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ABSTRACT

The local structure around molybdenum (at a concentration of 2000 ppm) in densifi ed silicate glasses (to 7 kbar), melts (to 
1210 K), and fl uid-bearing (either H2O, halogens, or sulfur) glasses was investigated by the means of X-ray absorption fi ne 
structure (XAFS) spectroscopy at the molybdenum K-edge. The spectra show that molybdate moieties [i.e., Mo(VI)O4

2–] are 
the dominant form of molybdenum in anhydrous melts and in densifi ed glasses, with only a minor amount of tetravalent molyb-
denum. Also, H2O and halogens have a limited effect on the local structure of molybdenum by promoting tetravalent coordination, 
but they do not complex Mo. In contrast, sulfur is found to complex molybdenum at moderate oxygen and sulfur fugacities. Thio-
oxo-molybdate moieties [Mo(IV,V,VI)OnSn (n = 1, 2, 3)] are observed in sulfur-bearing glasses. Thio-oxo-molybdate moieties are 
characterized by Mo=S2– bonds, which result in these moieties being disconnected (mobile) within the melt. These moieties also 
polymerize with decreasing redox state of Mo (as Mo–S units), enhancing molybdenite saturation and nucleation in the melt. A 
new and largely unexplored area of research involving the structure and stability of thio-molybdate moieties in magmatic systems 
is outlined, which can help reconcile some of the apparent discrepancies in the geochemistry of molybdenum in synthetic systems 
versus natural systems, in particular in systems where molybdenum partitions into the fl uid phase.
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SOMMAIRE

La structure locale in situ autour du molybdène dans des verres densifi és (jusqu’à 7 kbar), des magmas (jusqu’à 1210 K), et 
dans des verres dopés en fl uides (H2O, halogènes ou soufre) a été caractérisée par spectrométrie d’absorption X au seuil K du 
molybdène. Le molybdate [Mo(VI)] est dominant dans les silicates fondus [le Mo(IV) représentant au plus un quart du molyb-
dène], tout comme dans les verres densifi és (avec ou sans fl uides). De plus, H2O et halogènes ont un effet limité sur la spécia-
tion du molybdène: apparition de Mo(IV) et absence de complexation directe. Au contraire, le soufre complexe effi cacement le 
molybdène via des entités mixtes thio-molybdate [Mo(IV,V,VI)OnSn (n = 1, 2, 3)]. Ces entités, contrairement à la molybdénite, 
possèdent des liaisons Mo=S et apparaissent à des fugacités de soufre elevées et des fugacités d’oxygène faibles. Les liaisons 
Mo=S2– maintiennent ces entités thio-molybdatées déconnectées (et donc mobiles) au sein du magma. Ces unités se  polymérisent 
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quand la redox du molybdène décroît, favorisant la saturation en molybdénite (liaisons Mo–S simples) depuis le magma. Un 
nouveau domaine de la géochimie des entités thio-molybdatés de molybdène est mis en évidence dans les systèmes magmatiques, 
qui aide à réconcilier les informations structurales obtenues pour les magmas synthétiques avec les connaissances géochimiques, 
notamment où le molybdène se répartit vers les phases fl uides hydrothermales.

Mots-clés: molybdène, verres, magmas, spectroscopie XAFS, fl uides, soufre.

volatile elements (such as H2O, halogens, and sulfur) 
must be considered. Changes in local structure occur 
at temperatures above the glass transition (Tg) around 
divalent 3d transition elements such as Fe and Ni in 
dry and anhydrous melts (see Waychunas et al. 1988, 
Jackson et al. 1993, Farges et al. 1994, 2001, Brown 
et al. 1995, Berry et al. 2003), in contrast to highly 
charged cations (or high-fi eld-strength, HFS, cations) 
such as titanium and zirconium, where little change 
in local structure is observed (see Farges et al. 1996, 
Farges & Rossano 2000). On the other hand, moderate 
pressure (to 7 kbar) is not expected to have a signifi cant 
infl uence on the speciation of HFS cations [see Paris et 
al. (1994), Farges & Rossano (2000) for titanium and 
zirconium, respectively]. For example, the infl uence of 
relatively high pressure (50 kbar) and high temperature 
on the local environment of zirconium in H2O-bearing 
synthetic and natural glasses is limited to a severe radial 
distortion of the ZrO6 moieties, which is not easily 
quenchable (Farges et al. 2005).

In contrast, volatile constituents (such as H2O, 
halogens) are considered to play a signifi cant role in the 
speciation and transport of metal cations (see, among 
others, Keppler & Wyllie 1990, Linnen 1998, Horng 
1999, Salova et al. 1989), particularly in the case of 
molybdenum (Isuk & Carman 1981, 1983, 1984, White 
et al. 1981, Candela & Holland 1984, Tingle & Fenn 
1982, 1984, Keppler & Wyllie 1990, Chevychelov & 
Chevychelova 1997, Bai & Koster van Groos 1999, 
Schäfer et al. 1999, Webster 1999, Kravchuk et al. 2000, 
Seedorff & Einaudi 2004). Although H2O, Cl (as NaCl), 
and CO2 have been shown to have a dramatic effect 
on melt–fl uid partitioning of molybdenum (Candela & 
Holland 1984, Tingle & Fenn 1984, Keppler & Wyllie 
1990), the effect of fl uorine is less important, except 
where large quantities of NaF are added to the melt 
(Bai & Koster van Groos 1999). However, the fact that 
volatiles enhance melt–fl uid partitioning of molyb-
denum does not necessarily mean that molybdenum is 
complexed by these volatiles in all cases. For instance, 
no direct complexation of Zr, Th, and U by H2O, F, 
or Cl was observed in XAFS spectroscopy studies of 
fl uid-bearing glasses (Farges 1991, Farges et al. 1991, 
1992, Farges & Rossano 2000). However, these authors 
reported that structural depolymerization induced by 
the presence of fl uids in the melt plays a key (albeit 
indirect) role in affecting the solubility of metal cations, 
especially in highly polymerized melts synthesized in 
equilibrium with H2O (see also Kohn 2000).

