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Abstract 44 

Marine euxinic sediments, particularly organic-rich black shales, are important sinks for oceanic 45 

molybdenum (Mo), and the determination of Mo concentration and isotopic composition are used to 46 

constrain oxygenation state and specifically expansion of marine anoxic and sulfidic (euxinic) 47 

waters in ancient oceans. The use of Mo as a paleo-redox tracer is based on its distinct geochemical 48 

behavior in oxic and sulfidic environments. Mo removal from sulfidic waters starts with MoO4
2- 49 

reacting with aqueous H2S to form particle reactive thiomolybdates, MoO4-xSx
2-, but the post-50 

thiomolybdate steps and the ultimate Mo host in euxinic sediments are not well understood. We 51 

used X-ray absorption fine structure (XAFS) spectroscopy to determine the oxidation state and the 52 

molecular coordination environment of pristine, solid phase Mo in sediments from permanently 53 

euxinic Lake Cadagno, Switzerland.  Samples were taken from a 9-meter piston core representing 54 

the last ten thousand years of deposition.  55 

 56 

The euxinic lake sediments provide unequivocal evidence that the post-thiomolybdate steps along 57 

the burial pathway involve Mo(VI) reduction to Mo(IV) before it is ultimately hosted in the 58 

sediments. Anoxic samples contain Mo(IV)-S compounds that, when oxidized upon air-exposure, 59 

are transformed into Mo(VI)-O, thus confirming our results. This observation is important to better 60 

understand the Mo burial pathway from oxic waters to euxinic sediments. Our results support a 61 

model where post-thiomolybdate MoVI reduction proceeds via reactions with zero-valent sulfur, 62 

S(0) (mainly S8, Vorlicek et al., 2004). In this model, Mo is scavenged from sulfidic waters as 63 

reactive Mo-polysulfide species, Mo(IV)O(S4)S
2- or Mo(IV)S(S4)S

2-, and not as thiomolybdate 64 

(MoOS3
2- or MoS4

2-) as has been previously assumed. This result can have important implications 65 

for how paleoenvironmental redox conditions are inferred from sedimentary Mo enrichments, 66 

Mo/TOC ratios, and δ98Mo, if the Mo accumulation rate is accelerated via the S8-assisted pathway 67 

in settings where partial oxidation of S is possible. For example, euxinic Mo/TOC ratios are 68 

predicted not only as a function of Mo concentration in overlying seawater.  Instead, the ratio will 69 
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be higher in sediments deposited under highly sulfidic waters where S8 is also abundant, such as in 70 

settings where the chemocline depth fluctuates considerably and/or oxygen intrusions occur to the 71 

overlying bottom waters. Partial oxidation of dissolved sulfide is an important step in polysulfide 72 

production. Finally, we conclude that XAFS measurements are a powerful way to study the Mo 73 

burial pathway in sediments and enhance our ability to infer past environmental conditions from the 74 

sedimentary record. 75 

 76 

Keywords: XAFS, EXAFS, XANES, molybdenum; Mo cycle; redox proxy; sulfide; euxinic 77 

sediments; anoxic environments; Lake Cadagno 78 

 79 

1. Introduction 80 

1.1. The molybdenum redox proxy 81 

Molybdenum (Mo) is a redox sensitive trace metal that can provide information on Earth’s global 82 

ocean oxygenation over geological time (Arnold et al., 2004; Dahl et al., 2011; Dahl et al., 2010b; 83 

Pearce et al., 2008; Scott et al., 2008; Wille et al., 2007). Methods include both elemental and 84 

isotopic measurements of geological records (mainly black shales), and their predictive power lies 85 

with an understanding of the chemical burial pathway from the ocean to the sediments. Here, we 86 

provide a first study of the Mo redox chemistry in a highly sulfidic Swiss lake from which we can 87 

infer governing reactions involved in the Mo enrichment process that are likely to be broadly 88 

relevant. 89 

 90 

In oxygenated waters, Mo shows a conservative behavior with a long residence time of ~440-800 91 

thousand years in modern oceans (Miller et al., 2011; Morford and Emerson, 1999). Mo is predicted 92 

to exist in its most oxidized state as tetrahedrally coordinated molybdate anion, Mo(VI)O4
2-. In oxic 93 

waters, Mo adsorbs onto Fe/Mn-oxyhydroxides and can be preserved in lacustrine and marine oxic 94 

sediments, ferromanganese crusts, and Mn nodules (Chappaz et al., 2008; Shimmield and Price, 95 
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1986; Zheng et al., 2000). In contrast, under anoxic/sulfidic conditions MoO4
2- reacts with H2S to 96 

form thiomolybdates, MoO4-xSx
2- (Erickson and Helz, 2000). Mo is removed from natural sulfidic 97 

waters and porewaters (Emerson and Huested, 1991; Morford et al., 2007; Zheng et al., 2000). 98 

However, the mechanistic processes involved in its ultimate sequestration into the sediments remain 99 

elusive. Particularly, the particle reactive Mo species have never been determined directly, i.e., the 100 

dissolved Mo species that adsorb onto or complex with particulate matter. Earlier workers 101 

suggested that a reduction step from Mo(VI) to Mo(IV) was necessary to fix Mo into sediments as 102 

MoS2 (Calvert and Pedersen, 1993; Emerson and Huested, 1991; Francois, 1988), but later studies 103 

showed that MoS2 is not the final Mo host in euxinic sediments (Bostick et al., 2003; Helz et al., 104 

1996; this study). Mo scavenging from sulfidic water is more recently argued to be associated with 105 

precipitation of iron sulfides (Bostick et al., 2003; Helz et al., 2011; Helz et al., 2004; Vorlicek et 106 

al., 2004) and/or organic matter (e.g., Tribovillard et al., 2004; Algeo and Lyons, 2006). Recent 107 

advances in Mo speciation analyses showed that Mo(V) forms in pore fluids during anoxic 108 

incubation experiments under increasing sulfide concentrations (Wang et al., 2011). Despite these 109 

efforts, there is still no unified model for the steps governing Mo removal and thus sediment 110 

enrichment in sulfidic settings. 111 

 112 

All current uses of Mo redox proxies (Mo, Mo/Al, Mo/TOC, δ98Mo) are founded on Mo’s distinct 113 

geochemical behavior in oxic versus anoxic/sulfidic environments (Algeo and Lyons, 2006; Arnold 114 

et al., 2004; Crusius et al., 1996) without specific knowledge of Mo speciation (oxidation state and 115 

coordination environment) and burial mechanisms in sulfidic environments. These uncertainties 116 

may limit the full potential of Mo as an indicator of past redox conditions, particularly if additional 117 

factors beyond dissolved sulfide and molybdenum availability control the enrichment process in 118 

some euxinic settings and/or induce isotope fractionation between sediments and seawater (Helz et 119 

al. 2011). Ultimately, better understanding of the enrichment pathways may enhance the utility of 120 

the proxy. One possibility is that Mo reduction is an important step in the removal process, with 121 
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zero-valent sulfur playing a critical role of donating electrons (Vorlicek et al., 2004). Here, X-ray 122 

Absorption Fine-Structure (XAFS) measurements were used to study Mo oxidation state and 123 

bonding environment in modern euxinic sediments. In a pioneering study of Mo using XAFS, Helz 124 

et al. (1996) studied Mo chemical structure in Phanerozoic black shales and concluded that it is 125 

coordinated to both O and S with a mean oxidation state between +4 and +6. They further suggested 126 

that Fe was present in the molecular coordination environment surrounding each Mo atom. In the 127 

present study, this approach is expanded by analyzing euxinic sediments deposited over the last 128 

~10,000 years to explore the Mo redox state and molecular environment and how these change over 129 

this scale of diagenesis. 130 

 131 

1.2. XAFS principles 132 

XAFS is uniquely suited to studying the atomic- and molecular-scale structure around chosen 133 

elements contained within a liquid or solid material. The principle of XAFS analysis can be 134 

summarized as follows. A given atom absorbs an X-ray photon, and the energy of the X-ray is 135 

transferred to a core-level electron (K shell for our experiment), which is ejected from the atom. 136 

The emitted ‘photo-electron’ wave scatters from the atoms around the X-ray absorbing atom, 137 

creating interferences. These quantum interference effects cause an energy-dependent variation in 138 

the X-ray absorption probability, which is proportional to the X-ray absorption coefficient. 139 

Modulations of the absorption spectrum provide information about the structure, oxidation state, 140 

neighboring atoms, bond lengths, and coordination number. XAFS spectroscopy consists of two 141 

complementary techniques (Figure 1): X-ray Absorption Near Edge Structure (XANES) and 142 

Extended X-ray Absorption Fine Structure (EXAFS). EXAFS provides information on interatomic 143 

distances, coordination number, and type of nearest atoms to the Mo atom, while XANES is 144 

sensitive to oxidation state, ligand type, presence of Mo=O double bonds, and coordination 145 

chemistry of the Mo atom (e.g., octahedral vs. tetrahedral coordination). Several publications are 146 

available for more detailed descriptions of the XAFS techniques, e.g., Rehr and Albers (2000) and 147 
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Stern (1988). 148 

 149 

2. Methods 150 

2.1. Site description 151 

Lago di Cadagno is located at 1921 m altitude in the southern part of central Switzerland (Figure 152 

2). The lake is permanently stratified with oxic waters at <11 m depth overlying anoxic and sulfidic 153 

(euxinic) waters up to 21 m depth. The stratification is established by a density difference between 154 

heavy, solute-rich waters supplied through cold, subaquatic springs into the deeper part of the lake 155 

and river discharge of lower density fresh water into the surface layer. The local bedrock consists of 156 

felsic gneiss, dolomite, and gypsum. Sulfate delivered through subaquatic springs (~7 mM) is used 157 

by sulfate reducing bacteria to produce up to 300 µM hydrogen sulfide in the water column (Del 158 

Don et al., 2001). 159 

 160 

Molybdenum is supplied to the lake through both the rivers and subaquatic springs in roughly equal 161 

proportions (Dahl et al., 2010a). It enters as soluble Mo(VI)O4
2- and reacts in a series of steps with 162 

