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abstract

The structural environment of silicon dissolved in rutile and α-PbO2-structured TiO2 (TiO2-II) was 
probed using 29Si MAS NMR on 29Si-enriched samples. At 1 atm, about 0.01 wt% SiO2 is incorpo-
rated into TiO2 as IVSi, presumably in interstitial sites. Rutile recovered from 6 GPa, 1600 °C contains 
about 0.6 wt% SiO2, incorporated both as VISi (~90%) and IVSi (~10%). TiO2-II, synthesized at 12 
GPa, 1200 °C, contains only VISi. The chemical shift for VISi in TiO2-II is slightly less negative than 
that for rutile, and the peak is split, suggesting either a more complex mechanism of substitution or 
a different response to quenching or decompression in the lower-symmetry structure. Future thermo-
dynamic studies of the TiO2-SiO2 solid solution will have to take into account the mixed coordination 
environment of the Si in TiO2, at low pressures. 
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introduction

The solubility of SiO2 in the various polymorphs of TiO2, 
and the mechanism of incorporation of the dissolved Si, are of 
interest both for high-pressure petrology and for technological 
materials. The fact that stishovite (stable above about 9 GPa at 
mantle temperatures) is isostructural with rutile suggests that 
there should be significant solid solution at high pressures, which 
could in principle be used as a geothermobarometer (Stebbins 
1992; Vinograd et al. 2008; Ren et al. 2009). At least at lower 
pressures, where the stable silica polymorph is coesite or quartz, 
there could be a strong pressure effect on solubility, given the 
expected large negative molar volume change on transition from 
tetrahedral (IVSi) to octahedral (VISi) silicon coordination. Such an 
effect can be seen in the study of Gaetani et al. (2008) on rutile 
solubility in silicate melts; their data on SiO2 concentrations in 
the rutile coexisting with rhyodacitic or haplobasaltic melts (Fig. 
1) reveal a systematic increase from about 0.06 to 0.3 wt% SiO2

with pressure increasing from 1 atm to 3.5 GPa. This raises the 
possibility that Si in rutile could be used as a “probe” to estimate 
the amount of VISi in high-pressure melts, if the thermodynamics 
and structure of the substitution were well constrained. 

Reports of high concentrations of Si in natural rutiles are 
scant in the literature. A comprehensive survey of rutiles from 
high (>1 GPa) to ultra-high pressure (UHP) (up to 4.5 GPa) 
rocks by Zack et al. (2004) yielded typical concentrations of 
only ~100 wt ppm, with a maximum of 929 ppm, as measured 
by laser-ablation ICP-MS. On the other hand, Schulze (1990) 
reported SiO2 contents of 0.25–0.29 wt% for massive rutile in 
nodules from the Kampfersdam and Kimberley kimberlite pipes 
in South Africa. Mposkos and Kostopoulos (2001) measured 0.43 
wt% SiO2 in a rutile inclusion in garnet from the Rhodope UHP 
province in Greece. Finally—and most spectacularly—Yang et 

al. (2003) measured concentrations of 11–15 wt% SiO2 in rutile 
from a chromitite in the Luobusa ophiolite in Tibet, apparently 
metamorphosed under UHP conditions (Yang et al. 2007). 

This last report motivated an experimental study of Si solubil-
ity in TiO2 as a function of pressure and temperature (Ren et al. 
2009). The experiments were conducted in the stability fields 
of rutile and its high-pressure polymorph, α-PbO2-structured 
TiO2 (or TiO2-II), and possibly even into the stability field of 
the still higher-pressure baddeleyite-structured polymorph. 
These authors found SiO2 contents in TiO2—coexisting with 
coesite or stishovite—ranging from a few tenths of 1 wt% at 
1500 °C to a maximum of about 5 wt% at 2000 °C and 23 GPa. 
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figure 1. SiO2 content of rutile coexisting with rhyodacitic melt 
(closed circles) or haplobasaltic melt (open squares) at 1350 °C, from 
experiments of Gaetani et al. (2008), showing systematic increase with 
pressure.
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The data demonstrate very strong increases in solubility with 
temperature and a moderately strong pressure effect at higher 
temperatures. Density functional theory calculations were found 
to be generally consistent with these results, at least for rutile 
coexisting with coesite (Vinograd et al. 2008). Given the known 
structures of rutile and stishovite, these studies only considered 
the presence of VISi.