INTRODUCTION

In a companion paper (Farges et al. 2006), we estab-
lished that molybdenum occurs dominantly as molyb-
date moieties [Mo(VI)O4

2–] in a variety of anhydrous 
silicate glasses with variable composition (including 
variable polymerization of tetrahedra), even at relatively 
low fugacities of oxygen (as low as QFM–2 or ~10–9 
atm at 1300°C and 1 bar). At even lower fugacities 
of oxygen (between IW and IW–1 or ~10–10.5 atm at 
1350°C and 1 bar), Mo(V) is the most abundant redox 
state of molybdenum. These results are at variance with 
previous models of the solubility of molybdenum in 
silicate melts (Holzheid et al. 1994, Walter & Thibault 
1995, O’Neill & Eggins 2002); these investigators did 
not consider this redox state of molybdenum [as well 
as Mo(III)]. Under more reducing conditions, Mo(IV) 
is present only within the buffer range of IW–1 and 
IW–3. Under highly reducing conditions (i.e., below 
IW–3), metallic molybdenum precipitates directly from 
the melt phase. No evidence for Mo(III) was found in 
any of the oxide glasses investigated by Farges et al. 
(2006). This information on the speciation of molyb-
denum suggests that Mo(VI) is the dominant redox 
state of molybdenum over a broad range of f(O2) (air 
to IW–1). These fi ndings appear to be at variance with 
the observed geochemistry of molybdenum in rela-
tively oxidizing subvolcanic environments (such as in 
porphyry-type deposits), in which molybdenite [i.e., a 
Mo(IV) sulfi de] is the dominant molybdenum-bearing 
mineral (e.g., Candela & Holland 1986, Carten et al. 
1993, Bookstrom 1999).

In this study, we examine the infl uence of pressure 
on the speciation of molybdenum in densifi ed silicate 
glasses and, in separate experiments, the infl uence of 
temperature on molybdenum speciation in silicate melts 
at temperature using XAFS spectroscopy, including both 
the X-ray absorption near-edge structure (XANES) and 
the extended X-ray absorption fi ne structure (EXAFS) 
regions. In addition, the infl uence of volatiles (including 
H2O, fl uorine, chlorine, and sulfur) is examined to better 
understand their effects on the local environment of 
molybdenum in these silicate glasses.

BACKGROUND INFORMATION

In order to develop a more comprehensive under-
standing of the speciation of molybdenum in magmatic 
systems, the effect of temperature, pressure, and 
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Finally, the infl uence of sulfur on the speciation of 
molybdenum in silicate glasses of geochemical interest 
is not well known. According to Tingle & Fenn (1982, 
1984), sulfur has no direct effect on molybdenum 
melt–fl uid partitioning, but it does play a critical role 
in the deposition of molybdenum from the vapor phase. 
The infl uence of sulfur on the speciation of molyb-
denum in silicate glasses of geochemical interest is 
not well known. According to Tingle & Fenn (1982, 
1984), sulfur has no direct effect on molybdenum 
melt–fl uid partitioning, but it does play a critical role 
in the deposition of molybdenum from the vapor phase. 
Tingle & Fenn (1984) also concluded that the initial 
H2O content of the magma (which controls the timing 
of evolution of the vapor phase) and the presence of 
sulfur are the primary controls on molybdenum ore 
deposition in porphyry-type deposits. In parallel, Isuk 
& Carman (1983, 1984) concluded from their experi-
ments that molybdenum [“possibly as MoSi2O4(OH)3+ 
complexes”] and sulfur fractionate strongly into the 
vapor phase, where these two elements recombine 
as molybdenite because of the chalcophile character 
of molybdenum under subvolcanic conditions. In 
addition to its effect on the geochemical behavior of 
molybdenum, sulfur is also known to affect some of 
the optical and chemical properties of industrial oxide 
glasses (as for the “dead leaf” pigment or for molyb-
denum oxi-sulfi de-based glasses, which are used for 
hydro-cracking catalysis: Bensimon et al. 1991).

EXPERIMENTAL

Synthesis of glass samples

“High-pressure” glasses (to 7 kbar) were synthe-
sized from homogenized Mo-doped glasses using an 
internally heated pressure vessel (IHPV). Details on 
sample preparation and characterization can be found 
in Farges et al. (2001). Conditions of synthesis are 
summarized in Table 1. Hydrous glasses were H2O-
saturated (Ab) or nearly so (NS3). Their fi nal H2O 
contents were determined by Karl–Fisher titrations and 
infrared (IR) spectroscopy measurements (Table 2). The 
initial quench-rate in the IHPV was around 200 K/min. 
In the range of the glass-transition temperature (600 to 
1100 K, depending on anhydrous composition and H2O 
content), the cooling rate of the samples in the IHPV 
decreases to 50 to 100 K/min. Fluorine- and chlorine-
bearing glasses were synthesized at 0.5 kbar using the 
protocol described in Ponader & Brown (1989a, b). As 
for the IHPV-synthesized samples, the oxygen fugacity 
was not precisely measured during the synthesis of 
the F- and Cl-bearing glasses (intrinsic conditions, Ar 
atmosphere). However, on the basis of measurements 
of U-redox equilibria in silicate melts performed in 
the same furnace, we estimate that the conditions are 
QFM–1 (±1) log units of f(O2) (1750 K and 500 bars; 
Farges et al. 1992). The intrinsic fugacity conditions are 

mostly controlled by the fugacity of hydrogen (which is 
related to the H2O content of the sample because of the 
dissociation of water). Finally, sulfur-bearing glasses 
were prepared in a gas-mixing furnace at 1 atm. Fugaci-
ties of gaseous species [f(O2), f(S2)] were controlled by 
the composition of a CO–CO2–SO2 gaseous mixture. A 
zirconia cell was used to measure f(O2) directly. More 
details on the preparation of the sulfur-rich glasses can 
be found in Azif (1998). The experimental conditions 
for the glasses of that study are presented in Table 1. 
Chemical compositions of the glasses after synthesis 
are within 1 mol.% of their nominal values (Table 
2). The glasses of albite composition (Ab) quenched 
from pressures above 1 bar do show some increase in 
density, whereas the H2O-bearing ones show a decrease 
in density by at most 2% (at 7 kbar), suggesting that 
their high-pressure structure was at least partially 
quenched.

The collection and analysis of XAFS data

XAFS spectra were collected on beamlines 4–1 and 
4–4 at the Stanford Synchrotron Radiation Laboratory 
(Stanford, California), as described in Farges et al. 
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(2006). All XAFS data were collected under high-
resolution conditions between 1995 and 1997 (SPEAR2 
storage ring), except for the halogen-bearing glasses, for 
which XAFS data were collected in 1985 under low-
resolution conditions. In-situ high-temperature XANES 
and EXAFS spectra were collected using a heating loop 
furnace working in the fl uorescence-yield mode [see 
Farges et al. (1996) for details]. All EXAFS spectra 
were collected at ambient temperature. The EXAFS 
spectra were analyzed using the cumulant expansion 
formalism (Crozier et al. 1988), which is reliable for low 
to moderate degrees of anharmonicity. If anharmonicity 
is not accounted for in such spectra, the EXAFS-derived 
interatomic distances and coordination numbers may be 
signifi cantly underestimated [see Brown et al. (1995) 
for details] and would confl ict with structural informa-
tion derived from XANES pre-edge spectra, which are 
not affected by anharmonicity. Because of the high 
charge of molybdenum in these melts, Mo–O bonds 
are highly covalent (Ozeki et al. 1996) and exhibit little 
thermal expansion. Consequently, these bonds are not 
predicted to have signifi cant anharmonicity (Brown 

