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Abstract 9 

The elasticity of a sequence of SiO2-TiO2 glasses is examined at high pressures and 10 

temperatures. A primary goal is to determine how the previously proposed 11 

substitution of 5-fold coordinate Ti at low concentrations of Ti and 4-fold coordinate 12 

Ti at higher concentrations affects the elastic properties of these glasses. The effect 13 

of changing Ti content on the bulk moduli of these glasses is monotonic, and no 14 

systematic effect of possible coordination changes is observed. In contrast, there is 15 

an apparent decrease in the pressure derivative of the bulk modulus above ~3 wt% 16 

TiO2. This change occurs at a similar composition to that at which a transition from 17 

predominantly 5-fold to 4-fold of Ti has been proposed to occur in these glasses. 18 

Hence, this shift in the pressure derivative of the bulk modulus is attributed to a 19 

stiffening of the equation of state of these glasses generated by the substitution of 5-20 

fold Ti species relative to TiO4 units. Our results provide rationales for the onset of 21 

coordination changes producing a minimal change in the equation of state of silicate 22 
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melts/glasses, and for  bulk moduli determined at ambient pressure producing 23 

relatively accurate silicate melt volumes even within liquids that have begun to 24 

undergo coordination changes. Thus, our results support the general validity of 25 

single equation of state formulations that describe the densities of silicate melts 26 

through the transition zone and shallow upper mantle. 27 

 28 

Introduction 29 

 The densities of silicate melts at high pressures are of pivotal importance for 30 

a range of geophysical issues involving the differentiation and chemical evolution of 31 

the Earth. Densities of silicate melts at high pressures govern whether melts rise or 32 

sink at depth, with associated upward or downward transport of incompatible 33 

elements. And, the relationship between the pressure-dependence of the densities 34 

of melts and the shape of the melting curves of materials plays, via the Clausius-35 

Clapeyron equation, a pivotal role in determining how magma oceans solidify (e.g., 36 

Andrault et al., 2011; Boukare et al., 2015). The densification of silicate melts at 37 

depth within Earth’s transition zone and shallow upper mantle has long been 38 

recognized to hinge on coordination changes within network-forming components 39 

such as Si and Al, from 4-fold to higher coordinations (e.g., Waff, 1975; Williams and 40 

Jeanloz, 1988; Yarger et al., 1995; Farber and Williams, 1996; Stixrude and Karki, 41 

2005). Despite these now well-documented coordination changes under pressure, 42 

the elastic properties of melts measured at ambient or low pressures (in a pressure 43 

range where few highly coordinated Si and Al atoms are anticipated to be present 44 

(e.g., Xue et al., 1991; Allwardt et al., 2005) are in fairly good accord with the 45 
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densities of liquids at conditions under which coordination changes almost certainly 46 

have begun to occur within liquids. Specifically, the compaction of silicate liquids 47 

under either static or shock loading into pressure ranges of 10’s of GPa (e.g., Rigden 48 

et al., 1989; Miller et al., 1993; Asimow and Ahrens, 2010; Thomas et al., 2012; 49 

Sanloup et al., 2013)—a range that is associated with coordination changes 50 

(typically, from four- to five- or six-fold) of network-forming cations within the 51 

liquid structure--is, perhaps counter-intuitively, reasonably well predicted from 52 

ambient pressure ultrasonic data on silicate liquids, which show that silicate liquids 53 

have typical ambient pressure bulk moduli of 17-23 GPa (e.g., Manghnani et al., 54 

1986; Rivers and Carmichael, 1987; Secco et al., 1991; Ai and Lange, 2008). This 55 

similarity raises the fundamental question: what is the effect of highly coordinated 56 

species on the elasticity of silicate liquids in particular, and amorphous silicates in 57 

general? 58 

 A straightforward means of evaluating the precise effect of coordination 59 

changes on the elastic behavior of amorphous silicates involves making accurate 60 

elastic measurements on a simple system in which a shift in coordination is well 61 

documented. Previous measurements of elasticity of glasses under pressure (e.g., 62 

Sanchez-Valle and Bass, 2010; Liu and Lin, 2014) have not readily constrained the 63 

precise interplay between complex, ill-constrained shifts in coordination (e.g., Fukui 64 

and Hiroaka, 2018) and elasticity. In contrast to the multiple coordination 65 

environments likely to be generated under compression, relatively well-66 

characterized changes in coordination induced by compositional changes at ambient 67 

pressures can illuminate the degree to which a direct connection exists between 68 
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structural and elastic changes.  In particular, titanium substitution in silica provides 69 

a test case with which to understand this issue of primary geophysical relevance: 70 

