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Abstract

The influence of TiO, on the structure of silicate melts has been determined at 1 atm pres-
sure by laser Raman spectroscopy. The following melt compositions were used: CaSiOs,
CaMgS8i,0s, Na,Si0;, NaAlSi,O;, CaAl,O,, and Na,TiO,.

Titanium is in four-fold coordination in all melts studied, as there are no Raman bands be-
low 700 cm™' that can be assigned to Ti** in six-fold coordination. In melts with nonbridging
oxygen (NBO), solution of TiO, results in a decrease in NBO/T (nonbridging oxygens per
tettahedrally coordinated cation). In metasilicate melts, monomers, chains, and sheets of Si**
and Ti** occur as discrete units. The proportion of the Ti-rich structural units increases rela-
tive to the Si-rich units with increasing TiO, content of the system. The overall NBO/T of the
melt decreases with increasing TiO, content which results in an increase of chain and sheet
units relative to monomers.

Titanium substitutes for silicon in quenched Ab and An melts to form three-dimensional
(3D) aluminotitanate complexes. The aluminosilicate complexes (3D) in these melts become
depleted in Al as a result of this solution mechanism of Ti. Discrete, three-dimensional units
of TiO, composition occur together with three-dimensional SiO, units in quenched melts in
the system SiO,-TiO,.

The position of liquidus boundaries between minerals of different degree of polymerization
shifts toward the silica-deficient portions of the appropriate systems with the addition of
TiO,. This behavior is a result of the decrease in NBO/T in the melts as TiO, is added.

Crystal-liquid partition coefficients for a variety of transition metals and incompatible
trace elements are likely to increase with increasing TiO, content of the melt as a result of the
decrease of NBO/T of melts with increasing TiO, content.

The viscosity of depolymerized silicate melts depends on NBO/T. Inasmuch as this ratio
decreases with increasing TiO,, the viscosity of such melts probably increases with increasing
titanium content. The viscosity of fully polymerized melts depends on the strength of Al-O-
Si and Si~O-Si bonds. By substitution of Ti for some of the Si, the bonds probably become
weaker. The viscosity of such melts will decrease, therefore, with increasing TiO, content.

Introduction
Titanium is a minor element in most rock-forming
silicate melts. Nevertheless, this element is petrologi-
cally significant. For example, liquidus boundaries
between olivine and pyroxene shift toward olivine-

rich portions of appropriate systems as TiO, is added
to the melt (Kushiro, 1973, 1974, 1975).

Titanium also plays an important role in Fe-Ti
oxides when such minerals are used to determine
f(O)-T conditions during the petrogenesis of ig-
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neous rocks (Buddington and Lindsley, 1964; Carmi-
chael, 1967). The composition of an Fe-Ti oxide de-
pends on the activity of Fe**, Fe’*, and Ti** in the
igneous system. Consequently, it is necessary to un-
derstand the structural role of Ti**, Fe**, and Fe** in
the silicate melts from which such minerals precipi-
tate. Some data are already available for ferric and
ferrous iron (Waff, 1977; Mysen and Virgo, 1978;
Mysen et al., 1979a; Seifert et al., 1979); however,
little is known about Ti**.

Crystal-liquid partition coefficients of important
trace elements (e.g., transition metals and rare earth
elements) depend on the extent of polymerization of
silicate melts (Hart and Davis, 1978; Watson, 1976;
Mysen et al., 1979b). The extent of this polymeriza-
tion depends on the Ti content of the melt and
whether Ti exists in four-fold or six-fold coordina-
tion. It is important, however, to determine the role
of Ti before the influence of dissolved TiO, on trace-
element partition coefficients can be understood.

The physical properties of silicate melts such as
viscosity and compressibility probably vary with Ti
content. These variables depend on both the degree
of polymerization and the strength of oxygen bridges
in the silicate melts (Bridgman and Simon, 1953;
Bockris et al., 1955; Taylor and Rindone, 1970;
Mysen et al., 1979a; Bottinga and Weill, 1972).

In view of these observations, we have conducted a
Raman spectroscopic study of selected Ti-bearing sil-
icate melts, in order to determine the structure of
possible Ti-bearing complexes and to assess the inter-
action between such complexes and the silicate
solvent.

Experimental technique

Igneous rocks are made up essentially of a combi-
nation of components that when studied independ-
ently in a molten state consist of a three-dimensional
network (e.g., feldspars and quartz) or have two or
more nonbridging oxygens per tetrahedral cation
(NBO/T). The latter group involves all the pyroxene
compositions, for example. We decided, therefore, to
study the influence of TiO, on the structures of these
two groups of melts.

Pure Si0,-TiO, melts have been studied by Chan-
drasekhar et al. (1979) and Tobin and Baak (1968).
Their data serve as reference points for the structural
studies of feldspar compositions [NaAlSi,O, (Ab)
and CaAl,Si,O; (An)]. Three metasilicate composi-
tions were used: Na,SiO, (NS), CaSiO, (Wo), and
CaMgSi,04 (Di). In addition, the spectrum of
quenched melt of Na,TiO, composition was taken to
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aid in assigning the Ti-O stretching band in Ti-bear-
ing structural units having a significant number of
nonbridging oxygens.

The starting materials were spectroscopically pure
$i0,, ALO,, TiO,, MgO, and CaCO,, and reagent-
grade Na,CO,. These oxides were thoroughly mixed,
melted, and quenched in a platinum-wound vertical
quench furnace. The samples were quenched by
dripping droplets of melts on a Pt surface cooled with
liquid N,. The quenching rate with this technique
was about 500°C/sec over the first 1000°C.

