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ABSTRACT

The speciation of tin in nine hydrous haplogranitic silicate glasses (0.1-1 wt.% SnO,) was investigated by XAFS spectros-
copy at the tin K-edge. Three compositions of granitic melt were investigated [peralkaline (ASI 0.6), metaluminous (ASI 1.0),
and peraluminous (ASI 1.2)] and, for each of these, tin-bearing glasses were synthesized at three different redox conditions
(~FMQ, ~FMQ + 1.1, and ~FMQ + 2.4). The hydrous glasses were quenched from H,O-saturated melts at 850°C and 2 kbar.
Redox states estimated from XANES are in good agreement with those estimated from SnO, dissolution experiments. There
are, however, some unresolved discrepancies. Tetravalent Sn is dominant in all peralkaline melts investigated, even at FMQ. In
contrast, Sn(II) is dominant in the peraluminous compositions investigated, even at FMQ + 2.4. The tin K-edge XAFS spectra
for the oxidized glasses resemble that of eakerite [Ca,SnAl,SicO13(OH),22H,0]. Tetravalent Sn thus behaves in a similar manner
to Zr(IV), a network modifier, but is markedly different from Ti(IV), a network former. In the most reduced glasses, highly ionic
Sn(I)-bearing moieties are formed. Thus, Sn(II) is comparable to Ca?*, i.e., it is an efficient network modifier, in sharp contrast
to Sn(IV). Consequently, Sn(IV) is soluble in silicate melts that contain non-bridging oxygen (NBO) atoms, such as peralkaline
compositions. In contrast, in peraluminous magmas, in which NBO are lacking, Sn(II) preferentially forms highly ionic moieties
that can be easily “complexed” and transported by, for instance, chlorine. If the redox conditions become oxidizing, Sn(IV)
forms, but cannot accommodate itself within the framework of tetrahedra of the melt structure, which results in nucleation of
cassiterite. In a comparison of speciation information for Nb(V), Ta(V), W(VI) and Mo(VI) in similar compositions of glass,
Sn(IV) acts more like Nb(V), Ta(V) or Zr(IV), whereas Mo(VI) and W(VI) form highly covalent complexes (sensu stricto) that
are disconnected from the framework of tetrahedra. Tin geochemistry in melts appears to be dominated by an exchange between
two highly different structural positions for Sn(IV) and Sn(II), which is highly sensitive to peralkalinity under conditions of
moderate fugacity of oxygen. In contrast, the mineralogy of tin is dominated by Sn(IV). The difference in the valence of tin in
melts vs minerals makes it a very unusual cation as compared to other highly charged cations to which tin is commonly associated,
such as Mo, W, Ta and Nb.
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SOMMAIRE

La spéciation de 1’étain dans neuf verres silicatés (0.1-1% SnO,, poids) a été€ examinée par spectroscopie XAFS au seuil K
de I’étain. Chacune des trois compositions étudiées [hyperalcaline (ASI 0.6), méta-alumineuse (ASI 1.0) et hyperalumineuse
(ASI 1.2)] a été synthétisée sous trois conditions redox différentes (~FMQ, ~FMQ + 1.1 et ~FMQ + 2.4). Les verres ont été
trempés depuis des magmas saturés en H,O a 850°C et 2 kbar. L’état redox mesuré par XANES est en général cohérent avec
I’état mesuré grace a la dissolution de SnO,. Le Sn(IV) domine dans les verres hyperalcalins, méme a FMQ + 2.4. Au contraire,
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le Sn(II) domine dans les verres hyperalumineux, méme a FMQ + 2.4. Les spectres XAFS des verres riches en Sn(IV) ressem-
blent a ceux de I’eakerite [Ca,SnAl,SicO13(OH),*2H,0]. Ainsi, Sn(IV) se comporte alors comme Zr(IV), donc comme un
modificateur de réseau, et differe de Ti(IV), qui est un formateur de réseau. Dans les verres réduits, le Sn(II) forme des unités
ioniques, se comportant alors comme un modificateur de réseau efficace (tout comme Na*). Le Sn(IV) est trés soluble dans les
magmas silicatés tant que des atomes d’oxygene non-pontants (ONP) existent, comme dans les compositions hyperalcalines.
Dans des magmas hyperalumineux, appauvris en ONP, le Sn(II) est stabilisé sous forme d’unités ioniques, qui peuvent étre alors
facilement complexées et transportées par du chlore. Si les conditions redox redeviennent oxydantes, le Sn(IV) est restabilisé,
mais ce dernier ne peut plus étre accommodé dans le réseau de tétra¢dres du magma, provoquant alors une nucléation de cassi-
térite. Pour comparer, des informations de spéciation ont été obtenues pour Nb(V), Ta(V), W(VI) et Mo(VI) dans des conditions
similaires. Sn(IV) est proche de Nb(V), de Ta(V) ou de Zr(IV), alors que Mo(VI) et W(VI) forment des unités trés covalentes
et déconnectées du réseau tétracdrique. Ainsi, la géochimie de 1’étain dans les magmas semble dominée par I’ambivalence entre
deux états redox (II, IV) au comportement structural trés différents mais dominé par Sn(Il), alors que sa mineralogie est dominée
par Sn(IV). Ceci rend I’étain trés particulier par rapport aux autres cations fortement charges avec lequel il est souvent associé

comme Mo, W, Ta and Nb.

Mots-clés : étain, verres hydratés, spectroscopie XAFS, solubilité, cations fortement chargés.

INTRODUCTION

Divalent tin is a highly incompatible “granitophile”
and lithophile element (Taylor 1979, Eugster 1985)
that concentrates into late-stage magmas (e.g., those
enriched in Li, Be and B and depleted in alkaline earths;
Tischendorf 1977) and magmatic-hydrothermal fluids in
natural alkaline, subaluminous or peraluminous granitic
systems (see Lehmann 1990 for a review). Tungsten,
niobium and tantalum also concentrate in such magmas.
In contrast, tetravalent tin is more compatible, as it
substitutes for Ti** in minerals such as magnetite and
titanite, and thus typically is not concentrated in more
oxidized, evolved granitic melts (Lehmann 1990,
Linnen 1998). Experimental studies (Linnen et al.
1995, 1996, Ellison et al. 1998, Bhalla et al. 2005) have
focused on the solubility, diffusivity and mobilization of
tin in both hydrous and anhydrous systems. A growing
body of evidence suggests that the behavior of tin in
such melts is highly dependent on the alkalinity [or
1/ASI, where ASI is the aluminum saturation index, i.e.,
the molar ratio Al/[Na + K]), as well as the abundances
of volatile phases (e.g., F, Cl). Tin complexation by
chlorine is now well established for hydrothermal fluids
(e.g., Sherman et al. 2000, Seby et al. 2001), but very
few investigators have provided direct information on
the redox state of tin in glasses (Durasova et al. 1986,
1997, Music et al. 1991, Taylor & Wall 1992), and there
are no studies on the speciation of tin in silicate glasses
of geochemical interest.