H2S to form thiomolybdates (MoVIO4-xSx
2-) in the euxinic zone. Thermodynamic calculations 163 

predict a geochemical switchpoint, [H2Saq] >11 μM at which molybdate is no longer stable and 164 

sulfidation proceeds towards tetrathiomolybdate (Erickson and Helz, 2000). The post-165 

thiomolybdate reactions are still not known, but Mo is bound to particulate matter in the sulfidic 166 

water column in Lake Cadagno and is delivered to and buried in sediments via the settling particles 167 

(Dahl et al., 2010a). Ultimately, this process yields strong Mo enrichment in the sediments (~130 168 

ppm) relative to felsic gneisses and carbonate rocks in the catchment area (<1 ppm Mo). Similar 169 

Mo enrichment is characteristic of all marine euxinic basins (Lyons et al., 2009; Scott and Lyons, 170 

2012; Tribovillard et al., 2006), and Lake Cadagno offers a lacustrine complement where the Mo 171 

cycling and burial pathways from waters to sediments have been studied in detail (Dahl et al., 172 

2010a). 173 
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 174 

2.2. Sampling: the ETH drilling project 175 

Sediment samples were taken in September 2009 as part of the FloodAlp drilling project led by A. 176 

Gilli from ETH-Zürich. Our samples come from two sediment cores taken from the deepest part of 177 

the lake. One short gravity core (SC) was collected from the uppermost 1 meter to ensure 178 

undisturbed surface sediments, and one long core (CDP) was collected using an UWITEC platform 179 

with a percussion piston-coring system in nine one-meter segments totaling 9 meters of recovered 180 

sediment. The sediments were deposited during the last 9800 years of the Holocene period, when 181 

the lake arguably was stably stratified with anoxic and sulfidic bottom waters (see supplementary 182 

information for details). The drill core contains ‘regular’ autochthonously produced lacustrine 183 

sediments (RS) and event deposits, including detrital flood deposits (FD) and allochthonous mass-184 

movement deposits (MMD) (Table 2, details in the supplementary content). Regular sediments 185 

consist mainly of bacterial remains and generally contain more Mo than both flood and mass 186 

movement deposits that were transported from the oxic zone (Wirth et al., 2012). Therefore, we 187 

prioritized the Mo-rich samples to place the focus on euxinic processes. The drill cores were 188 

brought into the lab at the field station, opened, and subsampled at 10 cm resolution and transferred 189 

into 50 ml Falcon tubes. The headspace of each tube was purged with N2 to minimize oxidation, 190 

and the tubes were subsequently frozen with dry ice. When the samples arrived at Harvard 191 

University one week later, there was no evidence of oxidation (rust), and samples were thawed in 192 

an anaerobic glovebox with 95% N2 and 5% H2. 193 

 194 

2.3. X-Ray Absorption Fine Structure (XAFS) experiments 195 

For Mo speciation analysis, XAFS sample holders were prepared from a 2 mm thick Teflon plate 196 

by cutting rounded holes as sample slots. Windows were made from thin, X-ray transparent 197 

Lexan™ plastic and sealed with Kapton™ tape. Samples were thawed and subsampled by first 198 

mixing the mud with a spatula and then transferring it into each sample slot. To minimize oxidation, 199 
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samples were handled anaerobically at all times. Samples were dried with Kimwipes and eventually 200 

transported in an anaerobic jar (AnaeroPack) to the National Synchrotron Light Source (NSLS) at 201 

Brookhaven National Laboratories and to Stanford Synchrotron Radiation Light source (SSRL) at 202 

SLAC National Accelerator Laboratory, USA. O2 diffusion into the sample could only have 203 

occurred during the ~3 hours of analysis through the windows, but the presence of other reduced 204 

compounds in the samples (e.g., Fe2+, S2-) added reducing power to the sediment and would have 205 

significantly slowed down oxidation of the Mo compound(s) in the samples.  206 

 207 

X-ray Absorption Spectroscopy (XAFS) measurements were made at beamlines X11-A and 4-1 at 208 

the NSLS and SSRL, respectively. We used the Si(311) and Si(220) double crystal 209 

monochromators in conjunction with harmonic rejection mirrors at NSLS and SSRL, respectively. 210 

Fluorescent X-rays were measured using a Canberra multi-channel 13 element Ge detector. We 211 

detuned the incident beam intensity by ~20% to reject higher-order harmonic frequencies. Some of 212 

the spectra analyzed at SSRL were collected with a Zr metal foil to attenuate scattering. 213 

 214 

We processed and analyzed all the data using the Athena and Artemis software packages (Ravel and 215 

Newville, 2005). Energy calibration was maintained by simultaneous measurements of a Mo(0) foil 216 

in transmission mode as an internal standard. The first three peaks in the first derivative spectra of 217 

the Mo(0) foil were assigned 20000.0 eV, 20010.5 eV, and 20024.0 eV (Wichard et al., 2009). 218 

These assignments set the absolute energy scale for all characteristic spectral features. We collected 219 

all spectra with energy and wave number resolution prior to the edge (19,600-19960 eV); across the 220 

K-edge (19960-20050 eV); and throughout in the EXAFS region at 5 eV, 1 eV, and 0.05 Å-1. At 221 

least four spectra per sample were merged to improve signal-to-noise ratio and also to enhance 222 

energy resolution (e.g., better than 1 eV across the K-edge). Usable spectra were collected for 2-223 

mm-thick samples with >16 ppm Mo, but more statistically robust results required samples with 224 

>120 ppm Mo. There were no signs of beam damage or photo-oxidation between consecutive 225 
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spectral measurements. 226 

 227 

For data interpretation, collected spectra for tetravalent Mo standards (Mo(IV)O2(s) and Mo(IV) 228 

S2(s)) and hexavalent standards (Mo(VI)O3(s), Mo(VI)O4
2-

(l), and Mo(VI)S4
2-

(l)) were used as 229 

reference compounds (Table 1 and S1). All reagents, except MoS4
2- (Strem Inc.), were purchased 230 

from Sigma-Aldrich and measured without further processing other than dilution with boron nitride 231 

for solid standards. Published data for other Mo references compounds were used (e.g., Mo(V)-232 

cysteine; Wichard et al., 2009) to support our data analysis. 233 

 234 

2.3.1 EXAFS 235 

We processed the extended X-ray absorption fine structure (EXAFS) data by subtracting 236 

background absorption using a smooth spline fit and averaging the spectra with Athena Software 237 

(Ravel and Newville, 2005). The EXAFS equation for energy absorption is expressed as a series of 238 

harmonic functions of wavenumber, k, which is directly related to absorption energy by E = E0 +  239 

hk2/4πme. Here, me and h are the mass of the electron and Planck's constant, respectively.  240 

 241 

The EXAFS equation is a follows: 242 

 χ(k) = ∑i A0
2 Ni 

. |f(k)|/(kRi
2) . exp[-2 Ri/ λ(k)]. exp[-2 k2σi

2]. sin[2kRi + ϕi] . (1) 243 

 244 

The fitting parameters in the expression for χ(k) (highlighted in bold) are coordination number (Ni) 245 

of each atom of type i; total amplitude of the photon energy (A0); the distance of the ith atom to the 246 

scattering Mo atom (Ri, subsequently referred to as bond length); and its mean-square deviation in 247 

Ri, known as the Debye-Waller factor (σi) (Rehr and Albers, 2000). In this fitting process, the zero 248 

point of the energy scale, E0, was allowed to vary. The rest of the parameters are calculated 249 

theoretically in Artemis using FEFF8 code for calculations of atomic scattering amplitudes, 250 
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including the effective scattering amplitude of the backscattering X-ray photons |f(k)|, which 251 

depends on type and number of neighboring atoms, the effective scattering phase functions ϕ, and 252 

the mean free path, λ(k).  253 

 254 

First shell fits were established using Mo-S and Mo-O single scattering paths with phase and 255 

amplitude functions calibrated against reference materials for which the coordination environment 256 

has been described previously as Mo(IV)O2 (Ressler, 2002), Mo(VI)O3 (Ressler, 2000, 2002), 257 

Mo(IV)S2 (Dickinson and Pauling, 1923), Mo(VI)O4
2-, and Mo(VI)S4

2- (Lapasset et al., 1976). 258 

Acceptable model fits satisfied three criteria. First, the global amplitude term, A0, was allowed to 259 

float between 0.7 and 1.1 but was fixed at the same value for all individual shells. Second, Debye-260 

Waller terms, σi
2, were allowed to float but were constrained within a range of 0.003-0.020Å2 for 261 

all shells, consistent with model compound fits.  Third, the energy shift was no bigger than |E0| < 10 262 

eV. Also, the bond length was allowed to vary, but model parameters were iteratively recalculated 263 

if the estimated distance to the excited Mo atom greatly exceeded the initial guess (or known value 264 

in the case of our reference materials): ΔR = |R - Rexpected| < 0.5Å. The best model fit was chosen 265 

among acceptable fits based on the model run with lowest R-factor (best goodness of fit), and third 266 

shell atoms were only added if they improved the goodness of fit. To discard other possibilities, 267 

scattering from other atoms was fitted using Mo-O, Mo-S, Mo-Mo, Mo-Fe, and Mo-C scattering 268 

paths (see Table S2 in supplementary content). Finally, the contributions of multiple scattering 269 

paths were evaluated (for SC3-X and CDP70-X), but did not contribute significantly to the spectra 270 

and therefore were omitted in the final fits (see Table S3 for details in the supplementary content).  271 

 272 

The fitting procedure was performed step-wise with simple models applied first, one atomic shell at 273 

a time. Our results show that the model fits did well at reproducing known bond lengths (Ri), type 274 

of atom, and coordination number (Ni) (Table 1). We used the goodness of fits obtained for known 275 
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reference materials to guide our choice of preferred models. The χ(k) function was Fourier 276 

transformed using k3 weighting to perform model fits both on the raw absorption spectrum (k-277 

space) and on Fourier transformed data (R-space). The fitting domain was chosen to the maximal 278 

range (k = 3–9 Å-1; R = 1.4–4 Å), that is, where all spectra were well defined to ensure that the 279 

performance index (R-factor) could be compared. Applying both fitting procedures to our reference 280 

materials and keeping the number of ligands fixed at known values, our shell-by-shell modeling 281 

procedure accurately determines atomic distances for first and second neighboring atoms (O and S) 282 

and gives slightly offset results (<0.10 Å) for third shell Mo-Mo distance in MoO2 or MoO3. Both 283 

fitting procedures yielded consistent results, but R-space fitting yielded better performance index 284 