Titania in the form of anatase and rutile is important in tech-
nologies including catalysts, ceramics, pigments, photovoltaics, 
and other materials. Minor elements can have major effects on 
their properties. In particular, added silica can retard the transition 
from anatase to rutile on heating by as much as 200 °C, which has 
led to several studies attempting to elucidate the microstructural 
nature of this solid solution (Akhtar et al. 1992; Yoshinaka et 
al. 1997; Okada et al. 2001). Indirect evidence for both IVSi and 
VISi has been presented for low-temperature synthetic anatase 
purportedly containing as much as 15 wt% SiO2. In contrast, few 
structural studies of Si in rutile have been reported (Stebbins 
1992), and the silica solubility in this high-temperature phase is 
thought to be much lower, despite the structural similarities of 
anatase and rutile (Smyth and Bish 1988).

In this preliminary study, we present some of the first clear 
evidence for the coordination number of Si dissolved in ambient-
and high-pressure TiO2 phases, as well as constraints on at least 
minimum silica contents in titania in the presence of cristobalite, 
coesite, or stishovite.

experiMentaL Methods

Sample synthesis and characterization
TiO2 (99.999% purity, Sigma-Aldrich, as rutile) was ground in an agate mortar 

with 2.1 wt% of 99.4% 29Si-enriched silica (Isonics), then heated in air at 1500 
°C for a total of 160 h, with two intermediate grinding steps. Two high-pressure 
experiments were conducted in a Walker-style multi-anvil apparatus with this 
starting material, one at 6 GPa, 1600 °C, for 24 h and one at 12 GPa, 1200 °C, 
for 8 h. For the 6 GPa synthesis, we loaded 80 mg of powder into a Pt capsule 
(3.8 mm diameter, 4 mm length) that was welded shut after drying at 125 °C and 
inserted into a 25/15 assembly with a LaCrO3 heater (Kelsey et al. 2009). The 12 
GPa synthesis used 68 mg of powder, packed into a folded foil Pt capsule (3.5 mm 
diameter, 3.4 mm length, dried at 125 °C but not welded) and inserted into a 14/8 
G2 assembly with a graphite furnace (Leinenweber et al. 2006). Temperature was 
measured using type C thermocouples, separated from the capsules by a 0.3 mm 
thick disk of hard alumina. The 6 GPa run was quenched rapidly by turning off 
power to the furnace; unfortunately, the 12 GPa run was terminated abruptly after 
almost exactly 8 h at 1200 °C by conversion of the graphite to diamond. 

Powder X-ray diffraction data showed the presence only of rutile (plus coesite) 
in the 6 GPa sample and of TiO2-II (plus stishovite) in the 12 GPa sample. During 
both high-pressure runs, the initially light yellowish-brown rutile became dark blue 
in color. This phenomenon is typical for high-pressure synthetic rutile and is caused 
by intervalence charge transfer between Ti3+ and Ti4+, with trace amounts of Ti3+

formed by reducing conditions (Khomenko et al. 1998). After initial NMR spectra 
were recorded, each sample was annealed in air at 240 °C for 2 h, restoring the 
color to light gray, indicating re-oxidation to Ti4+. The annealing conditions were 
chosen based on previous work (McQueen et al. 1967; Khomenko et al. 1998), to 
achieve re-oxidation to Ti4+ without reversion to rutile (in the case of TiO2-II) and 
without changing the coordination state of Si in rutile. 

Electron microprobe analyses (EPMA) (Table 1) were obtained using a JEOL 
JXA-8200 on small fragments of the recovered samples that were mounted in 
epoxy, polished, and measured using the same standards and operating conditions 
outlined by Mosenfelder et al. (2006). 

NMR spectroscopy
MAS NMR spectra were collected with a Varian Infinity 400 spectrometer 

(9.4 Tesla, 79.4 MHz), using a 3.2 mm probe, zirconia rotors, and spinning rates of 
11 kHz. Sample weights ranged from about 40 to 70 mg. Single-pulse acquisition 

was used with 0.7 µs pulses (30° radiofrequency tip angle), with tetramethylsilane 
(TMS) as the frequency reference. Data were acquired with pulse delays from 1 s 
to 3600 or 5400 s to determine effects of relaxation, with the total acquisition time 
for each spectrum typically at least 24 h. Spectra of synthetic forsterite (natural 
isotopic abundance) collected with a 3600 s pulse delay (fully relaxed) were used 
to calibrate observed peak areas (Stebbins et al. 2009). Reported chemical shifts 
have uncertainties of about ±0.1 ppm. 