et al. 1995). In the present study, we used the same 
software package for analysis of EXAFS data (“xafs 
2.6”; Winterer 1997) as that we used in the companion 
study (Farges et al. 2006). The reader is referred to that 
article for further details on EXAFS data analysis. In 
some compositions of polymerized melt (such as the 
anhydrous feldspathic ones), signifi cant asymmetry 
in the Mo–O pair distribution function was detected, 
which apparently shifts the main Mo–O peak in the FT 
to lower (R + �R) values. The refi ned �E0 parameter 
tends to zero values (±5 eV), which is the actual core-
hole lifetime at the molybdenum K-edge (Krause & 
Oliver 1979). In some cases, higher �E0 values (the 
edge-energy shift, E0, as compared to the model, which 
is a fi t-quality factor that should be as close to zero 
as possible) were obtained (Table 3). To address this 
problem, we used a variety of experimental and theo-
retical phase-shifts, which we think is related to the poor 
transferability of phase-shifts from molybdate units (as 
in sodium molybdate dihydrate) to more reduced and 
much less covalent M–O bonds [such as for Mo(IV)]. 
However, we did not fi nd a suitable model compound 
for Mo(IV)–O bonds, in which the local structure is 
suffi ciently radially ordered so that we could extract 
reliable amplitudes and phase-shifts for the Mo(IV)–O 
pair. Consequently, the relatively high values of �E0 
remain in some of the models presented here.

RESULTS

Effect of temperature (in situ)

Figure 1a shows high-resolution XANES spectra 
collected at the molybdenum K-edge for two NS2 
compositions (containing 1.2 and 0.102 wt.% molyb-
denum, respectively) to 1210 K. Conditions of synthesis 
for these two glasses were given in Table 1 of Farges 
et al. (2006, sample 6a). The XANES spectra show an 
intense pre-edge feature, suggesting the presence of 
dominant amounts of molybdate units, i.e., Mo(VI)O4

2– 
(Farges et al. 2006). This feature also is present well 
above the glass-transition temperature, Tg of NS2 
(~600 K). The edge crest shows signifi cant broadening 
due to high thermal disorder in the melt. However, the 
main features of the XANES spectra (including the 
electronic transitions resulting in the pre-edge feature) 
have the same energy position over the temperature 
range studied. Figure 2 shows the pre-edge information 
derived from the molybdenum K-edge XANES, using 
the template of Figure 3b of Farges et al. (2006). The 
pre-edge information confi rms the presence of dominant 
amounts of molybdate moieties in these melts to 1210 
K. Changes in temperature (295–1210 K range) and in 
molybdenum concentration (1020–12000 ppm range) 
do not affect molybdenum speciation in these samples. 
Similar results (not presented) were obtained for sodium 
trisilicate and glass and melts of albite composition 
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exposed to similar conditions of temperature (Tg is 
~1250 K for the Mo-free albitic composition).

Effect of pressure during synthesis

High-resolution molybdenum K-edge XANES for 
glasses of albite composition (Ab) quenched from 
moderate pressures (to 7 kbar) are presented in Figure 
1b. Their molybdenum K-edge pre-edge information 
also is shown in Figure 2. The intrinsic oxygen fugacity 
conditions for these experiments are NNO–1 (see Table 
1 for details) under dry conditions (Wilke & Behrens 
1999, Berndt et al. 2002). These conditions are reducing 
enough to produce a brownish color for these glasses, 
which is typical of Mo(V), as described in Farges 
et al. 2006). This reduction in the oxidation state of 
molybdenum is possibly related to the low fugacity of 
H2O in these experiments (nominally anhydrous but, 
in reality, slightly hydrous), which tends to increase 
slightly [~1/2 log units of f(O2)] the oxygen fugacity 
at a given intrinsic condition. However, following 
Farges et al. (2006), these intrinsic conditions do not 
signifi cantly affect the average redox state of molyb-
denum in anhydrous glasses, which remains mostly as 
Mo(VI). The XANES spectra for the densifi ed glasses 
show no signifi cant changes compared to their counter-
parts synthesized at 1 bar; the intense pre-edge feature 
indicates dominant amounts of molybdate moieties. 
However, the pre-edge information for these glasses 
(see Fig. 2) shows that minor amounts of Mo(V) or 
Mo(IV) or both (i.e., ~100 ppm or ~5 at.% of the total 
Mo) is present in these glasses, as a result of a slightly 
lower pre-edge height (~0.5 versus ~0.6 in the 1 bar Ab 
glass; Farges et al. 2006).

EXAFS spectra (and their best-fit models) are 
presented in Figure 3a, together with their Fourier 
Transforms (Fig. 3b). The structural parameters are in 
excellent agreement with those for molybdate moities 
[~4 atoms of oxygen at ~1.76 ± 0.01(1) Å]. However, 
to reduce the anomalously high �E0 values during the 
modeling of these EXAFS spectra, a second shell of 
oxygen atoms was added [which converged to average 
Mo–O distances of 1.85(2) Å] (Table 3). Because of the 
very small difference in Mo–O distances (~0.1 Å), these 
longer bonds cannot graphically be resolved from the 
shorter ones in the FT. These longer Mo–O distances are 
typical of either 5-coordinated Mo(VI) or 4-coordinated 
Mo(IV) or both (based on effective ionic radii sums: 
Shannon & Prewitt 1969). These moieties cannot be 
identifi ed more precisely because they are too dilute. 
The reduction of molybdenum during these high-pres-
sure experiments is again confi rmed by the brownish 
color of these densifi ed glasses [indicative of Mo(V)]. In 
contrast, their 1 bar counterparts (synthesized in air) are 
translucent. Accordingly, longer Mo–O bonds were not 
detected in the glasses prepared at 1 bar pressure (Farges 
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FIG. 1. (a) Molybdenum K-edge XANES spectra for a sodium disilicate (NS2) glass (containing 1.2 and 0.102 wt.% Mo) 
exposed (in situ) to 1210 K and quenched, showing the negligible effect of Tg on Mo(VI) speciation. (b) Mo K-edge XANES 
spectra for various densifi ed glasses of albite (Ab) composition quenched from pressures to 7 kbar. The insets for both fi gures 
show the weak variations in pre-edge feature (feature A).

FIG. 2. Pre-edge information for the in situ (high-temperature, “T”), densifi ed (“P”) and 
H2O-bearing glasses (“P+H2O”), using the template from Figure 3b in Farges et al. 
(2006).
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et al. 2006). We therefore conclude, on the basis of the 
XANES and EXAFS data, that the reducing conditions 
during the preparation of these high-pressure glasses 
induced a small but detectable amount of longer Mo–O 
bonds [typical of small amounts of Mo(V) or Mo(IV) or 
both]. This reduction aside, the 7 kbar pressure does not 
appear to cause signifi cant contraction of the average 
Mo–O distance in molybdate moieties.