(i.e., RR < Rk) and gave more precise atomic distances. The goodness of fit (in R-space) for 285 

reference materials is better than RR < 0.23. Therefore, we adopt this threshold as quality control to 286 

determine which models were accepted for our samples. 287 

 288 

For example, MoS4
2- was accurately fitted to a model with four S atoms in one shell at 2.18±0.01 Å 289 

atomic distance, yielding an R-factor of 0.03 (goodness of fit), which is indistinguishable from 290 

previous EXAFS analysis at 2.20±0.03 Å (Bostick et al., 2003). These EXAFS results also fit bond 291 

lengths obtained using crystallographic techniques with four sulfur atoms sitting at 2.171±0.005 292 

(n=1), 2.177±0.005 (n=2), and 2.186±0.006 Å (n=1) (Lapasset et al., 1976). The same procedure 293 

was successfully applied for Mo-O bonds in MoO2 to yield precise (but less accurate, ±0.10 Å) 294 

atomic distances manifested with a lower goodness of fit, R-factor = 0.23. Even greater offsets in 295 

atomic distance often failed to fit the spectra and always gave significantly worse R-factors. For 296 

example, a one-shell model cannot fit the five distinct Mo-O shells in MoO3 at atomic distances 297 

ranging from 1.67 to 2.33 Å, and our step-wise approach yielded acceptable fits only when three 298 

Mo shells were included in the model. Therefore, we used the R-factor as a statistical measure to 299 

determine when a model successfully identifies the type of neighboring atoms and the inter-atomic 300 

distances at the level of accuracy defined by our reference materials. Our interpretation of the Mo 301 
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molecular structure in the lacustrine mud samples is therefore founded on models with R-factors 302 

better than those obtained for the reference materials.   303 

 304 

2.3.2 XANES  305 

Signal analysis of the XANES spectra was performed in MatLab®. A cubic smoothing spline, χ(E), 306 

was fitted to the data and used to determined the first and second derivative spectra. This approach 307 

allowed us to smooth the noise and define a rigorous procedure for the identification of peaks and 308 

inflection points in the XANES spectra. The smoothing function contains one free parameter, ρ, 309 

which determines the relative weight placed on the contradictory demands of having spectra χ 310 

smooth (ρ = 0) versus having χ close to the data (ρ = 1). For values of ρ between 0.2 and 0.9, the 311 

derived oxidation states were similar for all samples, except in two cases with relatively low Mo 312 

concentrations (Mo = 16-38 ppm).  313 

 314 

The reference materials show consistent correlations between oxidation state and K-edge, with 315 

higher EK for higher oxidation states (edges are defined in the caption of Figure 4). Further, there is 316 

a systematic shift in maximum peak position (EM), with greater energy difference for Mo-S 317 

compounds than for Mo-O. This relationship is explored further in section 3.2, and it shows how EK 318 

and EM in the XANES region can be used to determine ligand type and to select the correct 319 

calibration curve for determinations of the oxidation state. 320 

 321 

An oxidation test of the samples was performed to confirm the presence of initially reduced Mo 322 

compounds in our samples. If Mo is present at a low oxidation state (IV or V), then oxidation 323 

should result in a positive shift of the K-edge in the XANES spectrum (Table 3). A few samples 324 

were chosen for this analysis and oxidized in either one or two steps. As a first oxidation step, 325 

anoxic sediments (e.g., sample CDP9-X) were exposed to air and dried in an oven at 70ºC over 326 
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night (defined as CDP9-Y). In the second step, the samples were ashed at 700ºC to combust organic 327 

matter in an O2-rich atmosphere (renamed as CDP9-Z). 328 

 329 

Linear combination fitting was applied to determine the Mo species and quantities of known 330 

materials in the (perhaps heterogeneous) samples. However, this approach is feasible only if XAFS 331 

spectra of the constituent(s) in the sample exist in our database. Therefore, each observed spectra 332 

were fitted separately to a linear combination of known end-member spectra in XANES region 333 

(formulated in terms of derivative XANES spectra defined at -30 to 150 eV around the K-edge) and 334 

the EXAFS region (EXAFS spectra in the k-range from 3 to 9 Å-1). If the two fits did not converge 335 

on the same quantities of end-member constituents in the two spectral regions (within a few %), 336 

then at least one additional (unknown) Mo-compound must be present in the sample, and we 337 

rejected the estimated proportions. Conversely, if a sample spectrum can be written in terms of the 338 

same linear combination (same quantities) of known spectra from our database in the two distinct 339 

parts of the XAFS spectrum, then we assumed the sample contains the given Mo compounds. 340 

 341 

3 Results 342 

3.1 Mo EXAFS of the euxinic sediments 343 

The EXAFS spectra of our samples show two distinct spectral types (Figure 3). These two spectra 344 

are easily identified from the Fourier transforms of the EXAFS spectra where either a dominant 345 

mode is found for “Type S” or two dominant modes are observed for “Type OS”. EXAFS model 346 

fits show that these modes reflect Mo compounds with either (1) exclusively Mo-S bonds or (2) a 347 

mixture of Mo-O and Mo-S bonds in Type S and Type OS, respectively.  348 

 349 

In both spectral types, the Mo-S bond lengths range from 2.24 to 2.38 Å (Table 2). This range is 350 

significantly longer than the bond length for hexavalent Mo(VI)S4
2- (2.18±0.01 Å) and shorter than 351 

for tetravalent Mo(IV)S2 (2.41±0.01 Å; note that higher atomic charge pulls the neighboring atoms 352 
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closer. In contrast, the Mo-O bonds in Type OS sediments are found at 1.69-1.74 Å, which are 353 

distinctly shorter than the Mo-O bonds in tetravalent Mo(IV)O2 at 2.0 Å but compare well with 354 

terminal Mo=O in hexavalent compounds Mo(VI)O4
2- and Mo(VI)O3 at 1.78 Å and 1.75 Å, 355 

respectively. From this, we conclude that both types of samples contain bridging Mo-S ligands, and 356 

there are terminal Mo=O bonds in Type OS samples. 357 

 358 

Under ideal circumstances, the XAFS technique can provide information about atoms well beyond 359 

the first Mo-S shell. The fitting results are marginally improved by adding either Mo or Fe in the 360 

second or third shell at 2.99-3.00 Å (Table S2) and 2.71-2.77 Å, respectively. The presence of Mo 361 

in the third shell is rejected because the predicted Mo-Mo distance is unrealistically long when 362 

compared to known Mo dimer compounds bridged through S at 2.72-2.94 Å (Table S1). The 363 

obtained Mo-S and Mo-Fe interatomic distances are most similar to those for MoFe proteins Avl 364 

and Cpl in nitrogen fixing bacteria A.vinelandii and C. pasteurianum measured with EXAFS at 365 

2.35-2.39 Å and 2.69-2.70 Å, respectively (Chen et al., 1993; Cramer et al., 1978). Given the 366 

limited number of Mo-S compounds in the EXAFS database (Table S1), this comparison is 367 

probably more illustrative than definitive; for example, the chemical properties of the Mo-S 368 

compounds in natural euxinic environments are entirely unexplored. 369 

 370 

Five of our nine samples display a Type S spectrum and reveal that Mo is exclusively coordinated 371 

to four sulfur atoms (Table 2). In Type OS samples, Mo is coordinated to one or two oxygen atoms 372 

and two or three sulfur atoms. The Mo-S compounds are found both in the most recent sediments in 373 

Cadagno at <0.3 m depth and in the early Holocene (deepest) samples from 7-9 m depth (~9 kyrs 374 

old). All Type S samples are extremely enriched in Mo (>120 ppm, see Table 2), and two Type OS 375 

samples are highly enriched (120–190 ppm), while two samples with ‘Type OS-like’ spectra 376 

display much lower Mo concentrations (16–38 ppm).  377 

 378 
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3.2 Mo XANES of the euxinic sediments 379 

The XANES region of the spectrum contains unique information about the oxidation state. The 380 

mean Mo oxidation state in a natural sample was derived from the Mo K-edge position (EK) by 381 

comparison to the linear correlation observed for reference materials. Specifically, there are 382 

excellent linear relationships between EK and Mo oxidation state. Reference compounds are used to 383 

generate a calibration curve from which oxidation states of the samples are calculated (see statistics 384 

in the caption of Table 4). 385 

 386 

The position of the K-edge (Figure 4) also depends on the electronegativity of the ligands, so that 387 

higher EK values are seen for the Mo-O compounds compared to the Mo-S compounds. Fortunately, 388 

Mo-O and Mo-S bonding environments can be distinguished from the EXAFS spectrum to optimize 389 

the choice of calibration curve. Here, we further suggest that standard-reference matching can be 390 

performed using the XANES spectrum alone (i.e., independent of EXAFS) and propose that the 391 

position of the maximum peak (EM) in the post-edge region is a diagnostic feature for distinguishing 392 

Mo-O from Mo-S coordination environments (Figure 5). 393 

 394 

Together, the two spectral features in the XANES region, EK and EM, allow for an operational 395 

distinction of ligand type (Table 3), since Mo-S compounds display a much larger maximum peak 396 

displacement (EM – EK) than do Mo-O compounds (Figure 5). The shorter Mo-O bonds (1.7-2.0 Å) 397 

fall on a linear trend at higher EK and with a distinctly smaller energy difference from edge to 398 

maximum absorption compared to Mo-S compounds, which have longer bond lengths (2.2-2.4 Å). 399 

The maximum absorbance peak falls in the part of the XANES spectrum associated with multiple 400 

scattering resonances, so that EM position is interpreted to reflect the immediate coordination 401 

environment. The correlation in Figure 5 is observed for both reference materials, for which the 402 

molecular structure is known, and for natural samples where the coordination environment is 403 

determined from the EXAFS spectrum. 404 
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 405 