resuLts

Ambient-pressure rutile
For all NMR spectra of the 1 bar starting material, the pre-

dominant peak is for cristobalite (Fig. 2). Its mean chemical shift 
(–110.0 ppm) is slightly lower than that typically seen for high-
purity cristobalite, and its width (FWHM = 2.4 ppm) consider-
ably broader (Smith and Blackwell 1983; Spearing et al. 1992; 
Phillips et al. 1993). Both of these effects were seen in an earlier 
study of Si in rutile (Stebbins 1992). A narrower, unshifted peak 
was reported in that study for cristobalite equilibrated with 1% 
titania, suggesting that dissolved TiO2 is not the source of the 
broadening. Stacking faults (tridymite-like layers) may produce 
non-ideal spectra of cristobalite (Phillips et al. 1993); interactions 
with the surfaces of rutile particles have also been suggested 
(Stebbins 1992). At the signal-to-noise ratio (S/N) obtainable 
at the longest pulse delay used (3600 s), this peak is the only 
visible feature. Its calibrated peak area corresponds to 1.4 wt% 
SiO2 (vs. 2.1% nominal), suggesting that even at this long delay 
its signal is not fully relaxed. This is a common problem for silica 
polymorphs, which exclude from their structures the paramag-
netic transition metal cations that are primarily responsible for 
spin-lattice relaxation (MacKenzie and Smith 2002).

At shorter delays, with correspondingly greater numbers of 
acquisitions and higher S/N for more rapidly relaxing resonances, 
a much smaller, narrow peak becomes visible at –77.3 ppm 
(Fig. 2, top spectrum). This corresponds precisely to previously 
published data for another sample of 29SiO2-doped rutile, which 
was collected with a different probe and rotor (Stebbins 1992). 
Although noisy, spectra collected with pulse delays of 60–120 s 
suggest that this is nearly fully relaxed. Scaled to the estimated 
fully relaxed intensity for the cristobalite, the area of this peak 
corresponds to about 0.01 wt% SiO2 in the rutile, presumably in 
a tetrahedral interstitial defect site. This concentration is much 
lower than the previous estimate (Stebbins 1992), however, as 
the latter was based on an unrelaxed intensity for the cristobalite, 
not on a relaxed standard spectrum.

6 GPa rutile 
The grain size of the recovered material, estimated from 

back-scattered electron images (showing obvious grain bound-

Table 1. Electron microprobe analyses
Run no. ww412 ww413
Conditions 6 GPa, 1600 °C 12 GPa, 1200 °C

Average analyses Representative analyses
Chip 1 Chip 2 1 2 3

SiO2 0.78(3) 0.59(3) 0.71 0.57 0.12
TiO2 99.78(38) 99.86(23) 99.63 99.75 100.2
FeO 0.03(1) 0.01(1) 0.05 0.01 0
MgO 0.03(1) 0.03(1) 0.03 0.03 0.01
Oxide total 100.62(35) 100.48(22) 100.42 100.36 100.33
Notes: Numbers in parentheses represent standard deviation for five analyses 
(chip 1) or eight analyses (chip 2). Al, Cr, Mn, Ca, Na, K, P, and Ni were also analyzed, 
but all were below the detection limit (0.02 wt% or less).



MOSENFELDER ET AL.: SILICON COORDINATION IN TiO2970

aries as cracks), was about 50–100 µm. EPMA analyses (Table 
1) were obtained on two different polycrystalline fragments of 
the sample, placed in the same epoxy mount and analyzed in the 
same session. The two fragments give systematically different 
SiO2 concentrations in rutile, 0.78 or 0.59 wt% (measured on 
multiple grains in each fragment; see Table 1). One possibility 
for this difference is that the two fragments came from distinctly 
different portions of the sample that were in different portions 
of a temperature gradient, but such spatial information was not 
recorded as our main goal was to maximize the volume of mate-
rial for NMR spectroscopy. Assuming that the higher Si-content 
rutile came from the middle of the capsule (at higher temperature, 
farther from the thermocouple), we therefore crudely estimate the 
minimum SiO2 solubility to be 0.6 wt% at 1600 °C, 6 GPa. 