Effect of H2O

High-resolution molybdenum K-edge XANES 
spectra for hydrous, high-pressure (6 kbar) feldspathic 
glasses (Ab and AbxAn1–x with x = 0.3 and 0.5) are 
compared to their anhydrous (1 bar) counterparts in 
Figure 4a. There is no clear infl uence of H2O on the 
local structure of these highly polymerized glasses. 
However, the XANES pre-edge information for the 
densifi ed glasses suggests dominant amounts of molyb-
date units, together with some more highly coordinated 
environments around molybdenum. The EXAFS spectra 
for these glasses and their best-fi t models are presented 
in Figure 5a, together with their Fourier Transforms 
(Fig. 5b). No quantitative difference in molybdenum 
speciation is observed as a function of both the matrix 
composition and H2O content (see also Table 3); 

however, a second shell of oxygen atoms was required 
to achieve a good fi t, which indicates the presence of 
more highly coordinated molybdenum in addition to 
[4]Mo. The average Mo–O distance for this more highly 
coordinated species of molybdenum is much larger than 
that for the anhydrous counterparts (~1.94–1.99 Å as 
compared to 1.84–1.85 Å). Based on considerations 
of ionic radii (Shannon & Prewitt 1969), this average 
Mo–O distance is typical of 6-coordinated Mo(IV) 
environments. Hence, the presence of H2O in these 
densifi ed and relatively oxidized melts favors a higher 
coordination around Mo(IV). Similar conclusions are 
reached for the less polymerized, hydrous, high-pres-
sure NS3 glass (Fig. 4b). In this glass, the molybdenum 
K-edge pre-edge feature is less intense and is shifted 
toward higher energies (see Fig. 2). Models of the 
EXAFS spectrum for the H2O-saturated NS3 glass 
(Figs. 5a, b) suggest that two shells of oxygen atoms as 
fi rst neighbors are also required to model the EXAFS 
spectra. The fi rst shell (<Mo–O> ~1.75–1.77(2) Å) is 
clearly assignable to molybdate moieties. The slightly 
longer average Mo–O distances for the second oxygen 
shell (near 1.97–2.03 Å, see Table 3) suggest octahe-
drally coordinated Mo(IV), as in MoO2 (Bendor & 
Shimony 1974). Accordingly, the pre-edge information 
suggests a 70:30 mixture of Mo(VI)O4

2– (molybdate) 

FIG. 3. Molybdenum K-edge-normalized, k3-weighted EXAFS spectra (a) (solid: experimental; dotted: calculated model) and 
their corresponding Fourier transforms (b) for three densifi ed glasses of albite composition to 7 kbar.
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FIG. 4. Molybdenum K-edge XANES spectra for dry and H2O-bearing densifi ed felsdpathic glasses (a) and sodium trisilicate 
glasses (b). Changes in the pre-edge feature (A) are observed only in NS3 glasses and are attributed to the presence of 
Mo(IV) moieties.

FIG. 5. Molybdenum K-edge-normalized, k3-weighted EXAFS spectra (a) (solid: experimental; dotted: calculated model) and 
their corresponding Fourier-transforms (b) for various dry and hydrous densifi ed feldpathoidal and sodium trisilicate glasses. 
No splitting of features in the FT is observed for NS3 glasses, ruling out the presence of molybdenyl moieties in signifi cant 
amounts in these glasses.
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and Mo(IV)O6
8– units (see detailed information in 

Fig. 3b of Farges et al. 2006). The average oxidation 
state of molybdenum in that glass is 5.4. This redox 
information is also consistent with that inferred from 
the molybdenum K-edge position of NS3 glass (5.5 ± 
0.02) or from the number of neighbors for each oxygen 
shell derived from EXAFS fi tting [Table 3: 3.5(5) atoms 
of oxygen for Mo(VI) and 0.9(5) atoms of oxygen for 
Mo(IV) are consistent with an average redox of 5.6(3)]. 
However, as is the case for the densifi ed glasses, the 
presence of minor or trace amounts of molybdenyl 
moieties [i.e., Mo(V)] cannot be excluded in these 
glasses, as suggested by their brownish color.

Effect of halogens

Seven glasses (labeled “NS3”, “Ab”, and “Pr”, the 
last being “half-way” between NS3 and Ab in compo-
sition; see Ponader & Brown 1989a, b, Farges et al. 
1992) were prepared under the same conditions, with 
and without halogens (see Table 2 for compositions). 
The pre-edge spectra of these seven glasses (feature 
A in Fig. 6a) are relatively poorly resolved, owing to 
the conditions of low-energy resolution during data 

collection. As a result, the pre-edge A appears as a 
shoulder. Despite this limitation, the shoulder intensity 
and position are not affected by the presence of F or 
Cl in the three compositions investigated. Analysis 
of the edge position (which is much less sensitive to 
resolution than the pre-edge) for these glasses using 
the method described in Farges et al. (2006) suggests 
that the average state of oxidation of the molybdenum 
is constant in these seven glasses, between 5.5 and 
6.0(5). Compared to their halogen-free counterparts, 
the edge-crest position for the halogen-bearing NS3 
glasses (feature B in Fig. 6b) is slightly shifted toward 
lower energies. This observation suggests the presence 
of a distinct local structure of molybdenum in the 
F- and Cl-bearing glasses compared to their halogen-
free counterparts. Finally, the fi rst EXAFS oscillation 
for the halogen-bearing glasses (feature C in Fig. 6b) 
is located at the same energy position for all of these 
glasses, suggesting that oxygen ligands predominate 
around the molybdenum atom in all glasses, with 
comparable average Mo–O distances. However, feature 
C for the halogen-bearing glasses is less intense than 
for the halogen-free glasses, suggesting a more ordered 
environment in the halogen-free NS3 glasses. We 

FIG. 6. (a) Molybdenum K-edge XANES spectra for three sets of slightly densifi ed (0.5 kbar) glasses: sodium trisilicate 
(“NS3”), albitic (“Ab”) and “peralkaline” (“Pr”, which is compositionally “half-way” between NS3 and Ab). (b) Overlapped 
spectra for the three NS3 glasses of Figure 5a, and blown-up edge crest region (feature B) and the fi rst EXAFS oscillation 
(feature C), whereas the pre-edge feature (A) is broadened.
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found similar results for the two “Ab” and three “Pr” 
compositions investigated in this study. Therefore, the 
halogen-bearing glasses studied show very similar local 
environments of the molybdenum: similar average 
Mo–X distance (X being O, F or Cl) as the halogen-
free glasses, except that the local environments of 
molybdenum are slightly more radially disordered in 
the presence of the halogens. However, because the 
local structure around molybdenum is different in the 
halogen-bearing and halogen-free glasses, the presence 
of halogen affects the Mo–O coordination environment 
(toward more radially distorted environments).