Previous investigators have used ''°Sn Méssbauer
spectroscopy to obtain redox information on tin in
glasses (Durasova et al. 1986, 1997, Music et al.
1991, Taylor & Wall 1992). In this study, we utilize
XAFS spectroscopy to provide, for the first time, some
direct information on the speciation and coordination
geochemistry of tin in HyO-saturated alkaline, metalu-
minous and peraluminous haplogranitic melts, in order
to better understand the speciation of tin in natural
magmatic systems. This information is compared to that
measured for other anhydrous silicate glasses of similar

composition containing Nb, Ta, Mo or W. However,
tin K-edge XAFS spectroscopy is challenging because
of the relatively high energy required to collect the K-
edge information (26200 eV). At these energies, most
synchrotron sources emit much less intense X-rays.
Also, experimental resolution is limited owing to both
the relatively large core-hole lifetime of the tin K-edge
(~6 eV) and the use of relatively low monochromator
angles (below 10°). These difficulties, in theory, could
be overcome by collecting XAFS information at the
tin L-edges (3929-4465 eV). These experiments failed,
however, because of experimental problems associated
with data collection at these relatively low energies,
particularly in K-rich compositions that contain dilute
concentrations of tin (below 1000 ppm). An additional
problem is that the potassium K-edge is located right
below the Ly-edge of tin (3608 and 3929 eV, respec-
tively), making the collection of Lyj-edge tin EXAFS
spectra challenging without using a highly sensitive
energy-discriminant solid-state detector (that was not
available). In addition, the Lj; and L; edges are located
at higher energies (4156 and 4465 eV, respectively),
but their fluorescence yield is too low for the dilute
concentrations of tin in the glasses studied here. Also,
these L-edges are very sensitive to absorption of mois-
ture (to within a few micrometers of the surface), which
can provide information on relaxed structures, but these
spectra are not characteristic of the bulk glasses, the
description of which is the goal of this study.

EXPERIMENTAL
Model compounds

The Sn-bearing crystals investigated included
cassiterite crystals (SnOj; two gemmy crystals, one
from Bolivia and one from gravels in Malaysia [crystal-
structure information taken from Seki er al. (1984) at
295 K], eakerite [Ca;SnAl,SicO15(OH),*2H,0; the
cotype specimen from the Foote mine, North Carolina,
USA,; crystal-structure information from Kossiakoff &
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Leavens 1976], two perovskite-structure polymorphs
(orthorhombic) synthesized at 1500°C for 3 hours
(SnSrO3, CaSnOs3; Widera & Schaefer 1981, Vallet-
Regi et al. 1986), CdSn(OH)g, romarchite (SnO,
rutile modification; XAFS data courtesy of Giefers &
Wortmann 2002; crystal-structure information from
Pannetier & Denes 1980), SnCl, (kept solid below
10°C during data collection; crystal-structure informa-
tion from Léger & Haines 1996), and metallic tin (to
calibrate the K-edge of tin at 29200 eV). In addition to
synthetic metallic foils, models for W and Ta include
a sample of hiibnerite, (Mng7Fe3)WOy, from Monte-
bras, Creuse, France), scheelite (CaWO,; from Salau,
Pyrénées, France), tantalite [(Fe,Mn)(Ta,Nb),0O¢, from
Amelia, Virginia, USA; Nb,Os content of 10 wt.%) and
columbite—tantalite (“coltan” from the Shaba region in
the Democratic Republic of Congo, with 9.1 and 8.8
wt.% FeO and MnO, respectively). Models for Mo
(including powellite, wulfenite, and molybdenite) are
described elsewhere (Farges er al. 2006). The Malay-
sian cassiterite and the molybdenite samples are from
the Stanford University mineral collection; the other
samples are minerals from the first author’s collec-
tion. Romarchite, the three perovskite crystals and the
Cd-Sn hydroxide were synthesized from reagent-grade
chemicals. All samples were characterized by optical
or X-ray emission and X-ray diffraction, as well as by
electron-microprobe analysis.

Hydrous silicate glasses

The glasses studied were quenched from H,O-satu-
rated melts at 850°C and 2 kbar. Three haplogranitic
compositions (in the system quartz — albite — orthoclase)
were investigated: peralkaline (ASI 0.6), metaluminous
(ASI 1.0) and peraluminous (ASI 1.2). One series
of glasses (SQ) were synthesized at the Bayerisches
Geoinstitut, Bayreuth (Germany) at intermediate condi-
tions of f(O,), ~NFMQ +1.1, where FMQ represents the
log f(O,) value, in bars, at the fayalite — magnetite
— quartz (FMQ) buffer. Two other series (AL and GB)

TABLE 1. REDOX INFORMATION FOR THE MODEL COMPOUNDS
OF TIN STUDIED

Models E, energy (eV) * Tin redox
Sn(0) 291995 0
Sn(IDO 29201.2 2
Sn(INCl, 29201.1 2
Sn(IV)O,

cassiterite. Bolivia 29204.2 4
Ca,Sn(IV)ALSi,0,(OH),(H,0),

eakerite, Foote mine, North Carolina, USA  29204.4 4
Sn(IV)SrO, 29204.0 4
CdSn(IVY(OH), 29204.1 4
CaSn(IV)O, 29204.1 4

* “half-way” of the edge method.
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were synthesized at the CRSCM (Orléans, France)
at more oxidized (~FMQ + 2.4) and more reduced
(~FMQ) conditions, respectively. Their HyO contents
range between 5.8 and 7.2 wt.% (Linnen et al. 1996),
as determined from Karl Fisher titrations (Behrens
1995). The amounts of Sn(IV) were predicted on the
basis of measurements of cassiterite solubility, in turn
based on electron-microprobe measurements (Linnen
et al. 1996).

X-ray absorption fine structure

X-ray absorption fine structure (XAFS) spectra were
collected (293 K) at the Stanford Synchrotron Radiation
Laboratory on wiggler beamline 4-1 using a Si(220)
double-crystal monochromator and a Stern—Heald-type
fluorescence detector (Lytle e al. 1984). The tin K-edge
is located at very high energy (29 keV) for most current
synchrotron facilities. Therefore, the amount of beam
available at these energies is generally limited, resulting
in more difficult experimental conditions, namely much
noisier spectra (the use of the tin Ly edge at 4 keV has
other constraints and was not analyzed, as explained in
the Introduction). In order to increase the signal:noise
ratio, the fluorescence detector was filled with Xe gas,
and slits before and after the monochromator were left
relatively open (1 mm vertical aperture). The XANES
and EXAFS data were reduced as previously reported
(see Farges et al. 2006) using the XAFS package
(Winterer 1997), following the recommendations of
the International XAFS Society (IXS) Standards and
Criteria (Sayers 2000).

XANES. All spectra were normalized for absorbance
following standard methods (before the edge: pm —
0, and after the edge: wm — 1). All spectra were also
checked for their energy calibration using a metallic
tin foil (second transmission mode). To measure redox
states, the “Ey” energy for each compound (references
and glasses) was measured “half-way” in the absorption
edge (i.e., at the energy where the normalized absorp-
tion coefficient is 1/2). The E values and their standard
deviations (computed on the basis of Ey measurements
performed on 3 to 10 replicate XANES measurements)
are listed in Table 1. The standard deviations are rela-
tively high, but this is expected given the intrinsic low
resolution of the experiments and the need to obtain a
high enough signal:noise ratio in the spectra, particu-
larly for the glasses with dilute concentrations of Sn.