Long-delay NMR spectra for this sample contain the doublet 
of peaks for the two distinct Si sites in coesite (–108.3 ppm, 
–114.0 ppm) as reported previously (Smith and Blackwell 1983), 
as expected for the excess silica phase at this pressure. In the 
original, unannealed (dark blue) sample, an additional small 
peak was observed at –177.5 ppm, corresponding to octahedrally 

coordinated Si (VISi) in the rutile. After annealing in air at 240 
°C for 2 h, the intensity of the latter grew by more than an order 
of magnitude. Further annealing (240 °C, 18 h) did not result in 
a further increase. As in the ambient-pressure sample, the NMR 
signal from the 6 GPa rutile relaxed much more rapidly than 
that for the pure silica phase, probably because of trace levels of 
paramagnetic impurities. At relatively short pulse delays (e.g., 60 
s), high enough S/N could be obtained to also detect a small IVSi 
peak at the same position as in the 1 bar sample. Its area is about 
10% of that for the VISi; this ratio does not appear to change with 
pulse delay, supporting its presence in the same phase as the VISi. 
The observed IVSi/VISi ratio was not significantly increased after 
the second, longer annealing, suggesting that the IVSi is inherent 
in the high-pressure rutile and not a product of local structural 
relaxation during this mild re-heating at 1 bar.

The low intensity of the peaks for Si in the unannealed 6 GPa 
rutile are likely to result from effects of the unpaired electron 
spins on the Ti3+ cations, which are mitigated by conversion back 
to Ti4+ during annealing. Such paramagnetic impurities can shift 
and/or broaden NMR resonances, either through bulk magnetic 
susceptibility effects, “contact shift” mechanisms, and/or by 
generating extremely short relaxation times (Grey et al. 1990; 
Hartman et al. 2007; Stebbins and Kelsey 2009). The rapidity 
of the changes in color and NMR response on annealing at only 
240 °C suggest that the removal of paramagnetic centers is not 
controlled by the simple diffusion of oxygen into the bulk crystal 
powders, which is too slow given the grain size of about 50 to 
100 µm (Moore et al. 1998). A more likely mechanism is diffu-
sion of trace amounts of hydrogen out of the grains (Khomenko 
et al. 1998), which is much more kinetically favorable at this 
temperature (Johnson et al. 1975). 

For the annealed 6 GPa sample, integration of all peaks in 
the longest-delay spectrum (5400 s) yields an estimated total of 
0.73 wt% SiO2, which is well below the nominal content of 2.1% 
and again suggests that the signal from the pure silica phase is 
not completely relaxed. 

In a systematic study of the relaxation of the rutile VISi com-
ponent, peak heights or areas from spectra with pulse delays from 
10 to 5400 s were well fitted by a stretched exponential equation 
for the magnetization M as a function of relaxation delay τ. This 
is typical when relaxation is controlled by through-space dipolar 
coupling between nuclear spins and unpaired electron spins on 
dilute paramagnetic impurities (Tse and Hartmann 1968; Hart-
man et al. 2007):

M = M∞ {1 – exp[–( τ/T′)0.5]}.

Results (Fig. 3) indicate a relaxation time constant T′ of 
67±7 s and full relaxation by 5400 s. Fitting with the same num-
ber of adjustable parameters, but a normal exponential function 
(exponent of 1.0 instead of 0.5, giving a standard “relaxation 
time” T1) gives a much worse fit, as demonstrated recently for 
several silicate minerals (Hartman et al. 2007; Stebbins and 
Kelsey 2009; Stebbins et al. 2009). Clustering or incomplete 
dispersion of the isotopically enriched 29Si could be expected 
to cause rapid nuclear spin diffusion and an exponent closer 
to 1; our observations thus support the lack of such clustering. 
The calibrated peak area for the VISi, combined with that for the 
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figure 2. Representative 29Si MAS NMR of TiO2 samples containing 
dissolved silica. Synthesis pressures and NMR pulse delays are shown. 
Top four spectra are for rutile, lowermost is for TiO2-II. Intensities of 
spectra are normalized to the highest peak in each.
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IVSi, suggests a total dissolved SiO2 content in the rutile of about 
0.3%. The discrepancy between this value and that estimated 
by EPMA cannot readily be resolved without extensive further 
studies of response to annealing: for example, if some of the 
NMR signal is still “masked” by residual Ti3+, the NMR value 
could be an underestimate.