Figure 5 shows that Mo compounds with higher atomic charge (oxidation state) display higher EK 406 

(and energy shift [EM - EK]). The Mo(IV)-S and Mo(VI)-S reference compounds display K-edges at 407 

20006.1 and 20010.1 eV, respectively. The Mo(IV)-O, Mo(V)-O, and Mo(VI)-O reference 408 

compounds have K-edges at 20011.9, 20015.0, and 20016.8 eV, respectively. The highly distorted 409 

octahedral lattice of MoO3 falls outside the array given by the rest of the Mo-O compounds and 410 

might constitute a separate Mo-O array with MoO2 (Ressler, 2000). Likely, the energy shift depends 411 

on the multiple scattering resonances and the geometry of the compounds. Nevertheless, the two 412 

spectral features provide a fingerprint that readily distinguishes Mo-O from Mo-S bonding 413 

environments. This XANES fingerprint is used to confirm that the Mo oxidation state is determined 414 

using the calibration curve (EK vs. oxidation state) established from compounds with similar 415 

coordination environment (Table 4).  416 

 417 

The mean Mo oxidation state of our samples falls in two distinct groups that coincide with each 418 

EXAFS spectral type. Type S (Mo-S) samples range from 4.1 to 4.5, whereas Type OS compounds 419 

with high Mo content (SC5-X and CDP6-X) display a significantly higher mean oxidation state at 420 

5.3-5.5 (Table 4). All Type S compounds have a calculated mean oxidation state of 4.3 within ±0.2 421 

units (1 standard deviation of the mean; see caption of Table 4). Two Type OS samples with low 422 

Mo concentration (CDP20-X and CDP30-X) contain EXAFS spectral features that indicate oxygen 423 

in the first shell and yet fall outside the Mo-O array of oxidation states. These two samples also 424 

show spectra that fall considerably off the linear trend between EM and EK defined by the other 425 

samples. This offset would be expected for samples with different coordination chemistry and 426 

artificial features associated with low signal/noise ratio (Figure 4). Hence, we can use the EM vs. EK 427 

characterization in Figure 5 as a quality control and choose calibration standards with similar 428 

geometry for a reliable determination of oxidation state. 429 

 430 
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None of the Type S samples display a pre-peak or a pre-edge inflection. This characteristic is shared 431 

with known tetravalent Mo compounds (MoO2 and MoS2) and is thus a similarity between Type S 432 

compound(s) and molybdenite. However, Type S compounds are otherwise distinct from tetravalent 433 

MoS2 in the edge and post-edge regions of the XANES spectra, in that EK and EM are at distinctly 434 

higher energies and, thus, the average Mo oxidation state in the samples is slightly higher than four. 435 

Type OS compounds display a pre-edge inflection but not a genuine pre-peak. Distinct pre-edge 436 

inflections in the XANES region are observed in compounds with higher Mo oxidation states at +6 437 

and +5 (Mo(VI)S4
2-, Mo(VI)O4

2-, and Mo(VI)O3; e.g., this study and Mo(V)-cysteine and Mo(V)-438 

azotochelin [Wichard et al., 2009], while strong pre-peaks are associated with Mo=O [e.g., 439 

Mo(VI)O4
2-]). 440 

 441 

3.3. Oxidation experiments with reduced Mo compounds 442 

Oxidation experiments were performed to confirm the presence of reduced Mo in both types of 443 

samples. As sediment samples were exposed to the oxic atmosphere and left in an oven overnight at 444 

70ºC, both EK and EM were dramatically shifted to higher values. Oxidized Mo-S samples plot 445 

within the Mo-O array in Figure 5, and their EXAFS spectra confirm that most sulfur bonds have 446 

been broken and replaced with Mo-O ligands (Table 5, discussed further below). Oxidized 447 

sediments display significantly higher oxidation state estimates with little variation among samples, 448 

at 5.5±0.1, both for ex-Type S and ex-Type OS samples (Table 4). Even the two samples with low 449 

Mo content, once oxidized, fall in the Mo-O array in Figure 5. Upon ashing and further oxidation, 450 

the edge positions did not move any further. Hence, there is no evidence of further oxidation upon 451 

combustion at 700ºC.   452 

 453 

Upon oxidation, both Type S and Type OS sediments developed the 'oxo-edge' (pre-edge) features 454 

characteristic of terminal Mo=O bonds. More pronounced pre-peaks were seen after the samples 455 

were ashed at 700ºC (Figure 6). Mo-O bond lengths in oxidized samples (Table 5) at 1.74-1.78 Å 456 
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compare well with the double bonds in hexavalent molybdate at 1.78 Å, and they are distinctly 457 

shorter than both tetravalent MoO2 at 2.0 Å and pentavalent single bonded Mo-cysteine at 1.93 Å 458 

(Knox and Prout, 1969) (Figure 7; Table S1). The ashed samples display more pronounced pre-459 

peaks in the XANES spectrum compared to the oxidized dry samples, suggesting more terminal 460 

Mo=O bonds in the ashed samples.  461 

 462 

3.4. Linear component analysis  463 

The observed sensitivity to air (oxidation) raises the concern of whether or not our samples could 464 

have suffered from oxidation during sampling, handling, or analysis. To test this possibility, Type 465 

OS spectra were compared to the oxidized Type S spectra. Type OS spectra show a nice linear 466 

combination of the anoxic Type S (CDP9-X) spectrum and the oxidized Type S spectrum (CDP9-467 

Y) in roughly equal proportions (Table 6), whereas Type S spectra contain only 15-20% of the 468 

oxidized Mo species. This could reflect different degrees of partial oxidation. The same proportions 469 

were found when fitting the XANES and EXAFS regions separately (Table 6). Hence, Type OS 470 

spectra match the expected spectra of a partially oxidized Type S sample. This pattern may reflect 471 

either Mo oxidation after the drill core was recovered (e.g., at the beamline) or formation of a Type 472 

OS (Mo-O-S) compound in the lake via a novel chemical pathway. 473 

 474 

By linear combination fitting, we tested whether any of the reference materials were principal 475 

components of the samples. For Type S samples, only Mo(IV)S2 is a likely candidate; 476 

tetrathiomolybdate does not constitute a significant component in the observed spectra, since the 477 

two spectral regions give inconsistent fitting results (Table 6). To explore post-depositional 478 

molybdenite formation further, we also fitted the deeper sediment samples to linear combinations of 479 

the MoS2 reference and the sample from the sediment-water interface (SC1-X). Again, the two 480 

spectral regions give inconsistent results (Table 6), which tells us that either MoS2 or the Mo 481 

compound(s) in SC1-X are not principal components in samples from greater depth, – or that 482 
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neither is important. Likely, the natural samples contain an additional major Mo component distinct 483 

from MoS2. 484 

 485 

4. Discussion 486 

4.1 Mo oxidation state and coordination environment  487 

Our XAFS analysis at the Mo K-edge elucidates the molecular structure around Mo in euxinic 488 

sediments from Lake Cadagno. Our results suggest that we have discovered a reduced Mo-S species 489 

distinct from previous studies in ancient black shales. The average Mo oxidation state within 490 

sediments (Type S) is estimated at 4.3±0.2 (1 SD, precision), and Mo is exclusively coordinated to 491 

S at bond lengths of 2.24–2.38 Å. A few sediment samples do display spectra (Type OS) with a 492 

distinctly higher oxidation state (estimated at 5.5±0.1) and the presence of both Mo-O and Mo-S 493 

ligands. These Type OS spectra compare well with previous data for black shales, suggesting that 494 

they share the same formation history (discussed further below).  495 

 496 

Our oxidation experiments confirm that Mo is reduced in the (Type S) euxinic sediments and that 497 

the few sediment samples showing higher oxidation states (Type OS) experienced oxidation and 498 

related oxygen substitution either during or after deposition. Mo oxidation occurred in Type S 499 

samples left to dry at 70ºC in an O2-rich atmosphere for ~12 hours. In contrast, oxidized Type OS 500 

Mo compound(s) were not further oxidized by this treatment. Specifically, after combustion in air, 501 

there was no further increase in oxidation state. This relationship is best explained if Mo was 502 

already present in its fully oxidized +6 state. This interpretation implies that our estimate for 503 

average oxidation state, 5.5±0.1, is systematically underestimated by up to 0.5 units. We propose 504 

that this discrepancy is best explained by mismatching of the Mo-O compounds to reference 505 

materials (here MoVIO4
2-) with different coordination geometry or oxidation state of the ligand, 506 

which may slightly offset K-edge position (e.g., 1 eV). Similarly, the oxidation state estimate for 507 

Mo-S compounds depends on how well the structure and oxidation state of the ligands in MoS2 are 508 
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representative of the Mo coordination geometry in our samples. With this uncertainty in mind, it is 509 

possible that all Mo in Type S compounds is in the 4+ state. In the absence of any Mo(V)-S 510 

reference compound in our database, it is impossible to quantify the proportion of Mo(V) in our 511 

samples. Nevertheless, we can conclude that our Type S samples contain predominantly Mo(IV)-S 512 

compounds and that these compounds oxidize to Mo(VI)-O phases upon exposure to air. 513 

 514 

4.2 Desiccation and air sensitivity of the euxinic Mo(IV)-S compounds 515 

The air-sensitivity of the Mo-S compounds in Lake Cadagno is a distinguishing characteristic of the 516 

natural euxinic Mo compound(s). Type OS spectra resemble oxidized Mo with both oxygen and 517 

sulfur ligands that can be explained if first deposited as Type S compounds (Mo(IV)-S) and then 518 

oxidized upon exposure to air. This interpretation is substantiated by linear combination analyses 519 

performed in both the XANES and EXAFS regions, where Type OS spectra match a partially 520 

oxidized Type S spectrum with ~60% of the Mo in the form of the air-oxidized Type S sample (Y) 521 

and ~40% in the form of the original anoxic Type S (Table 6). Further, both Type S and Type OS 522 

samples react to form compounds with identical XAFS spectra upon further oxidation and drying 523 