EXAFS. The eakerite model compound was used to
extract amplitude and phases for the Sn—O and Sn-Si
pairs in all Sn-bearing glasses. The EXAFS model of the
Sn(II)-O pair in romarchite was tested using the func-
tions extracted from eakerite to test the transferability
from Sn(II) to Sn(IV). The model resulted in 5.5(2)
atoms of oxygen at 2.210(3) A instead of four atoms of
oxygen at 2.224 A (Pannetier & Denes 1980). There-
fore, the use of the amplitude and phase-shift functions
for the Sn(IV)-O pair results in an overestimation of



798

~1/2 of the actual number of Sn(II)-O neighbors. This
is because the Sn(II)-O bonds are more ionic than
Sn(IV)-O bonds, related to the relatively high Debye
temperature of Sn(II) oxides (~280 K; Giefers & Wort-
mann 2002). Consequently, the glasses with the highest
proportions of Sn(II) show much noisier spectra than
for Sn(IV)-bearing glasses with the same concentra-
tion of tin. However, the temperature-induced anhar-
monicity remains small enough at room temperature
(~1073 A= for SnO; Giefers & Wortmann 2002) such
that a harmonic approximation remains good enough
to model the EXAFS signals below ~400 K. Indeed,
the average Sn(II)-O distance at 290 K in romarchite
was accurately estimated to within £0.01 A using the
harmonic approximation. It is thus possible to use the
harmonic approximation, which minimizes the number
of parameters required to model the EXAFS spectra
for the glasses. Where present (AL, SQ, GB ASI 0.6
compositions), silicon next-nearest neighbors were also
included in the model as a second shell. For the SQ ASI
1.0 glass, we could not obtain a robust model of the
EXAFS, which is due to the greater amount of noise in
the data (related to the very low tin concentration of that
glass, 1000 ppm, as well as the relatively high amount
of the more ionic Sn(Il).

RESULTS
Models

Figure la shows the normalized XANES spectra
collected for a variety of tin-bearing phases. These
model compounds have a tin redox states of O (metal),
+2 (romarchite and SnCl,) or +4 (cassiterite, Sn-bearing
perovskite and eakerite). Despite the relatively large

(a) (b)
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broadening of the tin K-edge (~6 eV, convoluted from
core-hole lifetime and experimental resolution; Krause
& Oliver 1979), the tin K-edge shifts by ~5 eV from
the metallic state (Eg = 29199.5 eV) to the tetravalent
state (Eg = 29204.5 eV in eakerite; Fig. 1b). In agree-
ment with previous studies (such as that of Mukerjee &
McBreen 1999), the shift in the XANES edge position
between Sn(Il) and Sn(IV) is nearly twice that between
Sn(0) and Sn(II) (Fig. 1b, Table 1). The K-edge EXAFS
spectra of tin and their Fourier transforms (FT) are
presented for the models in Figures 2a and b, respec-
tively. The peak assignments on the FTs shown in Figure
2b is based on analysis of the crystal structures for these
compounds. Among others, cassiterite can be detected
by the presence of relatively large Sn—Sn contributions
near 2.9 and 3.7 A on the FT (on which distances
are not corrected for the back-scattering phase-shift).
These contributions correspond to the Sn—Sn pairs at
3.18 and 3.70 A in cassiterite (Seki et al. 1984). The
Sn-Si contributions near 3 A on the FT of eakerite
(3.31-3.33 A if corrected for phase-shifts; Kossiakoff
& Leavens 1976) can easily be distinguished from those
of Sn—Sn contributions (as in cassiterite) because of
the large differences in back-scattering amplitude and
phase shifts between silicon and tin neighbors (as the
appropriate back-scattering amplitude and phase shifts
are required during the EXAFS modeling). This EXAFS
and FT information for models can be used to detect
in the glass the presence of Sn—Sn pairs and any nuclei
(or partial dissolution) of SnO, at the dngstrém scale in
the glasses. Because we never observed the next-nearest
neighbors of tin in the 3—4 A vicinity of the tin atom,
we can confirm that no nucleation (or saturation) of
cassiterite has occurred in a significant manner in any
of the glasses studied.

sa(lly | | Sn(v) Sn foil
— — -sno
SrSn0, - gakerite E
| CaSn0 P E o
" Cdsn(GH), , S 29204 )
5 cassiterite 4 _|
g eakerite s E
@ 2 E
% = E .
3 SnCl, 2 29202
& Sn0 £ g
H F -
§ [\—N Sn metal sotv) E -~
n 3 ‘
J sn(i) 29200 i
""""" LR AR L AL AR L ARRS LA RS LR 29198 T T T T
29150 29200 29250 29300 29190 29200 29210 29220 0 2 4
Energy (eV) Energy (eV) Tin redox
FiG. 1. (a) Normalized Sn K-edge XANES spectra for various model compounds of Sn(0), Sn(Il) and Sn(IV). (b) Overlapped

normalized XANES spectra for metallic tin, romarchite and eakerite, showing the shift in edge-energy position.
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Silicate glasses: redox estimations

Figure 3a shows the normalized K-edge XANES
spectra of tin collected for the three series of glasses,
which show systematic shifts in energy position
(“half-way” of the edge method; Fig. 3b) with glass
composition. We emphasize that the edge crest (near
29215 eV) should not be used to monitor redox state,
as this feature is also influenced by the local structure
of tin (number of neighbors, distance to the absorbing
tin atoms and various disorder terms). All ASI 0.6
glasses show dominant amounts of Sn(IV), whereas the
K-edge XANES spectra of tin for the ASI 1.0 and ASI
1.2 compositions are significantly shifted toward lower
energies, indicating the presence of Sn(II). Significant
amounts of metallic tin were not found in any of the
glasses, confirming the solubility models of Linnen e
al. (1996), which did not require the presence of major
amounts of metallic tin. In Table 2, we summarize the
redox states of tin obtained for the glasses in this study,
most of which compare well with the redox states that
were estimated indirectly from measurements of cassit-
erite solubility (Linnen et al. 1996), particularly the
peralkaline and peraluminous compositions (ASI 0.6
and 1.2, respectively). For instance, the estimated redox
values from XANES data for the ASI 0.6 compositions
range from 3.5 to 4.1 (£0.5), whereas the indirect esti-
mates from solubility range from 3.0 to 3.9 (x0.3). In
contrast, the ASI 1.2 compositions show large amounts
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of Sn(II). The estimated redox values from the XANES
data for these compositions range from 1.7 to 2.1 (x0.5),
whereas the indirect estimates from solubility range
from 2.1 to 3.1 (+0.3).

However, larger discrepancies are found for the
ASI 1.0 compositions, in which Sn(II) and Sn(IV) both
are significant (according to the XANES). Figure 3b
shows that the edge position for the AL ASI 1.0 glass

TABLE 2. REDOX INFORMATION FOR THE HYDROUS
TIN-BEARING SILICATE GLASSES STUDIED

Glasses chemical information XANES information
SnO, Estimated E, energy Estimated
(Wt.%)* average redox* (V) average redox
Al AS10.6 10 39 29204.3 4.1
Al ASI1.0 0.04 2.4 292032 33
Al ASI1.2 0.05 31 29203.7 2.1
GB AS10.6 1.0 3.0 29203.6 3.6
GB ASL 1.0 0.6 2.4 29202.9 3.1
GB ASI1 1.2 0.6 2.1 29201.2 17
SQ ASI0.6 0.95 3.6 29203.5 35
SQASI 1.0 0.1 2.1 29202.8 3.0
SQASI 1.2 0.2 2.4 29201.1 1.7
reproducibility 03 0.5 0.5

* values from Linnen er al. (1996).