XANES spectroscopy by Henderson et al. (2002) has shown that glasses with up to 71 

~3.6 wt% TiO2 on the SiO2-TiO2 join have titanium present predominantly in 5-fold 72 

coordination, but four-fold Ti substitutes into these glasses at higher Ti 73 

concentrations, although a small fraction of 5-fold Ti is reported to persist. Similarly, 74 

Greegor et al. (1983) proposed, based on XANES and EXAFS that substitution of Ti 75 

into SiO2 glass initially enters into the glass entirely in 6-fold coordination, but that 76 

the onset of 4-fold coordination occurs below 1 wt% TiO2; Dingwell et al. (1994) 77 

reinterpreted their observations as indicating higher coordination (probably 5-fold) 78 

of Ti up to ~2 wt% TiO2, with 4-fold at higher concentrations. A theoretical XANES 79 

study has suggested that the XANES peak assignments may differ from those utilized 80 

by experimentalists (Tamura et al., 2012), but there are extensive studies of the 81 

XANES of crystalline equivalents with known coordinations that validate the 82 

experimental assignments (e.g., Greegor et al., 1983; Dingwell et al., 1994; Farges, 83 

1997; Henderson et al., 2002).  That TiO2 at low concentrations enters into silica in 84 

high coordination is also compatible with the behavior of Ti in a broad suite of 85 

silicate glasses (Farges, 1997).  Thus, our study is oriented towards determining 86 

whether there is any variation in elastic properties of these glasses associated with 87 

the shift of Ti-substitution from high coordination at low concentrations (2-3.6 wt% 88 

TiO2) to predominantly tetrahedral substitution at higher concentrations. 89 

 Five-fold coordination is predominantly associated, for typical magmatic 90 

compositions, with the coordination of aluminum under higher pressure conditions 91 
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(e.g., Allwardt et al., 2005), although there is substantial observational and 92 

theoretical evidence that five-fold silicon is of importance in magmatic compositions 93 

at deep upper mantle and transition zone conditions (e.g., Xue et al., 1991; Stixrude 94 

and Karki, 2005; Spera et al., 2011). Notably, glasses quenched to ambient 95 

conditions from high pressure melts in the 10 GPa range typically contain less than 96 

10% of five-fold or six-fold Si (Xue et al., 1991; Allwardt et al., 2004). Similarly, the 97 

abundance of five-fold Si calculated to be present in MgSiO3 liquid at transition zone 98 

conditions peaks at 30-50% abundance, with lower concentrations of six-fold silicon 99 

in this pressure range (Stixrude and Karki, 2005; Spera et al., 2011). Thus, the shift 100 

in coordination associated with several percent of Ti substitution within the SiO2-101 

TiO2 system can provide a test for  how higher coordinated titanium ions affectthe 102 

elastic properties relative to tetrahedrally-coordinated Ti.  103 

 In this instance, we are deploying chemical variations, and their associated 104 

shifts in coordination, as a proxy for the elastic effects of well-known pressure-105 

induced changes in coordination in amorphous materials (e.g., Williams and Jeanloz, 106 

1988; Xue et al., 1991; Farber and Williams, 1996; Shim and Catalli, 2009; Murakami 107 

and Bass, 2010; 2012). In particular, this system allows us to examine how the 108 

(presumably) weaker Si-O-TiV-fold linkages and more highly coordinated Ti ions 109 

might impact the elasticity of glasses relative to Si-O-(Si,Ti)IV-fold linkages. While the 110 

system we examine is highly polymerized (i.e., the non-bridging oxygens/number of 111 

tetrahedral cations [NBO/T] ratio is nominally zero), it is notable that the NBO/T of 112 

mid-ocean ridge basalt is ~0.8 (e.g., Bauchy et al., 2013), and the degree of 113 
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polymerization of initial network cations will increase as their coordination number 114 

increases.  115 

 The elastic properties of glasses and melts on the SiO2-TiO2 binary are also of 116 

interest for a variety of petrologic, geophysical, and materials science reasons. First, 117 

end-member SiO2 is the prototypical polymerized silicate, and its properties have 118 

been utilized to derive insights into the properties of crustal granitic and rhyolitic 119 

melts (e.g., Ghiorso, 2004). Second, how titanium, one of the few major elements 120 

