,
bottom water hydrogen sulfide levels in ancient sulfidic basins, post-
depositional mobilization processes and the Mo source to the sediments
(e.g., Mn-oxides vs. seawater). However, there is currently no way to
discriminate between these processes.

We proposed that Mo speciation data (as well as Mo concentrations,
Mo/U) might reveal isotope fractionation process in euxinic settings.
Data from a Holocene drill core through Lake Cadagno's sediments
reject this assertion, but it is still possible that Mo compounds and/or
other sedimentary metrics reveal fractionation processes at play in
other euxinic systems; e.g., samples that have not suffered from post-
depositional oxidation or post-reductional sulfidation. In this context, it
is particular important to study less restricted marine euxinic settings,
including intermittently sulfidic upwelling zones on the continental
shelves, in which Mo burial is limited by the rate of thiomolybdate
formation relative to water renewal in the basin. With more molybde-
num speciation and isotope data from a wider range of euxinic
environments, we would better understand the intermediate chemical
steps in the Mo burial process and evaluate the tantalizing prospect of
using Mo isotopes as a dual recorder of both global ocean oxygenation
and hydrogen sulfide levels in local paleo-basins.
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