Inasmuch as analyses of Na-rich glasses tend to be
unreliable (see, for example, discussion by Mysen
and Virgo, 1978), sample compositions were checked
with the aid of Raman spectroscopy as discussed in
detail by Mysen et al. (1980a). That method provides
information on both sample composition and sample
homogeneity.

All aspects of the Raman spectroscopic technique
have been discussed by Mysen et al. (1980b), who
also discussed procedures for deconvolution of the
Raman spectra. Further details of that procedure as
it pertains to the Ti-bearing samples are discussed
below.

Results

Metasilicate compositions

Raman spectra of Ti-free, quenched melts of Wo,
Di, and NS composition have been discussed else-
where (Brawer and White, 1975, 1977, Mysen et al.,
1979a, 1980b; Seifert et al, 1979; Furukawa and
White, 1980), and only the high-frequency envelopes
of these spectra are shown here (Figs. 1-3). Detailed
spectroscopic data are shown in Table 1. The Raman
spectra of quenched melts on MO-SiO, and M,0-
SiO, joins (M = Pb**, Ca**, Mg**, K*, and Na*) in
the compositional range between orthosilicate
(NBO/Si = 4) and tectosilicate (NBO/Si = 0) were
discussed by Mysen et al. (1980b) and Virgo et al.
(1980), who pointed out that only a limited number
of anionic structural units occur in these melts. These
are of the form SiO%, Si, 0%, Si,0¢, Si,07", and
SiO,. Only three of these units could coexist for a
given melt compositional range. Within each range
the proportion, but not the composition, of the units
varied as a function of bulk composition of the melt.
Among other tetrahedrally coordinated cations, only
AP* appears to mix randomly with Si**.

The model is inconsistent with melt structural
models based on polymer theory (e.g., Masson,
1977). Mysen et al. (1980b) discussed the differences
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Fig. 1. Two alternative interpretations of the high-frequency envelope of the unpolarized Raman spectrum of quenched Na,SiO,
melts as a function of TiO, content. (A) One-band fit in the 880 cm~! maximum. (B) Three-band fit in the 880 cm~! maximum. See text

for discussion of deconvolutions.

and pointed out that their simple model was consis-
tent not only with the Raman spectroscopic data, but
also with crystal chemical principles (e.g., Dent Glas-
ser, 1979) and rheological properties of the melts.
Models based on polymer theory are not.

The model proposed by Mysen et al. (1980b) is the
basis for this work. As they discussed the Raman
spectra and the interpreted structures of metasilicates
in detail, only a summary of those data and dis-
cussion is included here.
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Fig. 2. Two alternative interpretations of the high-frequency envelope of the unpolarized Raman spectrum of quenched CaSiO; melts
as a function of TiO, content. A and B as in Fig. 1. See text for discussion of deconvolutions.
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Fig. 3. Two alternative interpretations of the high-frequency envelope of the unpolarized Raman spectrum of quenched CaMgSi,O,
melts as a function of TiO, content. A and B as in Fig. 1.
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Table 1. Raman data on depolymerized melts with TiO,

Composition ngp., Wavenumber, -
CaSiO3 1575 Vele 637s 879m 979s oo 1070s
CaSiO3 + 5 mole % T102 1575 [345m(bd) 627s 710mw 840s PN 961s 102 8mw 1062m]
345m(bd) 627s 734w 787m 850w 871s 9617s 1028w 1062mw
CaSiO3 + 10 mole % TiO2 1575 [340m(bd) 64 0mmw 717m 500 829s oyt 950m 1021mw 1060w]
340m(bd) 640mw 746m 800m 846w  860s 960s 1030m 1079w
CaSiO3 + 15 mole % TiO2 1575 [310m(bd) 500vw 651m 726mw o 830s ey 947m 1015m 1060m]
310m(bd) 500vw 655m 726m 786m 845w 868s 965m 1019m 1069mw
CaMgSiZO6 1575 ooU 632s 880m 983s boo 1070m
CaMgSiZO6 + 5 mole % TiO2 [350vw(bd) 638m vy 862s xexe 963s 1030mw 1063m]
350vw(bd) ooy 638m oo 810w 857m 900ms 977s 1037w 1071m
CaMg31206 + 10 mole % TiO2 1575 [330w(bd) 510vw 632m 710w e 855s s 963s 1025m 1073m]
330w (bd) 510vw 632m 741w 800m  853s 902s 979s 1033m 1080m
CaMgSiZO6 + 15 mole % T102 1575 [315mw(bd) 520w 627m 705m oo 834s — 964s 1018m 1080m]
315mw (bd) 520w 629m 732m 798m 845w 877s 976ms 1028m 1080m
NaZSiO3 1400 oo oo 620s 860m 970s % 1056m
N325103 + 10 mole % TiO2 1400 [350w(bd) 500vw  618m 850m 962s 1023mw  1067w(bd)]
NaZTiO 1810 903 1400 {350w(bd) 500vw 614m 844s 951s 1024mw 1066w]

Abbreviations:
{sh), shoulder.
in the high-frequency envelope of the spectra).

s, strong; ms, medium to strong; m, medium; mw, medium to weak; w, weak; vw, very weak; (bd), broad;
Band positions in brackets are those from interpretation A (only one band fitted to the 880 cm~l maximum

The high-frequency envelope of the Raman spec-
trum of Ti-free, quenched Wo melt consists of three
major bands. These are a symmetric Si-O>" stretch
band near 880 cm™’', a symmetric "O-Si—O~ stretch
band near 980 cm™', and a symmetric ~O-Si-O°
stretch band near 1070 cm™'. The notations for the
stretch bands (introduced by Furukawa and White,
1980), are meant to imply structural units with 4, 2,
and 1 NBO/Si, respectively. The 980 and 1070 cm™
stretch bands are also associated with O-Si-O defor-
mation motions in the frequency region between 600
and 660 cm™ (Table 1; see also Etchepare, 1972;
Lazarev, 1972).