Identifi cation of halogen ligands

Although the fluorine contents of the F-bearing 
glasses in this study are high enough to potentially 
complex all molybdenum atoms, the chlorine content 
(~6000 ppm; see Table 2) would result in “complex-
ation” of, at most, half of the molybdenum atoms by 
chlorine as Mo(VI)Cl42+ moieties. XAFS spectroscopy 
is much more sensitive to the presence of chlorine 
ligands than to oxygen ligands because of the much 
larger back-scattering amplitude of Cl (Farges et al. 
1993). Because the molybdenum EXAFS spectra 
of Cl-free and Cl-bearing glasses examined in this 
study are very similar, we conclude that no detectable 
amount of chlorine (less than 5 at.% of the ligands 
around molybdenum) is located in the fi rst coordina-
tion shell around molybdenum in the two Cl-bearing 
glasses (“Pr” and “NS3”). In contrast, the distinction 
between fl uorine and oxygen ligands cannot be made 
using XAFS spectroscopy if based only on a simple 
analysis of the spectra because of the similar back-
scattering amplitudes of oxygen and fl uorine. However, 
the bonding requirements of fl uorine are very different 
from those of oxygen (fl uorine is monovalent, whereas 
oxygen is divalent), and their ionic radii differ by 0.07 
Å (1.35 and 1.28 Å, respectively, for 2-coordinated 
oxygen and fl uorine: Shannon & Prewitt 1969), which 
is well above the detection limits of XAFS (~0.02 Å). 
Therefore, replacement of oxygen by fl uorine in the fi rst 
coordination shell of molybdenum should result in a 
signifi cant increase in the number of nearest neighbors 
and in average Mo–X distance (X: F or O or both) and, 
consequently, in the XAFS spectra (particularly in the 
pre-edge region) (see Cotton & Wilkinson 1988).

Thus, the EXAFS spectra for these glasses were 
modeled assuming oxygen fi rst neighbors (Fig. 7a). 
Their Fourier Transforms (Fig. 7b) shows a Mo–O pair 
correlation for the most polymerized Ab glass that is 
shifted toward shorter Mo–O distances, as compared 
to the other glasses of this study (densifi ed, hydrous 
and anhydrous). However, this shift is an artifact 
resulting from anharmonic effects due to asymmetric 
static disorder, related to the presence of some reduced 
molybdenum environments (Table 3). Accordingly, the 
oxygen environment around molybdenum is split into 

two shells. The fi rst oxygen shell (located near 1.75 Å) 
is related to molybdate moieties, whereas more distant 
first neighbors (near 2.00 Å) are related to a more 
highly coordinated form of molybdenum. As for the 
hydrous glasses, the longer Mo–O distance is typical 
of 6-coordinated Mo(IV). According to this model, 
Mo(IV) contributes to ~1/4 (atomic) of the molybdenum 
K-edge EXAFS signal. On the basis of this informa-
tion, the average oxidation state of molybdenum in 
these seven glasses is 5.5, in agreement with informa-
tion concerning their edge position. Hence, H2O and 
chlorine affect the local structure of molybdenum in a 
very similar (but indirect) way, by promoting a slightly 
more disordered average local structure around molyb-
denum (as suggested by the XANES spectra) owing to 
the presence of Mo(VI) and Mo(IV) [and most likely 
Mo(V) as well].

Effect of sulfur

The high-resolution molybdenum K-edge XANES 
spectra for sulfur-free and sulfur-bearing NS2 and 
NS3 glasses (Figs. 8a and b, respectively) show large 
differences. Although the sulfur-free glasses show 
evidence of molybdate moieties (as a well-resolved 
pre-edge feature A), their sulfur-rich counterparts do 
not (see Fig. 8c; only a shoulder is detected in the pre-
edge region), despite the fact that they were prepared 
at comparable fugacities of oxygen. However, these 
differences are related to changes in oxidation state 
of molybdenum as the edge position of these glasses 
shifts toward higher energy with decreasing fugacity of 
oxygen (Fig. 8c shows this shift for the NS3 composi-
tion).  On the basis of the results shown in Figure 8c, 
molybdenum is then dominantly tetravalent in these 
sulfur-bearing glasses. When compared to polycrystal-
line molybdenite (MoS2), the molybdenum K-edge 
XANES spectra for the sulfur-bearing glasses show 
large differences, suggesting that molybdenite did 
not nucleate in these glasses (the same conclusion is 
reached concerning the possibility that metallic molyb-
denum or crystalline sodium molybdate nucleated in 
the glasses). An amorphous variety of MoS2 known as 
jordisite (Anthony et al. 1990) could correspond to the 
featureless XANES spectra for the glasses the richest 
in sulfur (Fig. 8) in Figure 8c. However, analysis of 
the EXAFS spectrum of this phase (based on Hibble 
& Wood 2004) rules out this model as this amorphous 
compound shows some Mo–Mo pairs, which are absent 
in our samples. Figures 9a and 9c show, respectively, 
the EXAFS spectra collected for these sulfur-bearing 
NS2 and NS3 glasses and their best-fi t models. Their 
Fourier-Transforms (FT) are shown in Figures 9b and 
9d, respectively. In these fi gures, the FT for the glasses 
are compared to those of crystalline sodium molybdate 
dihydrate and molybdenite model compounds. The FT 
show large differences among the samples, ranging 
from Mo–O environments in glasses synthesized at an 
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FIG. 7. Molybdenum K-edge-normalized, k3-weighted EXAFS spectra (a) (solid: experimental; dotted: calculated model) and 
their corresponding Fourier transforms (b) for the glasses presented in Figure 5, confi rming the weak infl uence of halogens 
on the coordination environment of Mo.