<] s
= =
T 1 SrSn0; 3
] §
] m
] CaSn0,
] CdSn(OH)g
jf\/\/\/\w cassiterite
] eakerite
:_/\/\//\/\/\J'\/\M Sno 1A A
0 Sn metal ] $n-0_,/\-Sn-Sn
L B L LR LR B RLELE NLELELE i e MIARLN LI e sy s
2 4 6 8 10 12 0 2 4 6 8
k (A1) R+A (A)

FiG. 2.
pair of atoms and potential pairs with tin.

Normalized EXAFS spectra (left) and their corresponding FTs (right) for the model compounds, showing the various
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sn(ll) | | Sn(1v)

SQ 0.6
SQ 1.0
SQ1.2

GB 0.6
GB 1.0
GB 1.2

normalized absorbance

1

AL 0.6
AL 1.0
AL1.2

UL B B

29150 29200 29250 29300
Energy (eV)

(b)
AL 0.6
— —-AL1.0
-------- -AL1.2
14

Sn(IV)
Sn(ll)
0 L R R
29190 29200 29210 29220
Energy (eV)

Fic. 3. (a) Normalized K-edge XANES spectra for tin for the glasses of this study. (b) Overlapped normalized XANES spectra
for the three AL glasses (using the template of Fig. 1b), showing their shift in energy as a function of the redox state of Sn.

is not consistent with dominant amounts of Sn(II).
The source of the disagreement is not clear to us, as
it can be related to the solubility experiments or to the
collection of XAFS data. It should be noted that the
redox values estimated from solubility measurements
are indirect, and are particularly susceptible to error at
conditions where the redox state of tin varies. Also, a
variety of solubility mechanisms at the dngstrom scale
are possible (such as nanoscaled passivating environ-
ments, for which it is difficult to obtain evidence), and
these mechanisms cannot be resolved with macroscopic
information on solubility, even at the wm scale. On the
other hand, information on the K-edge XANES edge
position of tin is limited in accuracy by the relatively
low-resolution conditions of the present XAFS experi-
ments. For instance, the XANES position for the glass
AL ASI 1.2 indicates dominant amounts of Sn(II). In
contrast, the EXAFS and FT spectra for this last glass
(Fig. 4) are consistent with an equal mixture of Sn(II)
and Sn(IV), in agreement with the solubility measure-
ments (estimated average redox of 3.1). In contrast,
for the glass GB ASI 0.6, the EXAFS and FT spectra
(Fig. 4) clearly indicate that tin is present dominantly
as Sn(IV), in agreement with the XANES K-edge
position. However, this information is in disagreement
with solubility information (which suggests an average
redox of 3.0). Therefore, in a number of cases, it is not

easy to reconcile the redox state from the two sources
of information.

Sn(1V) in glasses

Figures 4a and 4b show the normalized EXAFS
spectra for the nine glasses of this study and their
respective Fourier Transforms. The FTs for the
peralkaline ASI 0.6 compositions (either GB, AL or SQ)
are similar. They show two main contributions. The first
contribution arises from oxygen first-neighbors (located
near 1.6 A on the FT). Non-linear models of the EXAFS
spectra (Levenberg—Marquardt fitting method; see
Fig. 5) suggests an average Sn—O distance of ~2.03(2)
A for these three glasses. This distance is typical of
Sn(IV)Og moieties, as in the model compounds of
Sn(IV) investigated, particularly eakerite. This average
Sn—O distance in ASI 0.6 glasses is slightly lower than
that found in cassiterite (<Sn—O> ~2.05 10\; Seki et al.
1984), Sr-bearing perovskite-group phases (Vallet-Regi
et al. 1986) or sgrensenite [NasSnBe,(SigO15)(H,0),;
Maksimova 1973]. Also, this average Sn—O distance is
much higher than that measured in pabstite [~ 2.00 A;
BaSn(Si309); Hawthorne (1987)]. No evidence for
4- or 5-coordinated Sn(IV) (as observed in K;SnOy;
Gatehouse & Lloyd 1970) was found in these glasses.
No short “tinyl” distance (~1.84—1.89 A, within a five-
coordinated square pyramid polyhedron) was found in
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(a) (b)
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FiG. 4. Normalized EXAFS spectra (left) and their corresponding FTs (right) for the glasses of this study, showing the various
pair of atoms and potential pairs, particularly Sn—O and Sn—Si pairs in the glasses containing dominantly Sn(IV). Note the
higher signal:noise ratio in the glasses containing high amounts of Sn(II).

any of the glasses studied here [as observed for Ti(IV)
in glasses and melts; Farges et al. 1996a, b].

In the peralkaline glasses (all of the ASI 0.6
samples), a second contribution to the tin K-edge 3
EXAFS (located near 3 A on the FT, uncorrected for “‘5’5
phase shifts) arises from next-nearest neighbors with a e
relatively low Z-number, such as the network formers ~
Si or Al. Network modifiers (such as alkali and alka-
line earth elements) make bonds that are too ionic to
be well detected (promoting both static and thermal
disorder). Ab initio EXAFS calculations (using the
FEFF8.2 package; Ankudinov et al. 1998) for eakerite
and sgrensenite confirm that Sn—Ca,Na contributions
are much less detectable by EXAFS spectroscopy, in 10 +
contrast to the Sn—Si contributions. Finally, the pres-
ence of tin next-nearest neighbors is excluded, because
the shape of the back-scattering amplitude function for 0 -
these neighbors is not compatible with the presence of
atoms with relatively high Z-number (such as tin). In
fact, the EXAFS spectra for the three ASI 0.6 glasses,

1 Al1.0

Al 0.6

—— experiment
-« - = model

in which tin is dominantly Sn(IV), are very close to that
for eakerite, making this model compound particularly
well suited to describe the local structure of Sn(IV)
in glasses (compare both FT on Figs. 2 and 4). In
eakerite, the SnOg units connect to network forming Si ~ FiG. 5.

0

12
Kk (A1)

Example of models (dotted lines) of the EXAFS

atoms through cornerr occupied by non-bridging atoms spectra (solid lines) for the glasses of the series Al 1.0

and

Al 1.2
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oxygens (NBO; resulting in Sn—O-Si angles ~107-132°;
Kossiakoff & Leavens 1976). The SnO¢—SiOy units are
then charge-compensated by network modifiers (alkalis,
alkaline earths).