As a part of their comprehensive model for silicate
melt structure, Mysen et al. (1980b) concluded that
the structure of metasilicate melts consists of units
with, on the average, 4, 2, and 1 NBO/Si. These units
are referred to as monomers, chains, and sheets in the
following text. The exact nature of these structural
units was also discussed by Mysen et al. (1980b), who
concluded that these structures are, most likely,
monomers, chains, and sheets.

The Raman spectra of quenched CaMgSi,O, (Di)
and NaSiO, (NS) melt (Table 1) consist of the same
bands with the same relative intensities and polariza-
tion characteristics as CaSiO, (Wo) melt. Mysen et
al. (1980b) concluded, therefore, that those melts
contain the same anionic structural units as Wo melt.

Before the influence of TiO, on the Raman spectra

of metasilicate quenched melts is considered, the
spectrum of quenched Na,TiO; melt will be dis-
cussed (Fig. 4). The high-frequency envelope of this
spectrum indicates the presence of three bands. One
is near 770 cm™', another is near 880 cm™', and there
is a strong band near 270 cm™'. The Raman spectra
of quenched melts on the joins Na,0-TiO,-SiO,,
Li,0-TiO,-Si0,, and K,0-TiO,-SiO, (Iwamoto et
al., 1975; Furukawa and White, 1979) exhibit the
same bands for analogous compositions but with
some Si** substituted for Ti**. Inasmuch as (Si,Ti)-
systems exhibit two-mode behavior (see Furukawa
and White, 1979, 1980), and there is no evidence of
(8i, Ti)-coupling in the (Si,Ti)-bearing systems (Furu-
kawa and White, 1979), the interpretation of the O-
Ti-O vibrations in the Si-bearing systems is not af-
fected by the presence of Si** in the system.

Furukawa and White (1979) noted that in analogy
with band positions in crystalline titanates with Ti*"
in six-fold coordination, the spectra of quenched
melts on these joins do not indicate that Ti** is in six-
fold coordination (Ti-O stretch bands below about
650 cm™* for Ti"'-O polyhedra). The absence of such
low-frequency bands in the spectrum of quenched
Na,TiO, melt indicates that all Ti** is in four-fold
coordination.

Furukawa and White (1979) suggested that the
maximum near 880 cm™* reflects a band that is char-
acteristic of Ti** incorporated in a sheet structure
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Fig. 4. Unpolarized Raman spectrum of quenched Na,TiO, melt. See text for further discussion of the spectrum and deconvolution.

(CO-Ti~O° stretch vibration) in Ti-bearing Li-di-
silicate quenched melts. In the spectrum in Figure 4
the maximum of the high-frequency envelope is near
880 cm™, but the melt is a less polymerized metasili-
cate. By analogy with the spectroscopic results on
melts on the join Na,0-SiO, (Brawer and White,
1975; Furukawa and White, 1980; Mysen et al.,
1980b), a chain structure is probably the dominant
structural unit in the metatitanate. Inasmuch as the
frequencies of stretch vibrations are expected to de-
crease with increasing NBO/T (e.g., Furukawa and
White, 1979), it is unlikely that the maximum at 880
cm™' reflects only one vibration, as 880 cm™' corre-
sponds to the ~O-Ti-O° (sheet). Furthermore, the
high-frequency envelope shows a distinct asymmetry
toward lower frequencies. If the main band in the
maximum near 880 cm™ is placed at a lower fre-
quency, another band at higher frequency is required
to equalize the area beneath the high-frequency en-
velope. This band is near 890 cm~'. We suggest that
this band is due to the “O-Ti-O° stretch vibration
observed by Furukawa and White (1979) in Li-di-
silicate with TiO,. The main band is near 850 cm™!
and probably reflects the presence of Ti, 0! chain
units in the melt. Mass-balance considerations in-
dicate that a metatitanate with sheet and chain units
in the structure must have at least one structural unit
with NBO/T greater than that of a chain (2). The Ti-
O stretch band of crystalline orthotitanates with Ti**
in four-fold coordination occurs near 750 cm™'. The
Raman spectrum of pure Na,TiO, quenched melt is

best fitted with a sharp band near 770 cm™ and a
broad band near 720 cm™'. We suggest that the 770
cm™' band results from a Ti-O stretch vibration from
the depolymerized unit. This unit may be a mono-
mer, although the spectroscopic data do not provide
an unambiguous answer. If it is a monomer,
quenched Na,TiO, melt displays the same structural
units as Na,SiO; melt (Mysen et al., 1980b); that is,
there are a sheet, a chain, and monomer and the
chain unit is the predominant unit in the melt.

In the structural model proposed for Na,TiO, melt,
structural units contain bridging oxygen. Bands re-
flecting O-Ti-O deformation might be expected. We
suggest that the 720 cm™ band is such a band.