FIG. 8. (a) Molybdenum K-edge XANES spectra for sodium disilicate synthesized at various fugacities of oxygen and sulfur. 
(b) Same for sodium trisilicate glasses. (c) Overlapped XANES for sulfur-bearing NS3 glasses (synthesized at various 
conditions of oxygen fugacity) as compared to MoS2 (molybdenite) and MoO2 (tugarinovite) model compounds. Curves in 
black correspond to sulfur-free glasses, whereas those in gray are for the sulfur-bearing glasses. The XANES spectrum for 
molybdenite and MoO2, showing large differences with respect to the XANES spectra of the glasses. The spectra for the 
glasses synthesized at 10–8 atm are taken from Farges et al. (2006), in which S-free glasses are discussed in detail.
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oxygen fugacity of 10–8.0 atm (i.e., near the magne-
tite–wüstite, MW, buffer) to Mo–O,S environments in 
the glasses prepared under more reducing conditions 
(between IW–1 and IW; see Table 1). Only sulfur 
fi rst neighbors can result in the contributions located 
near 1.9 Å in the FT (this distance is uncorrected for 
phase shifts). This contribution cannot arise from fi rst-
neighbor molybdenum atoms, as the Mo–Mo distance 
would be too small in comparison to that for metallic 
molybdenum (~2.9 Å on the FT; see Fig. 5 in Farges et 
al. 2006). The presence of a mixed oxygen–sulfur fi rst-
neighbor environment around molybdenum in these 

glasses was also demonstrated by a wavelet analysis of 
their EXAFS spectra (see Muñoz et al. 2003). EXAFS 
fi ts (Figs. 9a, c) of these environments in NS2 and NS3 
glasses (Table 3) yielded 1.1–3.6 ± 0.05(5) atoms of 
oxygen at a distance from the absorbing molybdenum 
of 1.77(1) Å, which is characteristic of molybdate 
moieties, and 0–2.8(5) sulfur atoms within 2.13–2.18(1) 
Å (Table 3). These refi ned Mo–S distances are too 
short for Mo(IV)–S bonds (~2.39 Å as in molybdenite; 
Frondel & Wickman 1970). They are also too short to 
be consistent with those in jordisite (~2.30 Å, Hibble 
& Wood 2004).

FIG. 9. Molybdenum K-edge-normalized, k3-weighted EXAFS spectra (a,c) (solid: experimental; dotted: calculated model) 
and their corresponding Fourier-transforms (b, d) for the sulfur-bearing NS2 (top two fi gures) and NS3 glasses (bottom two 
fi gures), as compared to two model compounds (sodium molybdate dihydrate and molybdenite). Note the phase cancellation 
(arrows in Fig. 9a), which suggests the presence of thio-molybdate environments around molybdenum. Note the large increase 
in the magnitude of the Mo–S peak with decreasing fugacity of oxygen at a constant fugacity of sulfur, which does not get 
as high as the Mo–O peak for the molybdate moieties.
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Evidence for Mo=S bonds within thio-oxo moieties

The short average Mo–S distances derived for the 
NS2,NS3 glasses are too short for Mo(IV)S4 moeities, 
in which the average Mo–S distance is 2.3 Å. Another 
possibility is that molybdenum is hexavalent in these 
samples; however, this is not consistent with their 
molybdenum K-edge positions, which indicate Mo(IV). 
The most likely explanation for the short Mo–S distance 
and the Mo(IV) oxidation state is the presence of 
Mo(IV)=S bonds within a Mo(IV)S4

4– moiety [as 
known in (NH4)2MoS4; Schaefer et al. 1977)]. In this 
compound, the average Mo–S distance is 2.17 Å, which 
is the same distance as in our glasses.

At an oxygen fugacity of 10–8 atm and 1650 K 
(~MW buffer), the presence (or the absence) of sulfur 
does not influence the speciation of molybdenum. 
However, below an oxygen fugacity of 10–10 atm and 
1650 K (~IW buffer), sulfur progressively replaces 
oxygen fi rst neighbors around molybdenum. Because 
XAFS spectroscopy averages over all confi gurations 
present in the glass, the mixed O,S-bearing environ-
ments observed in these glasses could be interpreted 
as indicating the presence of thio-oxo moieties (with 
variable O:S ratio) or a mixture of MoOn and MoSm 
moieties. However, a Principal Component Analysis 
(PCA) of the XANES and EXAFS spectra of the sulfur-
bearing glasses indicates that two end-members (MoOn 
and MoSm) could not be combined in variable amounts 
to produce the measured spectra. Also, there are no 
isobestic points (i.e., points where all spectra converge 
in absorbance) if the XANES spectra of these glasses 
are plotted together (see NS3; Fig. 9c), which would 
be an additional indication of the presence of two end-
members that are present in different concentrations in 
each glass. The PCA analysis therefore suggests that 
each of the NS2,NS3 glasses contain different species of 
molybdenum. In both compositions, the transition from 
fi rst-shell environments around molybdenum consisting 
only of oxygen to various thio-oxo environments is 
sharp (within two log units in oxygen fugacity at most). 
We were not able to synthesize glasses at the lowest 
oxygen fugacities (below IW–3), so were not able to 
produce glasses with only sulfur as nearest neighbors 
(thio-moieities).

DISCUSSION

Infl uence of pressure and temperature 
on molybdenum speciation

The XANES and EXAFS spectra presented in 
this study show that molybdate moieties are not 
signifi cantly affected by the pressure and temperature 
conditions considered (1 bar – 7 kbar, 295 to 1210 K) 
in the volatile-free glasses and melts under oxidizing 
conditions. The high bond-valence of the Mo–O bond 
in molybdate moieties (~1.5 valence units, vu; Farges 

et al. 2006) makes these moieties relatively insensitive 
to moderate compression (due to pressure) or expan-
sion (due to temperature). The predicted average linear 
thermal expansion for [4]Mo(VI)–O is ~2.7 � 10–6 
K–1 (Hazen & Finger 1982), which is less than that for 
Si–O bonds (~4 � 10–6 K–1). As a result, temperature-
induced changes in coordination of molybdenum above 
Tg are unlikely, at least in the range of temperatures 
investigated here. A similar statement can be made for 
the high-pressure glasses. The same reasoning can also 
apply to more reduced species of Mo. For example, the 
Mo(IV)–O bond in MoO6

8– coordination polyhedra has 
an average bond-valence of ~0.67 vu, and the average 
linear thermal expansion is predicted to be 6 � 10–6 
K–1 (the same as zirconium in glass or melts under 
similar conditions of pressure and temperature; see 
Brown et al. 1995, Farges & Rossano 2000). Therefore, 
quenching is not expected to have a signifi cant effect 
on the speciation of Mo(VI) or Mo(IV) in the relatively 
high-pressure silicate melts studied here, in agreement 
with the information on this speciation of zirconium in 
high-pressure silicate melts (Farges et al. 2006).

Effect of fl uids on Mo speciation: 
bond-valence predictions

The presence of H2O and halogens in the silicate 
glasses investigated in this study does not have a major 
effect on the speciation of molybdenum. Increased 
ordering of the local environments around molybdenum 
is the only significant modification induced by the 
presence of H2O or halogens. Chlorine clearly does 
not “complex” molybdenum, nor does fl uorine, on the 
basis of the evidence presented in this study. In silicate 
glasses and melts, chlorine cannot bond to [4]Mo(VI), 
because monovalent chlorine as fi rst-neighbor anions 
can accept no more than one valence unit (±10%). 
Consequently, [4]Mo(VI) cannot be “complexed” by 
halogens if in tetrahedral coordination [in fl uorides, 
Mo(VI) is always 6- (or more highly) coordinated]. 
We observed a poor affi nity of molybdenum toward 
monovalent ligands, such as Cl and F, as compared 
to divalent ones such as oxygen and sulfur, and thus a 
similar weak affi nity of molybdenum toward OH groups 
also is expected.