Sn(Il): a very different speciation
than Sn(IV) in glasses

In the metaluminous (ASI 1.0) and peraluminous
glasses (ASI 1.2), the EXAFS spectra are noisier
because of the relatively low contents of tin in these
glasses (necessary to avoid saturation in cassiterite), but
also because of the presence of Sn(Il), evident from the
comparison of cassiterite and romarchite, as discussed
above. In addition, in the glasses that contain the most
reduced tin (SQ ASI 1.2 and GB ASI 1.2), the presence
of Sn(Il) is detected as a peak on the FT that is related
to a Sn—O pair near 1.8 A (uncorrected phase- shift
position). These longer Sn—O distances (~2.01-2.09 A
if corrected for Sn—O phase-shifts: see Table 3) are due
to the much larger ionic radius of Sn(Il) as compared
to Sn(IV) (0.93 and 0.69 A, respectively; Shannon &
Prewitt 1969). Furthermore, because of this larger ionic
radius, Sn(II) also forms highly asymmetric (anhar-

TABLE 3. EXAFS PARAMETERS FOR THE TIN-BEARING
HYDROUS SILICATE GLASSES STUDIED

>

Glass Shell N R (A) o (A% AE (eV)

Al ASI06 O 69(5)  2.0355) LGSy X 10 -1(2) 096
Si 3.2(3) 3.342) 4(3) x 107 1(2)

Al ASIIO O 59(5)  2.0355) H(5) x 10 -2y 319
St 1) 3.3(H 5(2) x 107 0(2)

Al ASI12 O 1.4(7) 2.01(1) (1) x 107 2(2) 512
Sit 2(1) 3.2(3) 3(3) x 107 o)

GB ASI06 O  68(6)  2.034(5) 0.8(6) x 107 0.1(5) 1.12
Si 4.12) 3.35(2) 0.1¢(ty x 10° 1.7(3)

GB ASI10 O 3.0(7) 2.047(5) HOES'S <1.52) 128
Si 2(4) 3.3(1) 3(1) x 10° 0(9)

GB ASI12 O 42) 2.09(5) £1(9) x 102 0(3) 1.80
NE 1(5) 3.2(2) 43) x 107 o)

SQ ASI06 O 6.8(5) 2.029%(4) 0(5) x 10* -0.14) 1.09
Si 3.3(4) 3.34(2) 4(3) % 10° 2(2)

SQ ASil2 O 5(2) 2.08(5) 13(1) * 107 0(3) 1.98

Vthe parameters for this shell are Jess accurate: both the goodness of the fic and the
2 2

0 oo -
Z ——5—, in which
v-MT e

# is the number of independent data, v, the degrees of freedom for the p free fie
patameters, M is the number of data fitted, & is the data vector (“experiment™), £, is
the fit function vector (“model”) and ¢ is the absolute eror of data vector
(“standlard deviation™). The g gmdmw of fit is defined hete a “degrees of freedom

adjusted R?”, which equals o 1 — Zw(d - /Zw(d .

it i1

%% are lower and higher, respectively. 3 is defined as

Fits atc relative to eakerite for Sn-0 aod $n-Si pairs (6 atoms at 2.03 and 3.34 A,
respectively; Kossiakoff & Leavens (1976)

EXAFS for glass $Q ASI 1.0 could not be modeled
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monic) environments (as in romarchite or thoreaulite).
Consequently, the magnitude of the Sn(II)-O peak
remains much lower than that for Sn(IV)-O (even in
the most reduced glasses) because of the much lower
EXAFS amplitude for Sn(II). Consequently, on the
FT, the contribution for Sn(II) appears as a shoulder
located on the high-distance side of the peak for Sn(IV).
This also suggests that Sn(IV) still occurs in the most
peraluminous glasses of this study (~25 atom % of the
total tin). The average redox of tin in the present “ASI
1.0” glasses is therefore ~2.5, which is consistent with
the redox information obtained from both the XANES
and the information on cassiterite solubility (Linnen et
al. 1996; Table 2). Finally, no evidence for next-nearest
neighbors is observed around Sn(lIl), as a consequence
of the high radial disorder among these next-nearest
neighbors.

DISCUSSION

Eakerite and the importance of alkali-
and alkaline-earth-bearing stannosilicates

On the basis of the present XAFS information,
eakerite, although rare in nature, is an excellent
structural model for Sn(IV) in glasses. Bond-valence
calculations for octahedrally coordinated Sn(IV)
(Pauling 1929) suggest that the average Sn(IV)-O bond
valence is relatively high (= IV/6 valence units, vu).
This bond valence is markedly different than that for
Ti(IV) (average of 0.95 vu), which acts dominantly as
a network former through titanyl moieties (Farges et al.
1996b). Also, because of this high average Sn(IV)-O
bond valence, the thermal expansion of the Sn(IV)-O
bond is predicted to be relatively low (below 105 K;
Farges & Brown 1996). Consequently, Sn(IV) will not
be highly sensitive to thermal expansion (and compres-
sion), except at extreme conditions (e.g., well above
2000 K, 100 kbar). Therefore, it is reasonable that the
speciation information obtained for Sn(IV) in silicate
glasses below 2000 K can be extrapolated to densified
melts of geochemical interest, as shown for Zr (Brown
et al. 1995, Farges et al. 2005).

The study of adequate model compounds such as
eakerite also provides useful information on the connec-
tivity of tetravalent tin to the framework of tetrahedra.
From the Sn—O and Sn-Si distances (averages near
2.03 and 3.3 A, respectively: Table 3) and the Si-O
distances known in glasses (average ~1.62 A; Brown er
al. 1995), one can calculate an average Sn—O-Si angle
of 140 (£10)° in glasses (maximum 132° in eakerite:
Kossiakoff & Leavens 1976). This relatively large
Sn—O-Si angle is typical of corner-shared SnO4®~ and
SiO4* moieties (as in quartz). This is also consistent
with Pauling’s third rule (Pauling 1929), which states
that highly charged cations preferentially share corners
in cases where their ionic radius is relatively small (as
for Si). In eakerite, SnO¢ and CaOg polyhedra share
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edges (<Sn-0O-Ca> = 104°; Kossiakoff & Leavens
1976), again in agreement with Pauling’s third rule
(as alkalis, by contrast, are predicted to share edges
because of their lower charge and high ionic radii). The
same topology was observed in all naturally occurring
stannosilicates, including malayaite, pabstite, vistepite,
tumchaite, sgrensenite or brannockite, in which a
variety of network modifiers are encountered (Na, K,
Ca, Mn).

Structural role of Sn(IV)

Naski & Hess (1985) and Ellison et al. (1998)
proposed that Sn(IV) forms “K,SnO4 complexes” in dry,
peralkaline liquids at oxidized conditions. The concept
of such “complexes” is inferred from information on
saturation. However, these descriptions are inconsis-
tent with the current framework of knowledge about
the structure of oxide glasses and melts [see Mysen
(1990) for a review]. A large number of spectroscopic
and scattering data have established that silicate glasses
and melts comprise a coherent aperiodic structure,
consisting of network formers and modifiers connected
through bridging and non-bridging oxygen atoms (the
“tetrahedral network model”). Only a few cations, such
as Mo(VI) or W(V]), are truly able to form “complexes”
because of their very high bond-valences (~1.5 vu) in
oxide glasses and melts (see below). Tin “complexes”
cannot exist because the average Sn—O bond valence is
well below 1 vu, as described above.