Furukawa and White (1979, 1980) found that the
addition of GeO, and TiO, to melts on M,0-SiO,
joins resulted in a “two-mode behavior,” in which for
each Si-O stretch band there is an analogous Ge-O
or Ti-O stretch band. Similar observations were
made by Mysen et al. (1979a, 1980a) and Seifert et al.
(1979), as a result of the addition of Fe,0, to melts of
similar composition. If this observation holds true for
the present systems as well, the Raman spectra of Ti-
bearing, silicate systems should show one band for
the Si—O stretch vibration and one for the analogous
Ti—O vibration. The Raman spectrum of quenched
melt of Na,SiO, + 10 mole percent TiO, (O = 6) is
compared with that of Ti-free quenched NS melt in
Figure 1 (see also Table 1). The high-frequency en-
velope of the spectrum is marked by two strong max-
ima near 850 and 950 cm™. There is also a shoulder
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extending to about 1100 cm™'. If one band is fitted
near 1070 cm™' [this band occurs in the Ti-free
sample and results from ~O-Si-O° stretching in a
sheet structure (Furukawa and White, 1980)] and one
in a maximum near 960 cm™' [corresponding to ~O-
Si-O~ stretching in a chain structure (Brawer and
White, 1975, 1977; Furukawa and White, 1980)] an-
other band must be fitted near 1020 cm™". Not only
do the 1070 and 960 cm™' bands have the same fre-
quencies as the sheet and chain stretch bands in Ti-
free melt, but they also have the same polarization
characteristics (see also Furukawa and White, 1980).
The band near 1020 cm™' probably results from
(81, Ti) coupling of stretch vibrations in a sheet unit
with randomly distributed Ti** and Si**. Such mixing
is needed to explain this band, because ~O-Ti-O°
stretching results in a band near 890 cm™' (see above)
and ~O-Si-O° stretching results in a band near 1070
cm™'. An intermediate band position may indicate
mixing of the two.

The maximum near 850 cm™' presents a problem
(Fig. 1). A single band can be fitted to the maximum
(Fig. 1A), and the band would be interpreted as due
to "O-Ti-O~ stretching (Ti,0¢" chain). In such a
case, Ti-bearing quenched NS melt has a structure
that consists almost entirely of Ti,0f and Si,Of
chains, a sheet unit that is essentially Si,0%", and a
sheet unit of mixed Ti and Si [(Si,Ti),027]. The indi-
vidual units would be at least 20A across, inasmuch
as separate Raman bands can be assigned to these
units (Brawer, 1975). In all other systems studied to
date, at least three structural units with different de-
grees of polymerization (different NBO/T) occur to-
gether in binary and more complex systems (Virgo et
al., 1979). Chain and sheet structures could coexist
with either three-dimensional units (3D) or a mono-
mer. In the system Na,O-SiO, the 3D unit does not
occur until molar 2 < Si0,/Na,O < 3 (Mysen et al.,
1980b). There is no clear antisymmetric indication
from the Raman spectrum that stretch bands in-
dicative of three-dimensional structural units occur
(Fig. 1). If TiO, is considered analogous to SiO,,
these three-dimensional network units would not be
expected in quenched NS + 10 mole percent TiO,
melt. Insertion of a new stretch band at frequencies
below 850 cm™" was therefore attempted. The (Ti,Si)
coupling would not be expected in monomers, and
Raman bands from Si—O”~ and Ti—O* stretch vibra-
tions are expected to be rather sharp. Sharp bands
are expected because there is no bridging oxygen
where the dihedral angle may vary, and broadening
of the Raman bands will occur (Brawer, 1975). The
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results of the above considerations are shown in Fig-
ure 1B. There is a strong band at 853 cm™ and two
weak bands near 830 and 810 cmm™'. We suggest that
the latter two bands may reflect Si-O*" and Ti-O*"
stretching, respectively. According to this inter-
pretation, Ti-bearing quenched melt of Na,SiO,
composition exhibits the same two-mode behavior as
found in NS melt with Fe,O, added (Mysen et al,
1979a). Under such circumstances, the melt consists
of two monomer units (TiO4~ and Si0%), two types
of chain units (S8i,0f and Ti,0%"), and two sheet
units [Si,0?” and (Si,Ti),057]. The size of the units
cannot be determined. According to the theory of
Brawer (1975), decoupling of Raman bands may oc-
cur if the individual units are of the order of 20A or
greater. We conclude, therefore, that each of these
units is at least that large.

The high-frequency envelopes of the Raman
spectra of quenched Wo melt with 5-15 mole percent
TiO, are shown in Figure 2 (see also Table 1) with
two alternative deconvolutions of the spectra. As for
quenched NS melt, the Raman spectra alone cannot
be used to determine which solution is correct, and
both will be discussed. The three highest frequency
bands occur at nearly the same position in both solu-
tions (Fig. 2A,B). The band near 1060 cm™ occurs
whether or not TiO, is present, and in analogy with
previous interpretations (Furukawa and White, 1979,
1980; Mysen et al., 1979a, 1980b) it is assigned to ~O-
Si-O° stretching. The frequency of this band is in-
significantly affected by the presence of TiO,. Con-
sequently, the sheet unit that gives rise to this band
must be nearly Ti-free. The band between 1020 and
1030 cm™' shifts to slightly lower frequency and
grows in intensity relative to the 1060 cm™ band as
the TiO, content of quenched Wo melt is increased
(Figs. 5 and 6). This band is therefore related to the
presence of Ti** in the melt. In analogy with the in-
terpretation of the same band in quenched NS + 10
mole percent TiO, melt, the band is assigned to “O-
(Si, Ti)-O° symmetric stretching. A consequence of
this logic and the Raman spectroscopic features
(Figs. 5 and 6) is that this structural unit becomes
more Ti-rich as the Ti content of the system in-
creases.

The band between 980 and 950 cm™ (Fig. 2) shifts
to slightly lower frequency with increasing Ti content
(Fig. 5). The intensity of this band also decreases rel-
ative to the other bands in the envelope as the Ti
content of the system increases. This band may be
due to stretching of the (Si,Ti)-coupled stretch band
in a chain unit. The frequency is near that of the ~O-
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however, a slight increase in its Ti content with in-
creasing TiO, in the system.