(CDP6-Y match CDP9-Y) and oxidation and combustion (CDP6-Z match CDP9-Z). 524 

 525 

Oxidation most likely occurred during analysis at the beamline or during formation in the lake 526 

(~700-3500 cal yr BP) and not during sampling or handling where great care was taken to avoid 527 

exposure to O2. If oxidation in Type OS samples took place in the lab, it would likely have occurred 528 

during the ~3 hours of analysis at the beamline when the mud was protected from ambient air only 529 

with a layer of Lexan and Kapton tape. In any case, we conclude that Mo(IV)-S compounds in 530 

euxinic Cadagno sediments are sensitive to O2 and that Mo-S bonds may be broken within hours of 531 

drying and air exposure. 532 

 533 
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The oxidized Mo compounds compare well to black shales previously described by (Helz et al., 534 

1996) (Table 7), suggesting that their samples also suffered from oxidation. Due to the extreme Mo 535 

enrichments (>100 ppm) in the samples of Helz et al., they must have been deposited in an (at least) 536 

intermittently sulfidic basin where the euxinic Mo burial pathway produced strong Mo enrichment 537 

(Lyons et al., 2009; Scott and Lyons, 2012).  Therefore oxidation could have occurred during 538 

deposition in association with intermittent O2 intrusions, perhaps via fluctuations in the position of 539 

the chemocline (discussed further below). Alternatively, oxidation was a post-depositional 540 

phenomenon, it could have occurred during oxic weathering in outcrop or after sample collection, 541 

during preparation or at the beamline during analysis.  542 

 543 

4.3. Mo speciation in euxinic sediments 544 

The Mo speciation in euxinic sediments has long been debated. Our data confirm previous 545 

interpretations based on several lines of evidence that molybdenite is not the dominant phase 546 

(Bostick et al., 2003), hence molybdenite precipitation in euxinic waters and during low-547 

temperature diagenesis can be excluded. The distinct characteristics of our samples include their air 548 

sensitivity, Mo-S bond length, and coordination number, all of which point to a predominance of 549 

Mo(IV)-S compounds distinct from amorphous or crystalline MoS2 minerals. For example, Mo-S 550 

bond lengths, at 2.24–2.38 Å, are shorter than those in crystalline molybdenite at 2.41±0.01 Å. 551 

Amorphous molybdenite would have similar or even longer bond lengths compared to the 552 

crystalline forms. Also, our best-fit coordination numbers yield four sulfur ligands (R-factors = 553 

0.03-0.24), in contrast to the six sulfur ligands in molybdenite (R-factors >0.80 or requiring 554 

physically unrealistic parameter values). Further, molybdenite forms impure MoO3 when roasted in 555 

the presence of O2.  In fact, such roasting is the first step in the MoS2 refining process (Stiefel, 556 

2000). Our combusted sediments display XANES spectra clearly distinct from MoO3 (Fig. 5), with 557 

more pronounced pre-edges (Figure 6). Indeed, the short Mo-O bonds at 1.69-1.74 Å are consistent 558 

with terminal Mo=O bonds (typically 1.66-1.76 Å) and not the broad range of Mo-O bond lengths 559 
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known for MoO3 (from 1.67 to 2.33 Å) (Figure 7, Table S1). Finally, our linear combination fitting 560 

shows that molybdenite is not a major Mo component in the anoxic samples. 561 

 562 

The interatomic distances in Type OS samples are similar to experimental products formed when 563 

tetrathiomolybdate is scavenged by pyrite (Table 7; Bostick et al., 2003).  Bostick et al. analyzed 564 

their samples after air exposure of <24 hours, suggesting that Mo oxidation with O2 at the beamline 565 

was a factor, as we infer from our oxidation experiments. Our samples contained variable amounts 566 

of reducing agents other than Mo (e.g., Fe2+ and S2-), and this may have provided some O2 buffering 567 

capacity and thus protection against oxidation in Type S samples. Hence, if we accept that Mo 568 

oxidation took place in both our Type OS samples and the materials analyzed by Bostick et al., then 569 

our spectral data from euxinic Lake Cadagno do not rule out the possibility that Mo is scavenged 570 

with pyrite, but the environmental context does. Specifically, the Mo(IV)-S compounds in SC1-X 571 

formed at or above the sediment-water interface where pyrite is absent and only amorphous FeS 572 

precipitates (Dahl et al., 2010a). Mo release and re-adsorption onto pyrite has been suggested to 573 

occur at 10-15 cm depth in the sediments (Dahl et al., 2010a), but our spectral data are too sparse to 574 

support firm conclusions about any possible molecular transformations during this process. In any 575 

case, the main removal mechanism(s) for dissolved Mo in the water column and at the sediment-576 

water interface would take place via amorphous FeS or mackinawite and/or organic matter and not 577 

with pyrite. Laboratory experiments have confirmed that thiomolybdate is removed onto freshly 578 

precipitated FeS phases (Helz et al., 2004). Furthermore, HELZ et al. (2011) posited, based on Mo-579 

FeS relationships in natural sulfidic settings that thiomolybdate and FeS reach saturation levels and 580 

co-precipitate as a hypothesized Fe5Mo3S14 phase. There are currently no XAFS spectra from Mo-581 

FeS precipitation experiments to compare to the Mo-sulfide compounds found in Lake Cadagno. 582 

 583 

The exact molecular structure(s) of Mo-S compounds in the euxinic sediments of Lake Cadagno 584 

remains elusive because no available reference materials match our spectra. However, a qualitative 585 
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guess can be made from the Mo bonding environment obtained in our study. The interatomic Mo-S 586 

and Mo-Fe distances compare well with the MoFe proteins Avl and Cpl in nitrogen-fixing bacteria 587 

A.vinelandii and C. pasteurianum, respectively (Figure 7) (Chen et al., 1993; Cramer et al., 1978). 588 

These MoFe proteins are extremely sensitive to O2 (Cramer et al., 1978); the enzyme is non-589 

functional after 1 minute of atmospheric exposure (Shah and Brill, 1977). Yet, it is not known if 590 

oxidation of the MoFe cofactor is causing this malfunction. In this protein, Mo resides in one corner 591 

of a cuboidal structure with three to four sulfur ligands at 2.35±0.03 Å, 1-2 S ligands at 2.49±0.03 592 

Å, and 2-3 Fe atoms at 2.72±0.03 Å (Cramer et al., 1978). When active, Mo resides in its +4 593 

oxidation state in the enzyme (Venters et al., 1986), and there are no Mo-O ligands. Because these 594 

similarities with our observations in Lake Cadagno are significant, EXAFS spectra of the Type S 595 

samples were compared to theoretical EXAFS model spectra for the proteins based on the fixed 596 

bond lengths and the number of ligands as given above. The nitrogenase Mo-S-Fe configuration 597 

gave acceptable Debye Waller factors, global amplitude terms, and zero-point energies for type S 598 

spectra with excellent goodness of fit (RR-factors = 0.04-0.09, Table S3). In fact, fits were better 599 

than those obtained for our reference materials. Hence, we conclude that the Mo phase(s) in our 600 

natural euxinic sediments is, based on this XAFS analysis, indistinguishable from the Mo-Fe-S 601 

cubane found in nitrogenase enzymes and generally more similar to this compound than to MoS2.  602 

That said, the observed Mo compounds do not derive from nitrogenase produced by diazotrophs in 603 

the lake. The Mo/C ratio in diazotrophs (<0.5.10-4 by atoms, Tuit et al., 2004) is lower than in the 604 

euxinic sediments (>1.10-4, Dahl et al., 2010a). Hence, the majority of Mo in our samples are 605 

derived from another enrichment process.  606 

 607 

4.4. Chemical burial pathway from water to sediments 608 

A mechanism for the reduction step as part of the Mo burial pathway from sulfidic waters to the 609 

sediments has been proposed but is seldom discussed in the modern or paleo-environmental 610 

literature (Vorlicek et al., 2004). In this scheme, Mo reduction takes place following the formation 611 
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of thiomolybdate via reactions with zero-valent sulfur. Where H2Saq levels exceed 11 μM 612 

molybdate is no longer stable and reacts to form tetra-thiomolybdate ([H2Saq] = K04
-1/4 = 11 µM; 613 

Erickson and Helz, 2000). These sulfidation reactions are partly interrupted when tri-thiomolybdate 614 

starts to form, because S8
 attacks MoOS3

2- to form polysulfide rings (a process that surprisingly was 615 

not observed on MoS4
2-; Vorlicek et al., 2004). The reduced S ligands re-arrange and cause Mo 616 

reduction with concomitant oxidation of S to form Mo(IV)X(S4)S
2- or perhaps Mo(V)2X2S5+n

2- 617 

dimers, where n is an integer, and X is either O or S. These reduced Mo-S species were rapidly 618 

scavenged on pyrite in controlled laboratory experiments – whereas tetrathiomolybdate itself was 619 

not efficiently scavenged (Vorlicek et al., 2004). In a previous study (Bostick et al., 2003), XAFS 620 

spectra were obtained for these same experimental products, and an analog compound structure 621 

similar to Mo-Fe-S cubane in the FeMo cofactor in nitrogenase was inferred (Cramer et al., 1978). 622 

Our new data strengthen this view and highlight the likelihood that Mo-O ligands in Bostick et al.’s 623 

compounds formed as a result of exposure to air. 624 

 625 

Therefore, laboratory and field-based studies are now beginning to converge on at least one of the 626 

plausible, consistent chemical reaction pathways for Mo burial in euxinic sediments. In this view, 627 

Mo is transported in oxic waters as soluble MoO4
2-. When molybdate enters sulfidic waters with > 628 