(along with aluminum) that appears to substitute readily into silicate networks, 121 

alters the properties of silicate melts has been a topic of ongoing interest for the 122 

petrologic community (e.g., Farges et al., 1996; Liu and Lange, 2001). Third, the 123 

anomalous thermal and elastic properties of end-member silica (a negative thermal 124 

expansion and a negative pressure dependence of its bulk modulus) may extend to 125 

geologically relevant melts, and particularly those of granitic chemistry  (Hushur et 126 

al., 2013). Lastly, the negative (and near-zero) thermal expansion of SiO2-TiO2 127 

glasses, coupled with desirable optical properties, has generated their usage in a 128 

range of applications in which low thermal expansions are needed, including optical 129 

coatings, waveguides and mirror substrates (e.g., Andreatch and McSkimin, 1976; 130 

Karasinski et al., 2015; Efthimiopoulos et al., 2018). Indeed, it is these thermal 131 

properties and associated materials applications that have resulted in the extensive 132 

structural characterizations of glasses in this compositional system. 133 

 Here, we present an integrated study of the elasticity of a sequence of TiO2-134 

SiO2 glasses at both ambient temperatures and high pressures, and high 135 

temperatures at ambient pressure using ultrasonics, in order to probe the interplay 136 
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between the structure and elastic effects of titanium substitution into these silica-137 

rich amorphous materials. Our results at high temperature are complementary to 138 

(but higher accuracy than) recent high-temperature studies using higher frequency 139 

Brillouin spectroscopy on (mostly) sol-gel synthesized glasses in this compositional 140 

system (Scannell et al., 2016), and cube resonance measurements made from 10-141 

300 K (Hirao et al., 1995). The elasticity of a single composition in the TiO2-SiO2 142 

system (with 7.4 wt% TiO2) was measured by Andreatch and McSkimin (1974), but 143 

to pressures of only 0.12 GPa: we remeasure an aliquot of similar composition (ULE 144 

7971A) in this study to substantially higher pressures. 145 

 146 

Experimental Methods 147 

 The eight TiO2-SiO2 glasses used in this study were prepared by the flame 148 

hydrolysis boule process at the Corning Glass Works laboratory. The TiO2 content of 149 

the glasses ranges from 1.3 to 9.4 wt % (Table 1). An end-member fused silica 150 

sample (Corning Code 7940) was also obtained from the Corning Glass Works. 151 

Samples from the boules from which our starting materials were cut have been 152 

compositionally characterized by X-ray fluorescence, with the accuracy of the 153 

compositions being estimated as ±0.1 wt% (Schultz and Smyth, 1972). Flame 154 

hydrolysis-synthesized glasses are deployed throughout this study: sol-gel glasses, 155 

which are equilibrated at lower temperatures, have notably lower elastic moduli (by 156 

1.1-2.4 GPa) relative to higher temperature flame-synthesized glasses (Scannell et 157 

al., 2016). The glasses are optically clear, implying that no phase separation 158 
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occurred: such phase separation occurs at compositions containing >16.5 wt% TiO2, 159 

and is characterized by the samples becoming translucent (e.g., Schultz, 1976). 160 

 The densities of the glass specimens were measured by the Archimedes 161 

method, using distilled water. The density and velocity measurements were made 162 

on the glasses both in an unannealed state, as well as after annealing: the annealed 163 

results are presented here. The annealing process involved heating the glasses to 164 

1020˚C for about 1-1/2 hours, and then cooling them slowly from 1020 to 700˚C at a 165 

rate of 5˚C/hour, and then allowing them to cool inside the furnace from 700˚C to 166 

room temperature.  This process ensures that the glass has no detectable hydroxyl 167 

contamination, which has been shown to strongly impact the sound velocities 168 

(Scannell et al., 2016), and removes internal strains from the glasses. 169 

 The ultrasonic velocities were measured by the pulse super-position method 170 

(a description of the apparatus utilized is given in Manghnani, 1972). Samples with 171 

an acoustic path length of about 1 cm were employed. The two faces of the sample 172 

were lapped flat within about 1 µm and parallel to within about 30 seconds of arc. X- 173 

and Y-cut 20 MHz quartz transducers, 0.63 cm in diameter, were used for 174 

compressional and shear wave velocity measurements, respectively. The sample 175 

was pressurized with a two stage nitrogen gas pressure-intensifying system. Pulse 176 

repetition frequencies were typically 200-500 KHz. The precision of the frequency f 177 

measurements is ~ 1 part in 105. The phase angle correction, (/360) f, produced by 178 

the bond between the transducer and the specimen, is negligible ( does not exceed 179 