The main spectroscopic feature of the spectra of
quenched Wo + TiO, melt is the maximum between
830 and 840 cm™'. This maximum becomes more
dominant and shifts to slightly lower frequency with
increasing Ti content (Fig. 2; see also Table 1). When
only one band is fitted to this maximum (Fig. 2A),
the band occurs at about 30 cm™ lower frequency
than the band considered diagnostic of a pure Ti, 0%~
chain unit on the basis of the data from quenched
Na,TiO; melt (Figs. 2A and 4). If this is the only
band in the region near 830 cm™', and does in fact re-
flect the presence of a Ti-rich chain unit in the melt,
the spectroscopic evidence indicates that the Ti,Of
chain unit becomes the dominant structural feature
of quenched Wo melt as the Ti content of the system
is increased (Fig. 6). The downward frequency shift
with increasing Ti content also indicates that there is
some Si in the chain and that the Ti/(Ti + Si) in-
creases with increasing Ti content.

No spectroscopic evidence indicates that Ti** is in
six-fold coordination in quenched Wo + TiO, melt,
inasmuch as there are no bands at wavenumbers less
than ~700 cm™ that could be attributed to Ti-O
stretch vibrations of Ti in six-fold coordination. The
band near 650 cm™ is the second most intense band
in all metasilicate melts (Brawer and White, 1975,
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Fig. 6. Variations of intensity ratios indicating relative importance of Ti-rich and Ti-depleted structural units in quenched metasilicate

melts according to interpretation A in Fig. 1-3.
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1977; Furukawa and White, 1980; Verweij, 1979a,b;
see also Mysen et al.,, 1980b, for summary and dis-
cussion of data for binary-metal oxide-silica melts)
and is interpreted as an O-Si-O deformation motion
(see also above). Its frequency and intensity relative
to the high-frequency envelope are not affected by
the presence of TiO, in the melt. We conclude, there-
fore, that no new bands (which indicate six-fold
coordinated Ti**) occur in this frequency region as
TiO, is added. Rather, it appears that Ti** is a net-
work-former whose role in the melts is similar to that
of Si**,

Virgo et al. (1980) have shown that up to 25 mole
percent SiO, may be added to Wo melt without stabi-
lization of new structural units. The proportion of the
other units in the melt is, however, affected by this
process. It is not likely, therefore, that addition of up
to 15 mole percent TiO, would result in the dis-
appearance of the monomer in the structure. Fur-
thermore, the absence of any indication in the
spectra of a 3D unit suggests that Ti** is no more ef-
fective than Si** in producing a decrease of NBO/T
of the melt. In view of the above discussion of the
structure of quenched NS + 10 mole percent TiO,,
the existence of Raman bands indicating the pres-
ence of structural units with NBO/T greater than 2
was searched for. The strongest Raman band near
850 cm™' was placed as close as possible to that of the
Ti-O stretch band of a Ti,O¢™ chain unit (see Figs. 4
and 2B). As a result of this procedure, there is no
room for additional bands between the 960 cm™'
band and that near 850 cm™'. The symmetric Si-O
stretch band for a dimer (Si,057) occurs near 900
cm™' (Lazarev, 1972; Virgo et al., 1980; Mysen et al.,
1980b). Stretch bands from structural units with
NBO/T < 3.5 occur at even higher frequencies. We
conclude, therefore, the Ti-free structural units with
3.5 > NBO/T > 2 do not exist in quenched Wo +
TiO, melt. An attempt was then made to fit a band
near the position of the Si—O*" stretch band found in
Ti-free Wo melt (Fig. 2). If such a band is fitted to
the high-frequency envelope, another sharp band oc-
curs near 800 cm™' and a broad one is developed near
720 cm™'. The sharpness of the 850 cm™' band in-
dicative of a depolymerized structural unit is justi-
fied, as for the bands in the same position in
quenched NS + 10 mole percent TiO, discussed
above. From spectroscopic considerations, it cannot
be ruled out that both the 850 and 800 cm™ bands
thus generated reflect (8i,Ti)-coupled vibrations in
structural units with 4 > NBO/T > 2. Note, how-
ever, that in the systems CaO-SiO, and (Ca,Mg)O-
Si0,, such units occur only when molar MO/TO, =
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1.2. In the present system, molar MO/TO, is less
than 1. Note also that in the simple system CaO-
Si0,, monomers exist in melts with as much as 25
mole percent SiO, added to CaSiO, (MO/SiO, =
0.67). We suggest, therefore, that the two bands near
850 and 800 cm™' are Si-O*" and Ti-O* stretch
bands. The band in the vicinity of 720 cm™' probably
is due to O-Ti-O or O—(Si,Ti)-O deformation in
chain or sheet units or both.

The spectroscopic interpretation shown in Figure
2B is similar to that for NS + TiO, melt in Figure 1B.
This interpretation is also consistent with other work
in analogous systems (e.g., summary by Virgo et al,
1979, 1980) and indicates a two-mode behavior in the
system Wo + TiO,. Such behavior was also found by
Furukawa and White (1979) in the system Li,O-
TiO,-Si0,, by Furukawa and White (1980) in the
system Na,0-Ge0,-Si0,, and by Seifert ez al. (1979)
in the system Na,0-AlO,-FeO-Fe,0,-Si0,.

The intensity ratios, I(800)/I(850) and 1(870)/
1(970), reflect the abundance ratios X(TiO:7)/
X(Si0§) and X(Ti,0¢)/X(8i,0%7) in the melt. The
data in Figure 7 show that the Ti,O¢~ chain increases
in abundance relative to the Si,Of™ chain to at least
15 mole percent TiO,. The abundance of TiO%~
monomers relative to SiOj- monomers passes
through a maximum near 10 mole percent TiO,. The
intensity ratio, 1(1030)/1(1060) (Fig. 7), indicates
that the relative abundances of the sheet units change
in the same fashion as those of the monomers. Note,
however, that the titaniferous sheet unit also contains
Si and that Ti/(Ti + Si) increases as the bulk TiO,
content of the system increases beyond 10 mole per-
cent (Fig. 2). It cannot be determined from the
spectra how the bulk monomer/chain/sheet ratios
vary as a function of TiO, content, because of the dif-
ferent polarizability of Ti-O and analogous Si-O
bonds.