Within the “tetrahedral network model”, the oxygen
atoms connecting tin to the framework of tetrahedra
(mostly SiO4 and AlOj4 units) cannot bond to more
than one silicon atom; otherwise these atoms of oxygen
would be severely overbonded. Also, these atoms of
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oxygen are unlikely to bond only to network modifiers
(NM) because Sn—Si pairs are detected by the EXAFS
spectra for Sn(IV)-bearing glasses. Consequently, these
connecting atoms of oxygen must connect to one tin,
one silicon and one or two network modifier(s) so
that the sum of bond valences around these atoms of
oxygen equals 2 (see Fig. 6 in Farges ef al. 1991). The
connecting atoms of oxygen between tin and silicon are
consequently non-bridging oxygen atoms (NBO). In
eakerite, for instance, these connecting oxygen atoms,
04, O4 and Og, according to Kossiakoff & Leavens
(1976), are all three-coordinated with silicon at 1.60 A,
tin at 2.06 A and calcium at 2.40 A (Fig. 6). Similarly,
three-coordinated NBO atoms are observed in structures
containing divalent cations for charge compensation of
SnOg units, such as malayaite (CaSnSiOs; Eremin et al.
2002), pabstite [Ba(Sn,Ti)Si309; Hawthorne (1987), or
vistepite [MnsSnB,(Si04)4(OH),; Hybler et al. 1997].
These three-coordinated NBO atoms are also observed
where smaller alkalis are present, such as in brannockite
(KSn,Li3S11,030; Armbruster & Oberhéansli 1988) or in
hydrous structures [as in tumchaite, Nay(Zrg gSng2)Si4
011(H,0),, Subbotin et al. 2000]. In contrast, where
the charge-compensating alkalis have a smaller ionic
radius (Na instead of Ca or K), their coordination tends
to be lower [see Brown et al. 1995 for a review], and
the resulting bond-valence is higher. The efficiency
of these charge-compensating cations to compensate
the central highly charged cation is, then, increased.
Consequently, two of these weakly bonded cations are
required around the connecting NBO, as for atoms of
oxygen O3 in sgrensenite [NasSnBey(Siz09)2(H20),;
Metcalf Johansen & Gronbaek Hazell 1976]. Thus,
the application of Pauling’s second rule to our ASI 0.6
glasses requires that the oxygen first neighbors around

NFO

NM

. H*

FiG. 6.  Models of structure around a SnO¢®~ moiety: (a) local structure as in eakerite, showing 3-coordinated atoms of oxygen
around Sn(IV), which are charge-compensated by tetrahedrally coordinated network-formers (NF) and network-modifiers
(NM). (b) Local structure as in tumchaite, showing the distant protons (H*) that cannot bond directly to the SnOg®~ moiety.
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Sn(IV) be non-bridging, as they must connect to one
network former (NF = Si or Al) and to two network
modifiers (NM = Na or K), as shown on Figure 6 (the
same topology was found around Zr in glasses; Farges et
al. 1991). However, these Na,K network modifiers form
ionic bonds, such that they cannot easily be detected
by XAFS methods, particularly in aperiodic structures
like glasses or melts. Pauling’s second rule, in addition,
suggests that Sn(IV) polyhedra must share edges with
network modifiers, including in the present glasses.
Because of its bonding properties, Sn(IV) cannot be a
network former because of its average bond-valence to
NBO (~0.67 vu), at variance with the findings of Linnen
et al. (1996). Consequently, the observed coupling
between Sn(IV) and network formers, and its anti-
coupling with network modifiers (Linnen et al. 1996),
reflect the bonding requirements of Sn(IV), which must
connect to non-bridging atoms of oxygen.

Influence of H;O: no evidence for “complexes”

Examination of the crystal chemistry of Sn(IV) also
suggests that hydroxyl groups cannot bond directly to
Sn(IV) in the vicinity of silicon next-nearest neigh-
bors. If they could exist, such oxygen atoms would be
three-coordinated, and bonded to one tin, one silicon
and one hydrogen (the hydroxyl bond). In sgrensenite,
NaySnBe,SicO5*2H,0 (Metcalf Johansen & Gronbaek
Hazell 1976) or tumchaite, Nay(Zr,Sn)SizO1°2H,0
(Subbotin et al. 2000), protons are located at 3.1-3.2 A
from the central tin atom (Fig. 6), but belong to more
distant hydroxyl groups (in which oxygen atoms are
located between 3.9 and 4.2 A from the central Sn).
Thus, such protons are not bonded to any tin. Again,
Pauling’s second rule provides a rationale for the lack
of bonding of protons to the SnOg®~ units. Hydroxyl
groups provide ~0.7-0.8 valence units (Brown 1992),
which is too high with respect to that for Sn—O (~0.7
vu) or for Si—-O (~1.0 vu). Otherwise, the connecting
three-coordinated oxygen would be overbonded by 0.7
+ 1.0 + 0.7 = 2 = 0.4 vu. Consequently, the presence of
SnO¢® units, together with Sn—Si pairs in the EXAFS
of the ASI 0.6 glasses, does not favor the “complex-
ation” of tin by hydroxyl groups or H,O molecules in
these samples.

Structural relations to solubility

In peralkaline compositions, there are enough
network modifiers to charge-compensate Sn(IV), so
that its solubility is greater, as reported by Hess (1991).
The solubility of tin is enhanced, as a result of depoly-
merization, in compositions with greater concentrations
of NBO atoms, i.e., with increasing peralkalinity or in
the presence of depolymerizing volatiles (such as H,O
and fluorine). If the melt is peraluminous, there is a
shortage of NBO atoms to which Sn(IV) must bond
(alternatively, tin can bond to aluminum triclusters to
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adapt to this shortage of NBO atoms). Consequently,
Sn(IV) is expelled from the silicate melt and precipi-
tates as cassiterite (SnO, saturation). Linnen et al.
(1996) observed that peraluminosity favors Sn(II) at
the expense of Sn(IV) in H,O-saturated ASI glasses.
Therefore, there is good agreement between the data
on cassiterite solubility and the findings on speciation
(Linnen et al. 1995, 1996, Linnen 2005).

Ellison et al. (1998) proposed that the solubility
mechanisms for tin are similar to those for titanium.
For glass and melts with high solubilities of titanium
(e.g., peralkaline melts), these authors reported that
the coordination of titanium is 4 (versus 6 in metalu-
minous melts). Raman spectroscopy experiments have
confirmed that four-coordinated titanium is actually
present in most silicate glasses (Henderson & Fleet
1995, Reynard & Webb 1998) and, accordingly, tita-
nium K-edge XANES spectroscopy indicates that 4-
coordinated Ti is the dominant coordination in nearly
fully polymerized compositions (such as in the ASI
compositions of this study), i.e., where NBO atoms are
lacking in the melt (Farges et al. 1996b). No evidence
for four-coordinated Sn(IV) was detected in any of the
glasses studied, even in the most strongly peralkaline
compositions. Consequently, tin and titanium seem to
occupy very different structural positions in silicate
glasses (and most likely in melts because of the high
bond valence of Sn(IV)-O bonds). However, both
cations form relatively rigid bonds to oxygen atoms,
both requiring a number of non-bridging oxygen atoms
with which to bond. Therefore, at a macroscopic scale,
both tetravalent cations will be more soluble in NBO-
rich compositions. Also, Ti and Sn would saturate in
their respective oxide component (cassiterite and rutile)
where NBO atoms are lacking, despite the fact that they
occupy significantly different structural positions in the
glass network.