12 GPa TiO2-II
Powder XRD detected only the TiO2-II phase (α-PbO2 struc-

ture) plus stishovite in this sample. This was the expected result, 
given that the nominal pressure of the experiment was 2.9 GPa 
higher than the rutile-TiO2-II boundary (Withers et al. 2003) and 
that a strong partitioning of Si between the two TiO2 polymorphs, 
which could extend the stability field of rutile, is not expected 
based on available solubility data (Ren et al. 2009). The grain size 
of this sample was significantly smaller than in the 6 GPa run, 
about 10 to 30 µm. EPMA analyses on two different fragments 
of the sample show strong scatter with no obvious systematics, 
ranging from 0 wt% SiO2 (not shown in Table 1) to 0.71 wt% 
SiO2, the maximum amount measured among 21 analyses. This 
scatter undoubtedly reflects slower diffusion kinetics for Si in 
TiO2 for the lower temperature and duration of this run compared 
to the 6 GPa experiment (despite the significantly smaller grain 
size). Nevertheless, the Si coordination environment for the bulk 
sample could be probed using NMR. 

As for the 6 GPa rutile, a 2 h anneal in air at 240 °C removed 
the dark blue color and greatly improved the NMR spectrum of 
the dissolved Si. XRD patterns taken before and after annealing 
on the sample were identical, confirming that no reversion of the 
high-pressure phase to rutile took place. The stishovite gives a 
narrow peak at –191.2 ppm, as previously described (Smith and 
Blackwell 1983; Stebbins and Kanzaki 1990). In the TiO2-II, 
VISi was again observed, but as a pair of peaks at –174.0 ppm 
and –176.0 ppm with an area ratio of about 5/1. These chemical 

shifts are significantly different from that for rutile (–177.5 ± 
0.1 ppm). As for the other samples, the total integrated peak area 
corresponds to a silica content below that of the nominal value 
(1.4 vs. 2.1 wt%), again probably because fully relaxed spectra 
for the pure silica phase could not be obtained. The area of the 
much faster relaxing VISi peak corresponds to 0.25 wt% SiO2

in the TiO2-II, which reflects the average of concentrations in 
grains with varying composition, given the EPMA data. No IVSi 
peak was observed, at a detection limit of about 3% of the VISi 
signal, indicating that this species clearly has a lower relative 
abundance than in the 6 GPa rutile.

discussion

The experiments described here were not designed to dem-
onstrate thermodynamic equilibrium. Rather, we purposely 
optimized sample volume at the expense of careful control of 
temperature gradients, to recover sufficient material for high-
precision NMR study. However, the estimated silica content of 
the 6 GPa rutile in the presence of excess coesite, about 0.6 wt%, 
is roughly consistent with previous experimental studies (Ren 
et al. 2009) and theoretical calculations (Vinograd et al. 2008). 
For the 12 GPa, 1200 °C sample of TiO2-II, the run time and 
temperature were insufficient for silica to diffuse through the 
grains, as indicated by the highly heterogeneous EPMA data.

In both high-pressure rutile and TiO2-II most of the dissolved 
Si is VISi. However, the detection of small amounts of IVSi in 
the 1 bar and 6 GPa rutile samples suggests that this species 
may also need to be considered when analyzing lower-pressure 
phase equilibria. The reduction to below the detection limit of 
this species in the 12 GPa sample suggests the possibility of 
a pressure-dependent internal partitioning between these two 
types of sites, which could even conceivably prove to be useful 
in natural samples of SiO2-saturated TiO2 phases, although NMR 
sensitivity issues could make this a difficult task. (Alternatively, 
the minor differences between the rutile and TiO2-II structures 
could affect this partitioning.) The exact nature of IVSi substitu-
tion in titania remains incompletely characterized: tetrahedral 
interstitial vacancies are indeed present in the structure of rutile, 
but whether Si substitution is accompanied by the formation 
of oxygen interstitials as well, by octahedral Ti4+ vacancies 
(more likely), or by another mechanism, is not known. Future 
application of Si in TiO2 as a geothermobarometer will not only 
require consideration of IVSi solubility but a more extensive 
set of experiments than those conducted by Ren et al. (2009), 
particularly at lower pressures and temperatures (and thus lower 
Si contents). 