11 µM H2S (Erickson and Helz, 2000; Zheng et al., 2000), the Mo=O double bonds break in a 629 

series of sulfidation reactions to form Mo=S in thiomolybdates, MoO4-xSx
2-, which would 630 

eventually generate MoS4
2- (Erickson and Helz, 2000). Zero-valent sulfur present in natural sulfidic 631 

waters (Wang and Tessier, 2009; Zopfi et al., 2001) breaks the sulfur double bonds in MoOS3
2- (but 632 

apparently not in MoS4
2-) to produce a polysulfide ring that induces a ligand-promoted reduction 633 

and the formation of highly reactive Mo(IV)X(S4)S
2- (Vorlicek et al., 2004). These Mo(IV)-634 

polysulfide compounds are readily scavenged with amorphous FeS and could form the Mo-Fe-S 635 

cubanes that we infer are deposited at the sediment-water interface. This set of reactions seems 636 

sufficient to explain the conversion from unreactive Mo to highly reactive Mo-sulfide phases and 637 
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thus could contribute to, if not dominate, the strong Mo enrichments in at least some euxinic 638 

sediments. We note, however, that the post Mo-polysulfide reactions and, specifically, the role of 639 

organic matter are still left unexplained.  640 

 641 

Mo correlates to total organic carbon content in the drill core (Wirth et al., 2012). However, the 642 

linkage between Mo and organic C is not directly observed in this study because data quality 643 

limited our ability to study the coordination environment beyond the second or third shell of atoms 644 

from Mo. Hence, there would be no spectral differences whether or not the Mo-Fe-S cubanes were 645 

hosted in an organic matrix. The oxidation and combustion treatment at 700ºC shows evidence that 646 

an endothermic reaction is breaking the bridging Mo-O ligands to form new Mo=O bonds. We can 647 

speculate that this occurs as the organic matrix to which Mo is linked via S and Fe is decomposed.  648 

 649 

4.5 Geochemical implications for the Mo-based paleo-proxies 650 

The reduced Mo-S compounds are preserved both at the sediment-water interface and at 8-9 m 651 

depth, and there are no systematic differences in oxidation state with depth, which argues against a 652 

diagenetic origin for these phases (Figure 8). All samples contain strong enrichments (19-197 ppm) 653 

relative to catchment rocks, suggesting authigenic Mo delivery to the sediments via a sulfidic Mo 654 

removal pathway. Some Type OS samples show muted enrichments (19-38 ppm), while others are 655 

highly enriched (120-190 ppm), which is consistent with the sedimentological evidence for mass 656 

movement in one case (CDP20), if delivered from the Mo-poor oxic zone. However, this cannot 657 

explain the other three Type OS samples. The simplest explanation is that Mo(IV)-S compounds 658 

(Type S) have formed continuously in Lake Cadagno via the same chemical reaction pathway over 659 

the last ~9,800 years. Oxidized Mo-O-S (Type OS) compounds were found at intermediate depths 660 

in the core and might reflect post-depositional oxidation during XAFS analysis or a more oxidative 661 

chemical burial pathway during this period of deposition. Consequently, the Mo-S phase (Type S) 662 
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is stable, when protected from oxygen exposure, during later diagenesis even after H2S has reacted 663 

out of the pore fluids (Dahl et al., 2010a).  664 

 665 

Seasonal hypoxia is known to occur in many coastal regions worldwide (Diaz and Rosenberg, 666 

2008). During these anoxic events, hydrogen sulfide (and elemental sulfur) can be present in the 667 

hypolimnion and promote thiomolybdate formation (with H2S), thiomolybdate reduction (with S8), 668 

and precipitation of Mo-Fe-S phases (with FeS and likely organic matter). Yet, we emphasize that 669 

the role of hydrogen sulfide is critical. H2Saq is a necessary prerequisite whereas higher zero-valent 670 

sulfur concentrations only enhance the relative proportion of (highly particle reactive) Mo(IV)-671 

sulfide species versus (less reactive or unreactive) thiomolybdate species. We speculate that the O2-672 

sensitivity of the Mo-Fe-S compounds in Cadagno sediments affects the solubility of the Mo 673 

compounds. This could potentially cause oxidative dissolution of Mo at the sediment surface. 674 

Modern intermittently euxinic/anoxic sediments off the coast of Namibia and Peru (Lavik et al., 675 

2009; Weeks et al., 2004) display strong Mo enrichments (~60 ppm; Böning et al., 2004; 676 

Brongersma-Sanders et al., 1980), but generally lower than in permanently euxinic sediments (Scott 677 

and Lyons., 2012). Oxidative dissolution may also occur in the Mo-poor sediments of the 678 

seasonally anoxic Chesapeake Bay sediments where concentrations remain around crustal levels, 679 

only ~ 1 ppm (Scheiderich et al., 2010). 680 

 681 

Unraveling the role of a zero-valent sulfur donor (e.g., S8)
 during Mo accumulation in euxinic 682 

settings may improve our ability to infer past seawater Mo concentrations from the sedimentary 683 

record. Currently, Mo/TOC ratios in modern euxinic environments are used as a proxy for the Mo 684 

abundance in the overlying water column (Algeo and Lyons, 2006), and these estimates can provide 685 

key information about the global oxygenation state of the ocean in the past (Dahl et al., 2011; Scott 686 

et al., 2008). However, as we show here, other controls are also important.  For example, Mo/TOC 687 

in Black Sea sediments is three-fold higher (15 ppm/wt%) at 400 m depth immediately below the 688 
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11 µM H2Saq threshold compared to the deepest part of the basin (5 ppm/wt%) (Brumsack, 1989; 689 

Crusius et al., 1996; Nägler et al., 2005; Neubert et al., 2008). Although data are not available from 690 

400 m depth, zero-valent sulfur data from the Black Sea water column shows a peak near the 691 

O2/H2S chemocline at ~100 m depth and is expected to be more readily available in the upper 692 

reaches of the euxinic water column in general (Jørgensen et al., 1991). The lower Mo/TOC and 693 

slower Mo accumulation rate at greater depths compared to immediate depths may point to the 694 

importance of zero-valent sulfur during Mo uptake in the Black Sea. Also, we speculate that oxygen 695 

intrusions into the deep part of some basins—e.g., the Cariaco basin (Scranton et al., 2001), or 696 

considerable fluctuations of the chemocline in less stably stratified basins (e.g., 150-238 m in 697 

Saanich Inlet)—would cause partial oxidation of dissolved sulfide, yielding zero-valent S. The 698 

zero-valent S then reacts with thiomolybdate to form highly reactive Mo-polysulfides that readily 699 

adsorb onto settling particles. This could mean that Mo accumulation rate is higher in 700 

intermediately sulfidic settings (where S8 is available) relative to more sulfidic settings where S8 is 701 

scarce.  702 

 703 

Strong Mo enrichments of more than ~25 ppm in organic-rich sediments, often much greater, are 704 

indicative of euxinic deposition (Lyons et al., 2009; Scott and Lyons, 2012), and values at the lower 705 

end of this spectrum and even lower are expected at times when euxinic oceans were greatly 706 

expanded and exhausted the seawater Mo inventory (Anbar et al., 2007; Dahl et al., 2011; Scott et 707 

al., 2008).  Thus, Mo inventory—local and global—is an important control on Mo enrichment. 708 

However, the Mo proxy is particularly sensitive to how well we understand the enrichment 709 

processes, including controls in addition to dissolved Mo concentration and the presence and 710 

amount of dissolved sulfide. These factors include the roles of organic and FeS phases and the 711 

relationships to sulfide oxidation that we propose here. Collectively, these various factors add up to 712 

yield pronounced Mo enrichments in modern euxinic environments (Lyons et al., 2009), but it will 713 

be important to consider how all these factors line up through geologic time in various supporting 714 
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and offsetting ways. For example, Mo enrichments are significantly lower (e.g., 3-25 ppm) in 715 

euxinic sediments formed in the Precambrian oceans (Dahl et al., 2010b; Scott et al., 2008) 716 

compared to those observed today. Beyond lower Mo availability in the ocean, sulfate levels were 717 

also much lower (Johnston et al., 2010; Shen et al., 2002), which could have impacted the 718 

availability of H2S and intermediate S forms that facilitate Mo uptake (Erickson and Helz, 2000; 719 

Vorlicek et al., 2004). Also, less O2 in the ocean might have resulted in less S oxidation in the 720 

ocean. 721 

 722 

In summary, we have documented a reduction step involved in the Mo removal process following 723 

the formation of thiomolybdate and refer to laboratory experiments showing that zero-valent sulfur 724 

is one key factor in reducing thiomolybdate and producing highly reactive Mo(IV)-S phases 725 

(Vorlicek et al., 2004), which are readily scavenged from the sulfidic water column or at the euxinic 726 

sediment-water interface. Importantly, Mo reduction occurs with thiomolybdates (MoOS3
2-, and 727 

perhaps MoO2S2
2-) and is favored by H2Saq concentrations >11 μM, because this level of sulfide is 728 

required to sustain the sulfidation reaction of molybdate and produce softer Mo=S ligands 729 

susceptible to reduction (Erickson and Helz, 2000). Hence, this mechanism is not expected to 730 

operate in permanently low sulfide sediments with O2 in the overlying water but may well occur in 731 

highly sulfidic sediments even with O2 in the overlying water column.  732 

 733 

5 Conclusions 734 

The main conclusions of this study are as follows: 735 

1. Mo is reduced in a naturally euxinic environment and predominantly forms Mo(IV)-S 736 

compound(s), distinct from molybdenite, implying that the post-thiomolybdate steps of the Mo 737 

burial pathway involves a reduction step in euxinic Lake Cadagno. This is in agreement with 738 

observations made in ancient shales (Helz et al., 1996). 739 
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2. XAFS evidence for the same molecular structures were found in core samples in both recent and 740 

~9,800 years old sediments, suggesting little post-deposition chemical transformation, such as 741 

diagenetic molybdenite formation. Hence, bulk Mo isotope compositions in euxinic sediments 742 

should preserve a signature of water column processes. 743 

3. Upon air exposure, the predominant Mo(IV)-S in modern sediments form Mo(VI)-O, and the 744 

oxidized compounds are comparable to ancient black shales previously described by Helz et al. 745 

(1996), suggesting that the ancient samples may have experienced oxidation, either in nature, 746 

during lab storage, or over the course of that research. Hence, the potential artifacts introduced by 747 

this oxidation process must be considered in future studies of Mo enrichment mechanisms. 748 