Where dissolved in polymerized silicate melts, H2O 
forms hydroxyl groups and molecular H2O, especially 
under H2O-saturated conditions, as is the case for the 
glasses examined in this study; Kohn (2000), Liu et 
al. (2002), Mysen & Cody (2004) and Xue & Kanzaki 
(2004) reviewed this topic. These hydroxyl and molec-
ular H2O moieties are characterized by strong and weak 
hydrogen bonds, with bond valences of ~0.8 and 0.2 vu, 
respectively (Brown 1992). Molybdate moieties cannot 
bond directly to hydroxyl groups, as the sum of bond 
valences around the connecting atoms of oxygen (i.e., 
1.5 + 0.8 = 2.3 vu) would exceed by 0.3 vu the value 
required by Pauling’s second rule for these atoms of 
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oxygen (2.0 ± 0.05 vu). However, some connections 
of molybdenum to oxygen atoms with more weakly 
bonded protons are plausible, as a replacement for some 
network modifi ers in the medium-range environment 
of Mo(VI) (see proposed structural model at the top of 
Figure 12 in Farges et al. 2006). However, this topology 
is predicted to have only a minor infl uence on the ther-
modynamics of molybdenum in melts, as these “weak” 
bonds can recombine easily in the molten state. As a 
consequence, we have no experimental evidence that 
would support direct transport of molybdenum in the 
form of H2O-, fl uorine-, or chlorine-containing molyb-
denum moieities in the magmatic phase. Our fi ndings 
for fl uorine are in agreement with a number of indirect 
experiments on molybdenum partitioning between melts 
and fl uids in the presence of fl uorine (Isuk et al. 1983, 
1984, Tingle & Fenn 1982, Keppler & Wyllie 1990). In 
contrast, sulfur forms direct bonds with molybdenum 
and is thus likely to play a direct role in the transport 
of molybdenum in the magma-hydrothermal systems, 
as discussed below.

The role of sulfur in molybdenum speciation

The speciation of sulfur in geological glasses has 
been investigated in a number of studies, including those 
by Nagashima & Katsura (1973), Katsura & Nagashima 
(1974), Carroll & Rutherford (1985, 1988), Nilsson & 
Peach (1993), Carroll & Webster (1994), Wallace & 
Carmichael (1992, 1994), Moretti & Ottonello (2002), 
and Tsujimura et al. (2004). Métrich & Clocchiatti 
(1996) conducted the first sulfur-K edge XANES 
experiments on natural glasses, followed by Paris et 
al. (2002). These authors showed that in silicate glasses 
of geological interest, sulfur occurs predominantly as 
SO4

2– and S2– (depending on oxygen fugacity), with no 
evidence for more than 5% of intermediate oxidation 
states of sulfur, such as S4– (i.e., sulfi tes) (Métrich et al. 
2002, 2003). On the basis of this information, and given 
the amounts of dissolved sulfur in our glasses, sulfur 
is present dominantly as sulfi de moieties in our glasses 
because of the relatively low oxygen fugacity condi-
tions under which they were synthesized (QFM–IW 
buffers). However, one cannot exclude the possibility 
of trace amounts of more oxidized sulfur in our glasses, 
as XANES is not sensitive where a particular oxidation 
state of sulfur is too dilute. Therefore, an attempt to 
measure the speciation of sulfur in our samples would 
not have been very conclusive with regard to the trace 
amounts of molybdenum probed by molybdenum K-
edge XAFS methods.

We observed that sulfur (as S2–) “complexes” 
molybdenum effi ciently if both the oxygen fugacity 
drops below QFM and the sulfur fugacity increases to 
produce sulfi de groups (S2–). Also, the lack of second 
neighbors in the FT of sulfur-rich, reduced, molyb-
denum-bearing glasses (Figs. 9b, d) suggests that 
molybdenum is not directly connected to the network of 

tetrahedra, which is likely to be a consequence of short 
Mo(IV)=S bonds. The bond valence of such bonds is 
very high (~1.7 vu based on O’Keeffe & Brese 1992). 
As is the case for molybdates, these (Mo=S)-bearing 
units cannot bond to oxygen atoms connected to other 
highly charged cations, such as the network formers 
IVSi(IV) and IVAl(III). Because of these bonding 
constraints, we suggest that Mo=S moieties can be 
effi ciently removed by fl uids from the melt. On the basis 
of similar arguments, molybdate moieties can also be 
easily “extracted” from supercooled melts by nucleation 
processes, such as in powellite, CaMoO4 (see Farges 
et al. 2006). In this context, sulfur acts indirectly as an 
effi cient vector for molybdenum transport in agreement 
with its chalcophilic character (Tingle & Fenn 1982). 
However, the ability of sulfur to facilitate the transport 
of molybdenum and its partitioning into the fl uid phase 
is an indirect effect, as it is the formation of Mo=S 
bonds in the melt that results in molybdenum being 
disconnected from the framework of tetrahedra.

First evidence for thio-oxo moieties 
in geochemical oxide glasses

On the basis of a principal component analysis, 
we found that the local environment around molyb-
denum cannot be described with a simple mixture of 
molybdenum oxide and molybdenum sulfi de species 
in the sulfur-bearing oxide glasses studied. Instead, 
the oxygen ligands around molybdenum are progres-
sively replaced by sulfur fi rst neighbors, as oxygen 
fugacity is lowered, while the sulfur fugacity is kept 
constant. This fi nding suggests that molybdenum is 
reduced progressively from a hexavalent to a tetravalent 
oxidation state with variable numbers of oxygen and 
sulfur ligands. Molybdenum sulfi te-oxidase and thio-
oxo-type compounds (also known as thio-molybdates; 
see McMaster et al. 2001) provide an example of this 
property of molybdenum. Among these compounds, 
Cs2Mo(VI)OS3 (Krebs et al. 1970) is the closest model 
we found that is representative of the short-range local 
structure of molybdenum in sulfur-bearing NS2,NS3 
glasses synthesized at an f(O2) of 10–10 atm. In 
Cs2MoOS3, Mo(VI) is surrounded by one oxygen atom 
at 1.78 Å (molybdate-like) and three sulfur ligands at 
2.18 Å (Td

 geometry). Next-nearest neighbors include 
Cs atoms at distances between 4 and 4.3 Å, confi rming 
that the Mo(VI)OS3

2– moieties are charge-compensated 
only by network modifiers in this compound. This 
compound belongs to a family of thio-molybdates, 
in which the molybdate moieties [Mo(VI)O4

2– units 
sensu stricto] are replaced progressively by “thio-
molybdenyl” moieties, [(Mo(VI,V,IV)=O]S3

n–. At 
higher fugacities of sulfur, these thio-molybdenyl units 
can be replaced by [Mo(IV)S2–

4]2– moieties, as in the 
isostructural (NH4)2Mo(IV)S4 (Schaefer et al. 1977) or 
Rb2MoS4 (Ellermeier et al. 1999). In (NH4)2Mo(IV)S4, 
molybdenum is surrounded by four sulfur atoms near 
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2.16–2.20 Å, and no molybdenyl bond is present 
(Schaefer et al. 1977).