Several studies of silica-containing anatase have been made 
on materials synthesized at low temperature by sol-gel type 
methods (Yoshinaka et al. 1997; Okada et al. 2001) or at high 
temperature by gas-phase reactions (Akhtar et al. 1992). Such 
processes usually produce nano-sized, non-equilibrated particles 
that give very broad X-ray diffraction lines or that may even 
remain amorphous until annealed. For gas-phase anatase, very 
small increases in unit-cell parameters with silica addition were 
found (Akhtar et al. 1992), while for sol-gel anatase, slight re-
ductions in unit-cell parameters with silica addition were noted 
(Yoshinaka et al. 1997; Okada et al. 2001). In both cases, shifts 
in the X-ray peaks do suggest some kind of compositional change 
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figure 3. Plot of log10 of NMR peak heights vs. log10 of NMR pulse 
delay for the VISi peak in the 6 GPa rutile. The curve shown results from 
fitting of a stretched exponential relaxation function to the data in linear 
space to ensure proper weighting of uncertainties (see text). 
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with increased SiO2 in the reaction system, but exactly what 
this is, and how much Si is actually in the anatase, are not well 
constrained. Unit-cell size reductions suggested the possibility of 
VISi formation (Okada et al. 2001). However, 29Si NMR (Okada 
et al. 2001) detected only very broad IVSi peaks with chemical 
shifts of about –90 to –115 ppm and no VISi (detection limits with 
isotopically normal Si were likely to be at least a few percent). 
These shifts are not consistent with isolated IVSi sites in the rutile 
(Q0), but were more likely due to a residual high-silica amorphous 
phase. It seems unlikely that Si substitution into interstitial sites 
could reach the suggested 10–15 wt% level, especially given the 
IVSi content found here for 1 bar rutile that is about 1000× less. 
In any case, low-temperature or gas-phase anatase samples are 
unlikely to represent equilibrium solid solutions. In contrast, 
the chemical shift of –77.3 ppm found here for IVSi in rutile is 
in the range that would be expected for Q0 sites with relatively 
high-charged cation neighbors in octahedral or higher coordina-
tion (Stebbins 1995).

Recent 27Al NMR studies of VIAl dissolved in stishovite and 
rutile allow some interesting comparisons of the complexities of 
local structural effects on chemical shifts of such minor substitu-
ents. In stishovite synthesized at 1450 °C and 13 GPa with excess 
H2O, Al is present in relatively symmetrical octahedral sites that 
are apparently not directly paired with oxygen vacancies, and 
which have isotropic chemical shifts of +11 ppm (Stebbins et al. 
2006), near the high end of the known range for VIAl in oxides. 
At least at low Al concentrations in material equilibrated at 1400 
to 1500 °C, Al in rutile also is found in symmetrical octahedral 
sites, with chemical shifts of about –6 ppm (Stebbins 2007), 
near the low end of the known range. At higher concentrations, 
other types of Al sites become important. This difference can be 
attributed (Stebbins 2007) to the much longer expected cation-
oxygen distances in rutile, i.e., the mean Ti-O distance in rutile 
of 1.96 Å vs. the mean Si-O distance in stishovite of 1.78 Å 
(Smyth and Bish 1988). In contrast, the chemical shift for VISi in 
stishovite (–191.2 ppm) is much lower than that observed here 
for VISi in rutile (–177.5 ppm). In this case, a second-neighbor 
effect of the much higher electronegativity of Si vs. Ti may 
be predominant, or perhaps the direction of the chemical shift 
change is reversed by a difference in the way that the rutile and 
stishovite structures locally relax to accommodate either cation 
size or charge mismatch. 

VISi in TiO2-II has only slightly different chemical shifts 
from this species in rutile and shows as well a split peak (–174.0 
and –176.0 ppm). The latter is not expected from the single Ti 
site in the structure (Filatov et al. 2007). Given that the mean 
Ti-O bond distance of 1.97 Å is only slightly greater than that 
for rutile (1.96 Å), and that the connectivity of the octahedra 
in the two structures is similar, the similarity of the chemical 
shifts is not surprising. However, the lower symmetry of TiO2-II 
(orthorhombic vs. tetragonal for rutile) might allow it to relax 
in a more complex way to accommodate the much smaller Si4+ 

cation, perhaps leading to Si sites with two slightly different 
local environments and producing the observed NMR peak 
splitting. Or, the response of SiO2-containing TiO2-II to quench 
or decompression could be different from that of rutile. For both 
phases, future theoretical calculations would be very useful to 
connect such details of shifts with structure. 
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