4. The derived molecular structure of the pristine Mo(IV)-S (Type S) compounds does not match 749 

any of our isolated reference compounds, but the immediate coordination environment, Mo 750 

oxidation state, and its oxygen sensitivity are features shared with the Mo-Fe-S cubane found in 751 

Mo-nitrogenase enzyme (as an analog compound, but nitrogenase is not the main carrier of Mo in 752 

the sediments). A theoretical EXAFS model for Mo-Fe-S cubane confirms this prediction with a 753 

goodness of fit (R-factor) better than those obtained for known reference materials using our fitting 754 

procedure. 755 

5. Zero-valent sulfur may play a crucial role in the Mo burial processes occurring within sulfidic 756 

settings and accelerate the Mo accumulation rate in euxinic basins where oxygen intrudes at depth, 757 

like in Cariaco Basin. This new insight should have consequences for effective and refined use of 758 

Mo as a paleo-redox proxies; i.e., including its isotopes.  759 

6. XAFS measurements of geological samples can provide key information on the coordination 760 

chemistry of elements used as paleoproxies and constrain their redox states in the depositional 761 

environment. 762 
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Figure captions 777 
 778 
Figure 1: XAFS Mo K-edge (20000 eV) spectrum of Mo(VI)O4

2-. The XANES spectrum is 779 
subdivided into three regions. Pre-edge feature (-50 eV to K-edge) appears because s→d transitions 780 
are formally forbidden by dipole selection rules, while s→p transitions are allowed. A distinct pre-781 
peak occurs with Mo=O double bonds typically associated with a high Mo oxidation state. The 782 
main absorption edge (EK) is used to infer mean oxidation state. In the post-edge of the XANES 783 
spectrum (from 10 to ~60 eV above K-edge) X-ray radiation absorbed by multiple scattering 784 
resonances (MSR) with neighboring atoms provides useful information about neighbor type and 785 
arrangement (Bianconi, 1988), p. 609). The EXAFS region (from ~ 150 to ~900 eV above K-edge) 786 
and ab initio model fit elucidate the type and bond lengths to atoms neighboring the Mo atom. 787 
 788 
Figure 2: Geographical and bathymetric map of Lago di Cadagno in Switzerland. 789 
 790 
Figure 3: EXAFS spectra of the two spectral types with k-representation in upper panels and the 791 
Fourier transform shown in the lower panels. Type S and Type OS spectra are represented by 792 
CDP70-X and CDP6-X in the left and right panels, respectively. Solid line: data, dashed line: 793 
model. 794 
 795 
Figure 4: XANES spectra (left panel) and derivative spectra (right panel) of sediment samples and 796 
reference compounds. We determined edges and peaks using a MatLab algorithm (supplementary 797 
information). The position of the K-edge, EK, is defined at the steepest ascent on the main 798 
absorption edge, (max χ'(E) and χ''(E) = 0). The maximum peak, EM > EK is defined at energies 799 
with maximum absorption, (max χ(E) and χ'(EM) = 0), which is also the first absorption peak above 800 
the K-edge for samples with good signal to noise ratio. If present, a pre-edge and pre-peak were 801 
defined by the same mathematical criteria at energies below the main edge. Spectral features are 802 
summarized in Table 3 and always appear in the following order EPI < EP < EK < EM with EP within 803 
20004-20010 eV, EK within 20005-20017 eV, and EM within 20014-20046 eV for Mo-O and Mo-S 804 
compounds studied here. 805 
 806 
Figure 5: XANES spectral characteristics plotted as EM-EK versus EK reveal a simple operational 807 
distinction between Mo-O versus Mo-S bonding environments and oxidation state. Color codes 808 
refer to the ligand type determined from EXAFS, and all oxidized samples are coordinated to 809 
oxygen. Note that the two variables are linearly dependent and therefore EM-EK would plot on a 810 
trend line with negative slope as function of EK, for random data with greater variance of EK than 811 
for EM. The positive correlations are not random scatter, but results from a true spectral difference 812 
between Mo-O and Mo-S compounds, where sulfur ligands with generally longer bond lengths plot 813 
with lower EK (lower electronegativity) and higher EM-EK than Mo-O compounds.  814 
 815 
Figure 6: XANES spectra of oxidation experiments for the two types of Mo-spectra found in Lake 816 
Cadagno. Left panel: Mo is exclusively coordinated to S atoms (Type S, CDP9). Right panel: Mo is 817 
coordinated to O and S atoms (Type OS, CDP6). Spectra for anoxic samples (X, solid line), 818 
oxidized at 70ºC (Y, dashed line) and oxidized at 700ºC (Z, grey line). Oxidation of the anoxic 819 
sample alters the position of the pre-edge, K-edge, and the first peak in the multiple scattering 820 
resonance part of the spectrum. 821 
 822 
Figure 7: Bond lengths in selected Mo(IV), Mo(V) and Mo(VI) compounds. Double bonds are 823 
significantly shorter than single bonds, and oxygen bonds are significantly shorter than sulfur 824 
bonds. The oxidation state (white numbers) is not the only factor controlling bond length, but there 825 
is a trend with longer bonds for lower atomic charge. References are summarized in the 826 
supplementary information. 827 
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 828 
Figure 8: Depth profile showing our estimated average Mo oxidation state in sediments from Lake 829 
Cadagno drill core. Errors estimates are described in the text and in caption of Table 4. 830 
Sedimentological descriptions are summarized in Table 2 and in the supplementary information 831 
(after Wirth et al. 2012).832 
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Table 1: Interatomic distances (equivalent to bond lengths) in reference compounds analyzed 998 
in this study derived from EXAFS modeling using the Artemis Software package (RAVEL and 999 
NEWVILLE, 2005). Published values are shown for comparison, and the R-factor is used as a 1000 
performance index with lower values representing better model fits (here fitted in R-space 1001 
with k3 weighing within the common range 1.4–4Å, keeping the ligand numbers (n) fixed). 1002 
 1003 
 1004 
 Mo-O Mo-S Mo-Mo Reference 

Standard n r (Å) σ2 n r (Å) σ2 n r (Å) σ2 This study, R-factor 

           
MoIVO2 
 4 1.959     2 2.790  (RESSLER et al., 2000) 
 2 2.062     8 3.709   
 6 2.07±0.04 0.019    2 2.65±0.03 0.006 This study, R = 0.23 
       8 3.82±0.03 0.011  
           
MoIVS2           
    6 2.42  6 3.16  (CRAMER et al., 1984) 
    6 2.41±0.01 0.006 6 3.20±0.01 0.008 This study, R = 0.01 
           
MoVIO3           
 1 1.671     2 3.438  (RESSLER et al., 2002) 
 1 1.735     2 3.696   
 2 1.948     2 3.963   
 1 2.251         
 1 2.332         
 2 1.71±0.05 0.003    2 3.34±0.04 0.003 This study, R = 0.10 
 2 1.97±0.05 0.003    2 3.77±0.05 0.003  
 2 2.28±0.05 0.003    2 4.03±0.06 0.003  
           
MoVIO4

(2-)           
 4 1.78 0.003       (BOSTICK et al., 2003) 
 4 1.78±0.01 0.003       This study, R = 0.02 
           
           
MoVIS4

(2-)           
    4 2.20 0.005    (BOSTICK et al., 2003) 
    4 2.18±0.01 0.005    This study, R = 0.03 
           

 1005 



  

 

Page 39 

 

Table 2: Fitting results for euxinic sediment samples: Interatomic distances (e.g. bond lengths) in anoxic sediment samples 
were obtained using a hypothetical three shells model with Mo-O, Mo-S and Mo-Fe bonds. Multiple scattering paths did not 
improve the fits and have been ignored. All model fits, except the most dilute sample (CDP20-X, 16 ppm Mo), yield better 
goodness of fit than obtained using the same for reference materials (Table 1) using the shell-by-shell fitting approach in R-
space. The models yield consistent results when fitted in k-space, although several samples (marked with an asterisk) yield a 
lower or comparable goodness of fit (Rk) than reference materials. Structures with three of less Mo ligands have been ignored. 
 
 

      Mo-O   Mo-S   Mo-Fe  Goodness 
Sample Depth1 Age2 [Mo] Group n r (Å) σ2 n r (Å) σ2 n r (Å) σ2 RR-factor 
 cm yr ppm            
SC1_X 0-3 0 179 Type S    4 2.26±0.02 0.010 1 2.72±0.03 0.003 0.14* 
               
SC3_X 7-11 35 155 Type S    4 2.32±0.03 0.013 1 2.72±0.03 0.003 0.04 
               
SC5_X 15-19 143 120 Type OS 2 1.73±0.03 0.003 2 2.31±0.04 0.003 1 2.73±0.06 0.003 0.09 
               
CDP6_X 93-103 726 190 Type OS 2 1.73±0.03 0.006 2 2.36±0.03 0.003 1 2.77±0.04 0.003 0.08 
               
CDP9_X 124-134 1173 88 Type S    4 2.24±0.06 0.006 1 2.71±0.12 0.003 0.24* 
               
CDP20_X 236-246 2005 16 Type OS 1 1.69±0.17 0.003 3 2.29±0.09 0.006    0.29* 
               
CDP30_X 365-375 3374 38 Type OS 2 1.74±0.03 0.005 2 2.36±0.03 0.005    0.17* 
               
CDP70_X 782-792 6875 197 Type S    4 2.33±0.03 0.007 1 2.73±0.05 0.003 0.03 
               
CDP80_X 884-894 9279 140 Type S    4 2.38±0.03 0.008    0.13* 

1 Sample depths represent 4 cm and 10 cm stratigraphic intervals in the short core (SC) and long core (CDP), respectively. 2 Ages were determined from eight 
evenly distributed 14C dated levels in the drill core and interpolated using an age-model that compensates for turbiditic mass-movements (WIRTH et al., in prep).  
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Table 3: XANES peaks identified using Matlab. The spectra were smoothed using a cubic spline fit with one free parameter 
(ρ) that determines the relative importance of having the curve smooth (ρ → 0) versus having the curve close to observed data 
(ρ = 1). The peaks are determined where the first derivative equals zero. Edges are defined at the steepest ascend and were 
determined at the maximum peaks of the first derivative spectrum. 
 