The high-frequency envelopes of the Raman
spectra from quenched TiO,-bearing melt of Ca
MgSi, 0 composition (Di) are shown in Figure 3
with the same alternative interpretations as for
quenched NS + TiO, (Fig. 1) and quenched Wo +
TiO, (Fig. 2). The evolution of the spectra with in-
creasing TiO, content resembles that of quenched
Wo melt with TiO, (Figs. 2 and 3).

As for the two previous compositions, the spectra
without additional bands below about 850 cm™ are
discussed first (Fig. 3A). Note that all bands grow in
intensity and shift frequencies in the same fashion as
in Wo + TiO, (Figs. 2, 3, 5-7). The interpretations
therefore are similar.

The Raman spectra of quenched melts on the join
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(Cay Mg, )O-Si0, indicate that more than 25 mole
percent SiO, must be added to Di melt to form melts
with structures that involve three-dimensional net-
work units (Virgo et al., 1980; Mysen ef al., 1980b).
With SiO, contents less than 25 mole percent, the
quenched melts contain sheets, chains, and mono-
mers. With this conclusion as a guide, curves were
fitted to the high-frequency envelope so that bands
from stretch vibrations in polymeric units with
NBO/T greater than 2 could be included (Fig. 3B).
The results are similar to those for Wo + TiO, (Fig.
2B). Note, however, that in contrast to the results for
Wo + TiO,, the intensity ratios, 1(800)/1(850),
1(870)/1(970), and 1(1030)/1(1060), increase continu-
ously to at least 15 mole percent TiO, (Fig. 7). It ap-
pears that 7(1030)/1(1060) is the least sensitive to
TiO, content.

As indicated above, it cannot be decided from the
Raman spectra alone whether models A or B are cor-
rect. However, in view of the conclusion that Ti**
shows a two-mode behavior in all other systems con-
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sidered (Furukawa and White, 1980), and because of
the otherwise similar behavior of Ti** and Si**, we
suggest that model B is more likely. If so, we con-
clude that addition of TiO, to metasilicate melts has
the same structural effect whether the metal is Na,
Ca, or Mg. That is, it appears that in addition to the
silicate monomers, chains, and sheets, the analogous
titanate complexes are formed. Only the sheet unit
consists of a mixture of Si** and Ti**. The size of
these units cannot be determined. According to Bra-
wer (1975), the existence of separate bands indicates
that they are at least 20A across.

Three-dimensional network structures

Raman spectra of quenched melts in the system
Si0,-TiO, have been published by Tobin and Baak
(1968) and Chandrasekhar ez al. (1979). In the high-
frequency region between 800 and 1200 cm™', two
Si-O° stretch bands at 1060 and 1190 cm™' [in-
dicative of two three-dimensional structural units, as
also supported by transmission electron microscopy;
Gaskell (1975), Bando and Ishizuka (1979), Gaskell
and Mistry (1979)] have been joined by two Ti-O°
stretch bands near 930 and 1100 cm™'. The frequency
of these two bands is independent of the TiO, con-
tent of the melt (Chandrasekhar et al, 1979), in-
dicating that these two bands are decoupled from the
Si—O° stretch vibrations. Chandrasekhar et al. sug-
gested that the presence of the 930 and 1100 cm™
bands in quenched melts in the system SiO,-TiO, re-
flected LO and TO splitting. Inasmuch as such split-
ting requires long-range order, a condition that does
not exist in glasses and melts, this interpretation is
not likely. Rather, we suggest that two separate TiO,
units exist in the melt, in analogy with the SiO, units
whose presence is further supported by independent
transmission electron microscopic data (Gaskell,
1975; Bando and Ishizuka, 1979; Gaskell and Mistry,
1979). This interpretation was also advanced by
Virgo et al. (1979) for melts on the joins NaAlO,-
Si0,, CaAl,0,-Si0,, and NaFeO,-Si0,. In this case,
the interpretation was further substantiated by the
observation that the extent of splitting of the two
bands diminished with increasing content of the
aluminate (or ferrite) component. If the presence of
the two stretch bands were due to LO and TO split-
ting, increased splitting would be expected.

We suggest, therefore, that in addition to the two
discrete three-dimensional SiO, units, two TiO, units
with a three-dimensional structure also exist in these
melts. These observations will be used as a guide to
determine the structural role of Ti** in quenched
melts of Ab and An composition.
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Five and ten mole percent TiO, were added to Ab
melt. The high-frequency envelope of the Raman
spectra of these quenched melts is compared with the
high-frequency envelope of TiO,-free, quenched Ab
melt (Fig. 8; see also Table 2). The anionic structure
of TiO,-free, quenched Ab melt has been described
previously (Virgo et al., 1979). The two most impor-
tant bands are those at 991 and 1095 cm™', reflecting
(Si,Al)-O° stretching derived from two distinct three-
dimensional network units. Virgo et al. (1979) and
Mysen et al. (1980b) noted that the highest frequency
band is more sensitive to changes in Si/(Si + Al)
than the lowest frequency, antisymmetric stretch
band indicative of the three-dimensional structure of
NaAlSi;O; melt. Similar observations were made in
the systems CaAl,0,-Si0O,, NaFeQ,-Si0O, and
NaGa0,-Si0,. On this basis and on the basis that
the molar extinction coefficients of these vibrations
are likely to be similar, they concluded that the high-
est frequency band was more Al-rich than the lowest
frequency band.