Structural role of Sn(Il)

Because of its higher ionicity and ionic radius,
Sn(II) is expected to behave differently from Sn(IV).
This is related to the higher ionicity of the Sn(II)-O
bonds, as observed for example in thoreaulite (SnTa,Og;
Maksimova et al. 1975). In this compound, Sn(II) is 8-
coordinated and forms relatively ionic bonds (their bond
valence is ~0.25 vu). In addition to thermal disorder
(related to ionicity), a highly anharmonic radial-distri-
bution function is observed for Sn—O in thoreaulite: the
first neighbors around Sn are split between two shells
containing five and three atoms of oxygen, centered at
2.16 and 2.43 A, respectively. If corrected for back-scat-
tering phase-shift, the (R + A) position for the Sn(I1)-O
peak observed on the FT for the reduced glasses of this
study suggests a Sn(I)-O distance of ~2.2 A, similar
to the first set of Sn—O distances in thoreaulite. It is
possible that a second set of Sn(II)-O distances (occur-
ring at much greater distances) is present in the glasses,
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but the intrinsic noise of the spectra [where Sn(II)
dominates] hides this structural information.

Consequently, Sn(II) behaves more like a highly
efficient network modifier, owing to its larger ionic
radius and lower charge, promoting highly ionic bonds,
high coordination and therefore, highly anharmonic
environments. From the presence of ionic bonds around
Sn(II), this ion is predicted to be much more sensitive
than Sn(IV) to thermal expansion or melting (Brown
et al. 1995). Thus, like other weakly bonded transition
elements, Sn(II) should reduce its coordination in melts
(i.e., 5, 6-coordinated, for instance). Therefore, Sn(II)
behaves more like an efficient network modifier in
silicate melts, like Pb?* or Na*. Consequently, divalent
tin must also be sensitive to the presence of aluminum,
as both cations can efficiently charge-compensate any
non-bridging oxygen atom (Bhalla er al. 2005). In
contrast, the influence of melt polymerization induced
by fluorine on Sn(Il) speciation must be less stringent
because of the formation of Na—Si—F subnetworks
in the melt (Zeng & Stebbins 2000). This is because
Sn(IT) makes bonds that are too strong for these Na—
Si—F subnetworks; charge-compensating substitution
of cations in such subnetworks requires ~0.1 vu for
the 4-, 5- or 6-coordinated Si—F bondings (see Liu &
Nekvasil 2002), but ~0.25 vu are provided by divalent
tin. Bond-valence models for Sn(II) explain a number
of other macroscopic observations. For example, the
diffusivity of Sn(II) must be higher than that for Sn(IV)
in such melts owing to lower bond-valence for Sn(II) as
compared to Sn(IV). This is in agreement with Linnen
et al. (1996), who also inferred that the coordination
of tin in reduced (i.e., FMQ + 1) peraluminous melts
[i.e., Sn(II)-rich] is greater than in peralkaline melts [in
which Sn(IV) dominates].

Geochemical implications

Our study shows that Sn(IV) and Sn(Il) differ
significantly in the nature of their bonds to oxygen
atoms (relatively more covalent and more ionic,
respectively). To our knowledge, tin is probably the
cation (together with lead) for which redox most
affects its bonding requirements in silicate glasses and
melts (much more than for ferrous and ferric iron, for
instance). As compared to Sn(IV), Sn(I) must partition
more favorably into NBO-rich melts (such as alkaline
or hydrous melts) than into BO-rich melts (such as
peraluminous or anhydrous melts). This could explain
the formation of minerals of Sn(II), such as thoreaulite,
in some rare late-stage depolymerized magmas and
magmatic-hydrothermal fluids at the expense of cassit-
erite, these fluids also being sensitive to halogen (F and
Cl) “complexation”, as suggested by Keppler & Wyllie
(1991), but observed only recently by Sherman et al.
(2000). A similar phenomenon is observed for titanium
and zirconium: their speciation in the “melt” is close
to that of late-crystallizing alkali and alkaline-earth
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zirconosilicates and titanosilicates (such as catapleiite
and fresnoite), whereas zircon and rutile (i.e., alkali-
and alkaline-earth-free and highly depolymerized) are
the common forms of Zr and Ti that nucleate from
most melts (Farges er al. 1991, 1996a). In contrast, the
addition of fluorine is predicted to produce the required
non-bridging oxygen (as in hydrous metaluminous and
peralkaline melts) and enhance mostly the solubility
of tetravalent tin (Pichavant et al. 1987, Bhalla et al.
2005).

In contrast, in more oxidized granitic melts, Sn(IV)
is present, but because it requires NBO that are lacking
in these compositions, tin must be expelled from the
framework of tetrahedra of the melt structure. Thus,
cassiterite will precipitate from the late-stage residual
melts (Linnen 2005). Finally, tin solubility is enhanced
in peralkaline melts because of the availability of NBO
to which tin must bond. This molecular mechanism
corresponds to what Taylor (1979) reported about
the solubility of tin as being controlled by the “melt
basicity” through the activity of “free oxygen atoms”.
We need to restate this last conclusion, as free oxygen
atoms do not exist in oxide melts [see Brown et al.
(1995) and numerous molecular dynamics and 'O
NMR studies). Thus, in other words, Taylor’s (1979)
observations are consistent with an excess of NBO
in peralkaline melts. Similarly, under hydrothermal
conditions, Sn(IV) has been found to be more transport-
able by volatile complexation than previously thought
(Sherman et al. 2000). Also, these authors showed that
Sn(IV)Clg> complexes precipitate as SnO, as both
the concentration of tin and temperature of the sample
increase. This behavior is consistent with the bond-
valence models of Sn(IV) described above.

Comparison with related metals in silicate glasses:
molybdenum, tungsten and tantalum

Molybdenum and tungsten. A variety of highly
polymerized glasses (rhyolitic) were synthesized in air
and doped with 300-1000 ppm molybdenum, tungsten
and tantalum (Fig. 7). Synthesis and data-collection
information for the molybdenum-bearing glasses are
presented elsewhere (Farges et al. 2006). They were
prepared under moderately oxidizing conditions (~NNO
buffer). The tungsten-bearing glasses were synthesized
in air. The tantalum-bearing glasses were prepared by
one of us (R.L.L.) at Bayreuth under the same condi-
tions as reported by Piilonen ez al. (2005, 2006) for
niobium-bearing glasses. The EXAFS for tungsten (as
well as tantalum) could only be collected for a few
model and glass samples, given the low intensity of
their Ly edge jump.

The Mo K-edge XANES information for model
compounds and rhyolitic glasses containing 0.1 to 3
wt.% molybdenum (Fig. 7a) show a large pre-edge
feature, typical of a tetrahedral symmetry around
molybdenum (see Farges et al. 2006). This pre-edge
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is also present at relatively low fugacities of oxygen
(FMQ-2). These glasses show a Mo—O peak on the
FT located at 1.2 i (1.8 A if corrected for back-scat-
tering phase-shifts; see Fig. 7b). This is consistent with
the presence of molybdate moieties [Mo(VI)O4>] in
these rhyolitic glasses. Similar results are found for
tungsten in rhyolitic glasses (1000 ppm). The XANES
and EXAFS spectra for tungsten in these glasses (Figs.
7c and d, respectively) are closer to that for scheelite
(CaWQ,) than that for hiibnerite, (Mn,Fe)WQ,. This
suggest the presence of tungstate moieities in the glasses
[four-coordinated W(VI)] as in scheelite (Hazen et al.
1985) [W(VI]) is six-coordinated in hiibnerite]. This
result is also in agreement with interpretations of the
solubility of hiibnerite and ferberite (Linnen 2005).