Thiomolybdates are known in molybdenum-bearing 
sulfide-rich waters such as those of the Black Sea 
(Erikson & Helz 2000). This family of compounds 
is characterized by the generic formula Mo(VI)On
S4–n

2– with n = 1, 2 or 3 (thio-, trithio- and tetrathio-
oxo, respectively). Their optical absorption spectra 
show various intense transitions in the near-UV region 
(between 275 and 550 nm; Erikson & Helz 2000), which 
is consistent with the yellowish color of the sulfur-
bearing glasses synthesized in this study. Hence, on 
the basis of EXAFS results and the above information, 
we conclude that our molybdenum- and sulfur-bearing 
NS2 and NS3 glasses most likely contain thio-, dithio-, 
trithio-, and tetrathio-oxo moieties. This suggestion 
helps to explain why the number of sulfur fi rst neigh-
bors around molybdenum increases if the fugacity 
of oxygen decreases (at a constant sulfur fugacity of 
10–1.6 atm). This observation is also consistent with 
the polymerization of molybdenum (as known in these 
thio-oxo compounds), which increases with decreasing 
fugacity of oxygen. For example, as oxygen fugacity 
decreases, [Mo(VI)S2–

4]2– moieties are replaced by 
[Mo(V)S2–

8]11– dimeric moieties, as in (NH4)2(Mo2S12) 
(Wignacourt et al. 1992), in which the charge-compen-
sating behavior of network modifiers becomes less 
and less prominent as a result of the polymerization of 
molybdenum. At even lower fugacity of oxygen, only 
a few network modifi ers are required around the central 
Mo(IV) [as in (NH4)2MoS4; Schaefer et al. 1977]. 
Finally, in the absence of available network-modifi ers 
(as is the case where molybdenum is extracted from 
the melt phase by fl uids, for example), Mo(IV) must 
polymerize (as outlined above), and consequently the 
Mo–X bonds must decrease their bond valence (other-
wise, the polymerization cannot occur). Consequently, 
highly coordinated Mo(IV)–S environments must form, 
namely Mo(IV)S6

8– units (as in molybdenite). The same 
behavior occurs where MoO3 nucleates from a molyb-
date-bearing, fully polymerized melt (i.e., where “MoO3 
saturation” occurs; see Ryabchikov et al. 1981).

Geochemical implications

The absence of local structural environments around 
molybdenum similar to those in molybdenite in any 
of the glasses studied here is striking because molyb-
denite is the most abundant molybdenum-containing 
mineral in magmatic systems. However, it is now well 
documented that the molecular-level speciation of 
many high-fi eld-strength elements (such as titanium, 
zirconium, niobium, and tin in glasses and melts; see 
Farges et al. 1991, Ellison 1994, Ellison & Hess 1994, 
Hess 1995, Brown et al. 1995, Marr 1998, Piilonen 
et al. 2005) is generally at variance with their local 
structural environments in the dominant minerals in 
which they occur in igneous systems. For example, the 

local environment of zirconium in silicate glasses and 
melts is closer to that in alkali zirconosilicates than in 
zircon; tin has a local environment more like that in 
eakerite than in cassiterite in melts, and titanium has 
a local environment more like that in fresnoite than in 
rutile in melts. In addition, the infl uence of late fl uids in 
natural magmatic-hydrothermal systems may enhance 
the differences between our spectroscopic observations 
and geochemical observations (see Isuk & Carman 
1981, 1983, 1984, Candela & Holland 1984, Keppler 
& Wyllie 1990, Schäfer et al. 1999).

Our results indicate that molybdenum can adapt to 
a variety of local structural environments, in which the 
exchange of highly covalent oxygen ligands by double-
bonded sulfur ligands is progressive. This exchange 
of ligands occurs as the sulfur fugacity increases and 
molybdenum is reduced to its tetravalent oxidation 
state (near the IW buffer). In parallel, as the fugacity 
of oxygen decreases, the oxidation state of molyb-
denum also can decrease, with concomitant changes 
in the local coordination-environment of molybdenum 
(including various thio-molybdate environments with 
different O:S ratios and with double-bonded S2–). As 
the oxygen fugacity decreases, fewer network-modifi ers 
are required around the central molybdenum atoms as 
a result of a lower oxidation state of molybdenum. As 
a result, molybdenum is increasingly polymerized and 
“complexed” by sulfi de ligands through double bonds, 
which makes these thioxo (ranging from monothio-
oxo to tetrathio-oxo) units highly mobile within the 
framework of tetrahedra in the melt. As a result of 
this speciation, partitioning of molybdenum-thio-oxo 
moieties into an exsolved fl uid phase should be a lower-
energy process, which helps explain the large melt–fl uid 
partitioning coefficients of molybdenum observed 
during melt–H2O vapor experiments (Tingle & Fenn 
1982, 1984). In addition, Ryabchikov et al. (1981) 
showed that saturation with respect to the molybdenite 
component occurs as the coexisting highly polymer-
ized, sulfur-free melt becomes saturated with respect 
to molybdite (MoO3). Accordingly, late hydrothermal 
fl uids appear to play a key role in the fi nal stage of the 
transport of molybdenum in the form of Mo(IV)S4

4– 
moieties. Such partitioning could possibly be initiated 
during the magmatic stage, when molybdenum has a 
mixed O–S ligand shell, in agreement with Hattori et 
al. (2002). Direct in situ spectroscopic experiments 
under supercritical conditions would be required to 
test this model.

Finally, we stress the importance of studying glasses 
and melts containing a variety of volatiles (particularly 
sulfur for siderophile and chalcophile elements) to 
build more robust models for the speciation and trans-
port properties of transition elements in geochemical 
systems. This study of molybdenum in silicate melts 
and glasses shows how the effects of such volatiles on 
molybdenum speciation and partitioning can be fairly 
complex and indirect. Once more, a combination of 
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spectroscopies reveals that silicate melts are character-
ized by a variety of unusual environments with regard 
to the most common mineral phases crystallizing 
from these melts. Our fi ndings highlight the utility of 
transferring molecular-level information on transition-
metal speciation from aqueous geochemistry to melt 
geochemistry, which in this case led to the conclusion 
that unexpected new sulfur-bearing species can form 
and have a major effect on the way chalcophile elements 
are transported in fl uid-rich, late-stage magmas, and 
reconciled structural information for generic oxide 
glasses to geochemical lines of evidence.
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