The addition of TiO, to Ab melt results in two new
bands near 900 and 1050 cm™'. The intensity of these
two new bands increases with increasing TiO, con-
tent of the quenched melt. The two original (Si,Al)-
O° stretch bands have shifted to slightly higher fre-
quency as a result of the dissolved TiO,, and the in-
tensity ratio, 7(1000)/1(1100), has increased (Fig. 8).
The increase in frequency of the two (Si,Al)-O°
stretch bands indicates that the three-dimensional
structural units responsible for the existence of these
two bands have become less aluminous as the TiO,
content of the aluminosilicate melt is increased. The
increase of I(1000)/1(1100) indicates that the propor-
tion of the most aluminous, three-dimensional net-
work units has decreased at the expense of the more
Si-rich unit.

The two Ti-O° stretch bands occur at somewhat
lower frequency in quenched Ab + TiO, melt (Fig.
8) than in quenched SiO, + TiO, melt (Chan-
drasekhar et al., 1979). This reduction in frequency
indicates that the Ti—O° vibrations are coupled with
either Al or Si. In view of the diminished importance
of Al in the (Si,Al) portion of the network when TiO,
is added, the two bands near 1050 and 900 cm™' are
probably (Ti,Al)-Q° stretch vibrations.

In view of the above considerations, we conclude
that in melts in the system NaAlSi;O,-TiO, only
three-dimensional network structures exist. The net-
works consist of two discrete (Si,Al)-bearing three-di-
mensional units and two discrete (Ti,Al)-bearing
three-dimensional units.
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Fig. 8. High-frequency envelope of unpolarized Raman
spectrum of quenched melt of NaAlSi;O4 composition as a
function of TiO, content.

Five and ten mole percent TiO, were also added to
melt of An composition. The resulting Raman
spectra are shown in Figure 9 (see also Table 2) and
compared with that of a Ti-free sample. The Raman
spectra of quenched Ti-bearing An melt resemble
those of quenched Ti-bearing Ab melt (Figs. 8 and
9). There are two new bands in the high-frequency
region as a result of added TiO, (at 860-900 cm™
and 1070-1080 cm™"). Furthermore, with 10 mole
percent TiO, added, the highest frequency (Si,Al)-O°
stretch band (at 1000 cm™") is shifted to 1084 cm™. In
addition, the intensity ratio of the original 950-1000
cm~! bands has increased, as also observed for
quenched melts in the system (NaAlSi,O; + TiO,
(Fig. 8).
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Table 2. Raman data on quenched melts on the join NaAlSi,Og-CaAl,Si,05-TiO,

Composition Tﬁzp., Wavenumber, cm_l
NaAlSi30g 1575 470s 566w 780(sh) 991s - 1095s
NaAlSi308 + 5 mole % Ti02 1575 Lb6s 577w 795w(bd) 913s  1002m 1050w (bd) 1105s
NaAlS1308 + 10 mole % Tif? 1575 453s 583w 798m(bd) 900s 1007m 1060w 1113m
CaAl81208 1575 500s 574w 750vw(bd) DOC 950m (bd) 00 1000s
CaAl2S8i208 + 5 mole % TiO2 1575 494s 570vw  800vw(bd) 900m 950s 1007s 1073m
CaAl28i208 + 10 mole % TiO 1575 481s 574vw  795w(bd) 862s 922s 998s 1084w

2

Symbols as in Table 1.

It may be argued that the band near 1000 cm™
with as much as 10 mole percent TiO, in solution is,
in fact, one of the (Si,Al)-coupled stretch bands. This
conclusion is unlikely, however, because (1) its in-
tensity increases with increasing Ti content relative
to the rest of the high-frequency envelope and (2) the
frequency of the 900 cm™" Ti-O° stretch band shifts
to even lower values with increasing Ti content, in-
dicating that this is a coupled vibration. The 950
cm™" band [(Si,A)-O° stretch] also shifts to lower fre-
quency with increasing Ti content. We suggest,
therefore, that solution of TiO, in melt of An compo-
sition results in the formation of two (Ti,Al)-bearing
three-dimensional network units. The most Al-rich,
(Si,Al)-coupled, three-dimensional structural unit
has become considerably enriched in Si relative to
AL

Melts vs. quenched melts

In this study, quenched melts have been used to
determine the structure of molten silicates. In order
to relate the structural information from quenched
melts to structural features of silicate melts, it is nec-
essary to document that the structural features under
consideration are not significantly affected by
quenching. Riebling (1968) and Taylor ez al. (1980)
found that the anionic units (silicate polymers) in
melts with a three-dimensional network structure,
such as melts of NaAlSi,O; composition, remain the
same as the melt is quenched to a glass. Direct exper-
imental proof of structural similarity between melts
and their quenched analogues on the join Na,0-SiO,
was provided by Sweet and White (1969) and
Sharma et al. (1978). In those studies, infrared and
Raman spectra of melts of Na,Si,0,, Na,Si,O,, and
Na,SiO, composition were compared with those of
their glasses. It was concluded that the structures of
these melts and glasses were similar in the sense that

there were no discernible differences between the
spectra of the two forms of the compositions.

On the basis of the above information, we con-
clude that the structural features of silicate melts that
can be determined with Raman spectroscopy are
quenchable. The results given in this report are ap-
plicable, therefore, to molten silicates.

Solubility mechanisms

The spectroscopic data indicate that Ti** is in four-
fold coordination in all the melts studied and that
Ti** makes the same structural units as Si**. The ex-
istence of distinct bands that stem from Ti-bearing
complexes rather than coupled (Si,Ti) bands in-
dicates that discrete titanate complexes occur rather
than random (Si,Ti) substitution.