Molybdate and tungstate moieties are character-
ized by a very high average bond-valence (VI/4 = 1.5
valence units). Therefore, hexavalent molybdenum and
tungsten can only be charge-compensated by network
modifiers, which can easily provide the necessary 0.5
vu to charge-compensate the oxygen atoms in between
Mo and W and the network modifiers (as in powellite,
CaMoOy; Hazen et al. 1985). In contrast, molybdate
and tungstate moieties cannot bond to network formers
(which provide 0.8-1.2 vu), as the connecting oxygen
atoms would be severely overbonded (by 0.3-0.7 vu).
This fact explains why hexavalent molybdenum and
tungsten largely occur in non-silicate minerals in nature.
Consequently, Mo(VI) and W(VI) are complex-formers
in silicate glasses, and their polyhedra remain in the
areas of the glass that are rich in network modifiers;
thus they are not directly connected to the framework
of tetrahedra.

Tantalum and niobium. Figure 7e shows the Ta Lyy-
edge XANES spectra for tantalum collected in a selec-
tion of ASI glasses. As for tungsten, few high-quality
EXAFS spectra could be collected for tantalum because
of the very low edge-jump at the Ly;; edge. However, the
first EXAFS feature (feature C) and the edge position
(feature A) are identical in the glasses and in colum-
bite—tantalite model compounds, in which tantalum is
6-coordinated by oxygen atoms (Klein & Weitzel 1976).
In the metaluminous glass (ASI 1.0), Ta-Ta pairs are
observed in the Fourier Transform (near 2.8 A on the
FT, which is equivalent to a Ta-Ta distance of 3.2 A;
see Fig. 7e), indicating some saturation of the melt in
tantalum. In addition, the well-defined Ta-Ly; edge in
ASI 1.2 (i.e., features A1-A2) suggests a well-ordered
local structure in that glass, as compared to ASI 1.0,

FiG. 7. Normalized XANES spectra (left) and FTs (right) of
the EXAFS spectra (not shown) for a variety of models
and glasses containing molybdenum (top figures), tungsten
(middle figures) and tantalum (bottom figures).
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again confirming that this sample has ordered domains
enriched in Ta (most likely an incomplete dissolution
of Ta;Os). In contrast, the Ta—Ta contributions are
much less intense in the peraluminous glass (ASI 1.2),
indicating a better dissolution of Ta in that composition.
The speciation information for Ta(V) in the latter glass
is similar to that for Nb(IV) in a variety of dry and
H,0O-saturated haplogranitic melts (Piilonen et al. 2002,
2006), which were interpreted to reflect the presence of
NbOg’~ units connected to the framework of tetrahedra
(in agreement with a variety of Raman scattering and
Nb,Os solubility experiments).

From this set of information, only molybdenum and
tungsten are (true) complex-formers that remain discon-
nected from the network of tetrahedra (making them
easily extractable by fluids) under moderately reducing
conditions. This property is principally due to their high
bond-valence (~1.5 valence units). In contrast, Nb(V)
and Ta(V) form much lower bond-valences (0.7-0.9
vu), making them weak network modifiers [like Zr or
Sn(IV)]. These cations will, then, be much more sensi-
tive to melt polymerization and alkalinity, as Sn(IV).
Also, the excess of NBO atoms provided by H,O in
peralkaline melts should not influence the solubility
of the accessory phases containing Nb, Ta, W and Mo
as essential components (e.g., columbite—tantalite,
ferberite—htibnerite solid-solutions), as there is a large
excess of NBO atoms to which any of these cations and
the network formers will bond. In contrast, aluminum
and the high-field-strength element (HFSE) cations
compete for NBO atoms in anhydrous metaluminous
melts, so that NBO atoms resulting from the introduc-
tion of H,O can strongly affect HFSE solubility (Linnen
2005).

However, under reducing conditions (~QFM buffer
and below), the situation is dramatically different. Both
Mo(V) and Mo(IV) appear at the expense of Mo(VI)
(Farges et al. 2006). The average bond-valence of
molybdenum falls drastically, to values close to 2/3, as
Mo(1V) is found to be six-coordinated in highly reduced
melts (~IW buffer and below; Farges er al. 2006). Most
likely, tungsten will show the same behavior as molyb-
denum (but plausibly at different conditions of oxygen
fugacity). As a consequence, in these reduced melts,
molybdenum (and possibly tungsten) would behave
like tetravalent tin. However, it is likely that under the
reducing conditions required for Mo(IV) to form, tin is
divalent (Linnen et al. 1996, this study). In this context,
tin [as Sn(II)] is an “efficient” network modifier, a very
unique case among HFSE elements. Thus, the mobility
of divalent tin should be dramatically enhanced, also
making it easily extractable by fluids. On the other
hand, Mo(IV) should behave in a manner similar to Zr
or Nb, unless sulfur is present, as it preferentially bonds
with chalcophile elements such as molybdenum in S-
bearing glasses (Farges et al. 2006). The consequence
of an oxygen-to-sulfur change in ligands is the same
as for the reduction of tin, i.e., a strong increase in
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ionicity and, thus, of mobility. This would enhance the
extraction of tetravalent molybdenum sulfide species
by fluids from coexisting melts, a feature that is not yet
well recognized for tungsten (which is much less of a
chalcophile element than molybdenum). Only niobium
and tantalum are predicted to behave in a relatively
comparable manner in reduced, volatile-bearing (H,O,
sulfur, fluorine, chlorine and CO,), high-pressure oxide
melt frameworks. Consequently, the chemical affini-
ties for each of these metals are quite unique (Windy
& Drake 2000), reinforcing the fact that the crystal
chemistry for each of these rare metals in geochemically
relevant melts is not easily predictable without a thor-
ough investigation of their molecular-scale preferences
in bonding in oxide melts.

CONCLUSIONS

In silicate glasses, Sn(IV) is present as eakerite-type
moieties. Consequently, Sn(IV) behaves in a similar
manner to Zr(IV), i.e., it is highly dependent on the
available non-bridging oxygen atoms to which Sn(IV)
preferentially bonds. As a result, Sn(IV) is sensitive to
melt depolymerization, alkalinity and fluid contents (all
of which enhance the solubility of tetravalent tin). In
contrast, Sn(I) is much more sensitive to temperature,
and its structural environment is less well defined,
owing to its higher ionicity. Thus Sn(II) is highly
compatible with NBO-rich phases, such as magmatic-
hydrothermal fluids or late peralkaline magmas. Tin
in relatively reduced metaluminous to peraluminous
melts (the melts from which tin granites crystallize) is
dominantly present as Sn(II), in sharp contrast to the
mineralogy of tin (for which cassiterite predominates).
In addition to its large differences in behavior related
to its two redox states, tin also behaves quite differently
from Mo(VI) and W(VI) in silicate glasses, which form
true complexes (molybdate and tungstate moieties,
even at relatively low fugacities of oxygen), discon-
nected from the framework of tetrahedra. In contrast,
Ta(V) and Nb(V) compounds are easily saturated in
melts that lack network compensators, as with Sn(IV)
or Ti(IV). This validates the information about these
high-field-strength elements from thermochemistry
(Hess 1991), although Sn, Nb, Ta and Ti have very
different structural positions in silicate glasses and melts
of geochemical interest. This information shows the
variety of behaviors among related metals in magmatic
systems; such variety is largely related to the differences
in their bonding requirements, primarily controlled by
their bond valence, which influences their ionicity and
connectivity in glasses and in melts.
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