Sample r   Pre-edge Pre-peak EK EM EM-EK 

  
smoothing 

factor inflection peak eV  eV  eV  
                                                        Reference materials 

Mo-foil    0.0 16.0 16.0 
Mo(V)-cys (Wichard et al., 2009)  5.0  15.0 36.0 21.0 

MoO2 0.2 - - 11.9 24.0 12.1 
MoO3 0.8 2.7 6.1 14.4 26.2 11.9 

MoO4
2- (liquid) 0.8 2.7 5.2 16.8 42.7 25.9 

MoS4
2- (liquid) 0.5 1.3 - 10.1 45.5 35.4 

MoS2 0.8 - - 6.1 30.1 24.0 
                                                          Anoxic Type S 

SC1-X 0.5 - - 7.0 34.8 27.8 
SC3-X 0.5 - - 6.3 30.9 24.5 

CDP9-X 0.5 - - 7.6 31.7 24.0 
CDP70-X 0.5 - - 6.6 31.4 24.8 
CDP80-X 0.5 - - 6.6 34.1 27.6 

                                                           Anoxic Type OS 
CDP20-X 0.2 3.7 - 6.1 36.0 29.9 

SC5-X 0.50 1.8 - 16.9 36.5 19.6 
CDP6-X 0.40 1.1 - 15.3 36.2 20.9 

CDP30-X 0.2 1.7 - 9.8 33.8 24.0 
                                                       Oxidized 

SC5-Z 0.5 1.5 4.8 15.7 39.4 23.7 
CDP6-Y 0.5 2.3 7.6 15.7 37.3 21.6 
CDP9-Y 0.5 0.9 4.7 15.3 42.2 26.9 
CDP9-Z 0.5 1.9 6.8 15.4 46.6 31.2 
CDP30-Z 0.5 1.1 4.3 15.6 41.9 26.4 
CDP80-Z 0.5 1.3 4.9 15.2 40.5 25.3 
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Table 4: Oxidation state estimates for anoxic sediment and after an oxidation treatment. The mean oxidation state is obtained 
in two ways from two distinct calibration curves. We use the EXAFS result to determine whether Mo-O or Mo-S calibration 
curve is applicable. The calibration curves for Mo-O and Mo-S compounds were based on MoVIO4

2-, MoV-cysteine, MoIVO2 
and MoIVS2, MoVIS4

2-, respectively. Oxidation states (q) estimates were obtained from the EK spectral feature while EM feature 
was used as a quality-check to assure that we are matching standards with similar coordination geometry. We applied linear 
relationships qi = a Ei + b with Pearson correlation coefficient, R, and observed a consistent slope for both the Mo-O and Mo-S 
array. For EK the calibration curve (a, b, R) was given by (0.42, -1.06, 0.98) and (0.40, -1.77, 1.00) for Mo-O and Mo-S, 
respectively. For EM the calibration curve was given by (0.10, 1.52, 0.99) and (0.13, 0.16, 1.00), respectively. Grey shaded areas 
do not meet quality criteria. 
 

Sample Spectral 
type 

Treatment Depth Age [Mo] Calibration Smoothing  Average Mo oxidation state 

   cm yr ppm array r Using EM Using EK Mean + 1sd 
SC1_X S Anoxic -1 0 179 Mo-S 0.5 4.6 4.5 4.5±0.1 
SC3_X S Anoxic 15 35 155 Mo-S 0.5 4.1 4.1 4.1±0.0 
SC5_X OS Anoxic 35 143 120 Mo-O 0.5 5.2 5.8 5.5±0.4 
CDP6_X OS Anoxic 93 726 190 Mo-O 0.4 5.2 5.4 5.3±0.1 
CDP9_X S Anoxic 124 1173 88 Mo-S 0.5 4.2 4.8 4.5±0.4 
CDP20_X OS Anoxic 236 2005 16 Mo-O 0.2 5.2 2.7 3.9±1.8 
CDP30_X OS Anoxic 365 3374 38 Mo-O 0.5 4.9 3.0 4.0±1.4 
CDP70_X S Anoxic 782 6875 197 Mo-S 0.5 4.2 4.3 4.2±0.1 
CDP80_X S Anoxic 884 9279 140 Mo-S 0.5 4.5 4.2 4.4±0.2 

Oxidized samples 
SC5-Z was OS O2 + 700ºC 15  120 Mo-O 0.5 5.5 5.5 5.5±0.0 
CDP6-Y was OS O2 + 70ºC 93  190 Mo-O 0.5 5.3 5.5 5.4±0.1 
CDP9-Y was S O2 + 70ºC 124  88 Mo-O 0.5 5.8 5.4 5.6±0.3 
CDP9-Z was S O2 + 700ºC 124  88 Mo-O 0.5 5.5 5.4 5.4±0.1 
CDP30-Z was OS O2 + 700ºC 365  38 Mo-O 0.5 5.8 5.4 5.6±0.2 
CDP80-Z was S O2 + 700ºC 884  140 Mo-O 0.5 5.7 5.3 5.5±0.2 
 
 

 



  

 

Page 42 

 

Table 5: Simple two or three shells EXAFS model fits to euxinic mud samples subject to heating and oxidation. Interatomic 
distances (e.g. bond lengths) in the sediment samples were obtained using a hypothetical one, two or three shells model with 
Mo-O, Mo-S, and Mo-Fe bonds. Further details in Table 2. The models yield consistent results when fitted in k-space, 
although CDP9-Y (*) yields a lower or comparable goodness of fit (Rk) than our model fits to the reference materials 
(marked). 
 
 

     Mo-O Mo-S  Mo-Fe   

Sample Treatment Depth Type prior to 
treatment 

[Mo] n r  σ2 n r σ2 
n r σ2 R-factor 

 cm cm  ppm  Å   Å   Å   
SC5_Z 700ºC 15-19 OS 120 4 1.77±0.01 0.003    1 2.94±0.02 0.003 0.17 
               
CDP6_Y 70ºC 93-103 OS 190 3 1.77±0.02 0.006 1 2.39±0.04 0.003 1 2.92±0.04 0.003 0.07 
               
CDP6_Z 700ºC 93-103 OS 190 4 1.77±0.04 0.003    1 2.95±0.07 0.006 0.13 
               
CDP9_Y 70ºC 124-134 S 88 3 1.74±0.04 0.003 1 2.37±0.07 0.008 1 2.96±0.19 0.019 0.17* 
               
CDP9_Z 700ºC 124-134 S 88 4 1.77±0.06 0.003    1 2.85±0.05 0.003 0.27 
               
CDP30_Z 700ºC 365-375 OS 38 4 1.77±0.03 0.003    1 2.91±0.05 0.003 0.19 
               
CDP80_Z 700ºC 884-894 S 140 4 1.78±0.04 0.003       0.18 
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Table 6: Linear combination fitting results showing the proportion of oxidized type S Mo-compounds in type OS samples and 
the proportion of additional MoS2 at depth relative to the sample at the sediment-water interface. Results are compared for 
fitting XANES derivative, deriv(E), and EXAFS regions, chi(k), separately to provide a validity check. The weights positive 
values forced to sum 1. Invalid linear combinations are marked with grey representing fits that either fail completely or give 
distinct results in the two spectral regions (n.a. = not assessed with Artemis). 

 

Sample Spectral type Depth (cm) Mo  
(ppm) 

XANES derivative 
-30 eV to +150 eV 

EXAFS 
3.0-9.0 Å-1 

Proportion of oxidized type 1, CDP9-Y (with complimentary CDP9-X) 
CDP6-X Type OS 15-19 190 60±4% 65±3% 
SC5-X Type OS 35-39 120 58±3% 66±4% 
CDP20-X Type OS 236 16 44±6% 48±6% 
CDP30-X Type OS 365 38 58±4% 63±4% 
SC3-X Type S 15-19 155 17±4% 19±4% 
CDP70-X Type S 782-792 197 15±4% 20±4% 
CDP80-X Type S 884-894 140 32±4% 42±5% 

Proportion of molybdenite, MoS2 (with complimentary SC1-X) 
SC3-X Type S 15-19 155 37±5% 20±n.a.% 
SC5-X Type OS 35 120 Doesn't fit 32% 
CDP6-X Type OS 93 190 Doesn't fit 29% 
CDP9-X Type S 124 88 29±8% 2 ± n.a.% 
CDP20-X Type OS 236 16 Doesn't fit 11±n.a.% 
CDP30-X Type OS 365 38 Doesn't fit 31±n.a.% 
CDP70-X Type S 782-792 197 49±5% 36±n.a.% 
CDP80-X Type S 884-894 140 22±6% 35±n.a.% 
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Table 7: Comparison of bonding environments in natural and laboratory experiments for simple best fit EXAFS models. 

 

 Cadagno 
Type S 

Cadagno 
Type OS 

(partly oxidized) 

Cadagno Y 
70ºC+oxidized 

Black 
Shales 

MoS4
2--

FeS2  
adsorbate 

Mo-Fe-S cubane 
in Cp11 

MoS3 

Mo-O none 1.69-1.74 1.74-1.78 1.69-1.71 1.76-1.78 none none 
Mo-S 2.24-2.38 2.29-2.36  2.37-2.38  2.31-2.38 

 
2.39-2.41  2.35±0.03 (3-4)  

2.49±0.03 (1-2) 
2.43 

Mo-Fe 2.71-2.73 2.73-2.77 2.90-2.96 2.60-2.64 2.68-2.72 2.72±0.05 (1) none 
Mo oxid. state 4.3±0.5 5.5±0.5 5.5±0.5 4-6 

 
? 4 4 

Reference [2] [2] [2] [3] [4] [5] [6] 
1 Cp1 = molybdenum-iron (MoFe) protein of Clostridium pasteurianum contains two Mo atoms. 2 This work. 3(HELZ et al., 1996), 4 (BOSTICK et al., 2003). 5 
(CRAMER et al., 1978; VENTERS et al., 1986), 6 (HIBBLE et al., 1995) 
 

 