Before addressing the role of TiO, in metasilicate
melts, a short summary of the equilibria describing
the structure of metasilicate melts is necessary. Virgo
et al. (1980) and Mysen et al. (1980b) summarized all
available spectroscopic data and combined these
data with other properties, leading to the conclusion
that the anionic structure of metasilicate melts may
be described with the expression:

38i,0"" (chain) = 2SiO}" (monomer)
+ 281,07 (sheet) ¢))
Solution of TiO, in silicate melts with NBO/T > O
results in additional tetrahedral polyhedra with a
concomitant reduction of NBO/T. Monomers are
probably present in all melts. Chains and sheets also
occur. Consequently an expression analogous to
equation 1 applies:
3T,0¢ (chain) = 2TO;~ (monomer)
+ 2T,0:" (sheet) )]
The presence of discrete titanate complexes in
melts with NBO/T > 0 is suggested by the Raman
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spectroscopic data. In order to maintain local charge
balance, these titanate complexes must compete with
silicate complexes to coordinate metal cations. This
competition is represented by the following reaction:

Si-O-M-O-Si + Ti-O-Ti
=8i-0-Si + T-FO-M-O-Ti  (3)

where M represents the metal cation. Hence, the ad-
dition of TiO, to basic silicate melts causes some por-
tion of the nonbridging oxygens in the silicate melts
to be transformed to bridging oxygen, thereby po-
lymerizing this portion of the silicate network. This
mechanism is analogous to that proposed by Mysen
and Virgo (1979) and Ryerson and Hess (1979) for
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solution of CO, and P,0;, respectively, in basic melts,
and helps explain the diminished importance of
monomers in TiO,-bearing metasilicate melts.

Published Raman data on the system SiO,-TiO,
(Tobin and Baak, 1968; Chandrasekhar et al, 1979)
indicate that three-dimensional discrete TiO, units
are formed in the melt. These units do not seem to
have any Si**. In aluminosilicate melts with a three-
dimensional network structure, the data indicate that
more complex aluminotitanate units are formed at
the expense of the original aluminosilicate units, so
that the latter units become less aluminous. The
NaALQO,/TiO, and CaAl,0,/TiO, in three-dimen-
sional aluminum titanate complexes increase and
NaAlO,/SiO, and CaAl,0,/SiO, decrease in alumi-
num silicate complexes as the TiO, content of these
melts increases. Again, there is no evidence for inter-
action with Si** in the titanium-bearing complexes.
We propose, therefore, that the aluminum titanate
and aluminum silicate units are random mixtures of
three-dimensional NaAlQ, and CaAlL,O, with TiO, to
make NaAlTi,O; and CaAl,Ti,O; complexes.

Applications

Kushiro (1975) noted that the presence of TiO, in
melts near the join Mg,Si0,-SiO, results in a sub-
stantial shift of the forsterite—protoenstatite liquidus
boundary toward the forsterite-rich portion of the
system. In fact, protoenstatite melts congruently at 1
atm pressure with about 6 wt. percent TiO, present
(corresponding to about 13 mole percent TiO, in
Mg,Si,0,). TiO, had a similar effect on the pseudo-
wollastonite—cristobalite liquidus boundary (the
boundary shifts toward the metasilicate portion of
the system). Our data on the effects of TiO, on melt
structures indicate that the equilibrium expressed
with an equation like 1 is replaced by equation 2 or 3
where no monomers exist in the melt. Consequently,
it would be expected that orthosilicate minerals
would not precipitate on the liquidus, in accordance
with the observation of Kushiro (1975).

Inasmuch as Ti** and Si** play similar roles in sili-
cate melt structures of aluminosilicate melts, liquidus
boundaries involving feldspar and pyroxene would
also shift toward the pyroxene-rich portion of such
systems.

Titanium concentrations in silicate melts are likely
to increase during fractional crystallization until
(Fe,Ti) oxides begin to precipitate. During the stage
of Ti increase, stability fields of tectosilicates will ex-
pand relative to those of orthosilicates, compared
with the fractionation trends in TiO,-free systems.



1164

This conclusion implies that fractionation trends
tend toward more silica-deficient melts. Inasmuch as
the liquidus relations of (Fe,Ti) oxides depend on
f(0,) (e.g., Osborn, 1977), the extent of these effects
would depend on f(O,) even before precipitation of
(Fe,Ti) oxides.

Partition coefficients of minor and trace elements
between crystals and coexisting melts depend on the
liquid composition (Watson, 1976, 1977; Hart and
Davis, 1978; Irving, 1978; Ryerson and Hess, 1978;
Mysen and Virgo, 1980b). Mysen and Virgo (1980b)
found that the partition coefficients of both transition
metals and rare earth elements decrease with increas-
ing NBO/T of the melt. Inasmuch as solution of
TiO, in melts results in a decrease in NBO/T, it
would be expected that such partition coefficients
would increase. No experimental data on crystal-lig-
uid partitioning are available to test this hypothesis.

Physical properties of melts such as viscosity and
density depend on both the kind of structural units
present in the melt and the strength of the chemical
bonds between tetrahedrally coordinated cations and
bridging oxygen (Bridgman and Simon, 1953; Bock-
ris et al., 1955; Riebling, 1966; Taylor and Rindone,
1970; Bottinga and Weill, 1972). Mysen et al.
(1980b), in a study relating melt structure to viscos-
ity, concluded that in melts with NBO/T = 1, the
kind of structural units controls the melt viscosity,
whereas in melts with NBO/T < 1, the bond strength
is the controlling factor. Inasmuch as TiO, results in
decreasing NBO/T in melts with NBO/T > 0, we
suggest that the viscosity of such melts will increase
with increasing TiO, content. Ti-O-Al and Ti-O-Ti
bonds are probably weaker than Si—-O-Al and Si-O-
Si bonds because the Ti** cation is larger than that of
Si**. Consequently, we suggest that solution of TiO,
in highly polymerized aluminosilicate melts will re-
sult in a decrease in their viscosity.
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