2 degrees for a well prepared bond) and was ignored. For the high pressure 180 

measurements, the sample densities were corrected using the ambient pressure 181 



 9 

bulk moduli for each composition determined in this study: this accurately 182 

simulates the density change over this limited pressure range. Densities in the high-183 

temperature experiments were corrected using the thermal expansions determined 184 

by Schultz and Smyth (1972) for glasses in this compositional system. The resultant 185 

error in the velocity values reported here is considered to be less than 0.1%.  186 

 187 

Results and Discussion 188 

 Figure 1 shows representative data taken under pressure on these glasses, 189 

with results given for each glass in Table 1. Although the pressure range is 190 

comparatively small, the accuracy of the data is high. The agreement of the pressure 191 

dependences with the previous ultrasonic work (at a frequency of 40 MHz) to 0.14 192 

GPa of Andreatch and McSkimin (1976) on a ~7.5 wt% TiO2 glass are excellent (Fig. 193 

1); our absolute values of velocity for a glass of similar composition are 47 m/sec 194 

faster for compressional wave velocity and 28 m/sec for shear velocity (each are 195 

~0.8% different). Yet, the sample density reported by Andreatch and McSkimin 196 

(1976) is slightly greater than that of our sample (by ~0.6%), so the impedance of 197 

the sample in the two studies is nearly identical.  198 

 As with silica glass and some haplogranitic compositions (e.g., Zha et al., 199 

1994; Hushur et al., 2013 Manghnani), the observed velocities decrease with 200 

increasing pressure (Figure 1). This pressure-induced softening is generally viewed 201 

as a consequence of the potential surface associated with the Si-O-Si bond angle, the 202 

compaction of which is the primary means of low pressure compression (Huang and 203 

Kieffer, 2004; Liang et al., 2007).  The trends in moduli with composition as titania 204 
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are shown in Figure 2; titania weakly decreases the density of the glasses (Table 1), 205 

but its effect on decreasing the compressibility of the glasses is substantially larger, 206 

in accord with ultrasonic experiments on titanium-bearing alkali silicate melts (Liu 207 

et al., 2007). This elastic softening is, to first-order, an entirely anticipated 208 

consequence of introducing weaker Ti-O bonds (Henderson et al., 2002) and hence 209 

broadened intertetrahedral angles into the structure through the incorporation of Ti 210 

(Chandrasekhar et al., 1979; Scannell et al., 2016). However, despite Ti adopting 5-211 

fold coordination in the first few percent of substitution followed by 4-fold 212 

coordination at higher concentrations (e.g., Dingwell et al., 1994; Henderson et al., 213 

2002; 2003), the trend of elasticity with composition is entirely monotonic. Within 214 

the resolution of our data, no difference in trend can be resolved between glasses at 215 

low Ti content and those at higher Ti content.  216 

 A notable aspect of the SiO2-TiO2 system, beyond the extensive amount of 217 

structural characterizations that have been conducted on glasses in this system, is 218 

that the substitution mechanism for titanium into the polymerized silicate matrix is 219 

fairly well-understood (e.g., Greegor et al., 1983; Dingwell et al., 1994; Henderson et 220 

al., 2002; 2003). Unlike in alkali- or alkali-aluminous Ti-bearing glasses in which 221 

there are interplays between the ratio of non-bridging oxygens to tetrahedral units 222 

(NBO/T), and network-modifying cation environment and the local bonding 223 

environment/coordination of titanium (e.g., Reynard and Webb, 1998; Liu et al., 224 

2007), the substitution of Ti into a fully polymerized glass (NBO/T of 0) has 225 

straightforward structural consequences. Here, the substitution mechanism for 226 
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highly coordinated Ti (at low concentrations) involves the introduction of a five-fold 227 

coordinate Ti, which is anticipated to have weakened Si-O-Ti linkages.  228 

 Figure 2 shows the change in bulk and shear moduli as a function of 229 

composition. The bulk moduli from Ti-bearing flame-synthesized glasses 230 

determined by GHz Brillouin spectroscopy (Scannell et al., 2016) are greater than 231 

those determined in our MHz study, while the shear moduli are similar. The reasons 232 

for these differences are unclear, but differences in sample annealing history and/or 233 

the frequency of the probes may each play a role. 234 

 From a first-order elastic standpoint (Figure 2), the substitution of a five-fold 235 

Ti at low Ti-contents appears to have an indistinguishable effect to adding a more 236 

weakly bonded tetrahedral cation: or, phrased another way, the substitution of a 237 

highly coordinated cation is effectively elastically silent relative to the same cation 238 

substituting into a network site. This silence plausibly arises from the elastic effect 239 

of the highly coordinated cation (which is likely more rigid than the Si-O-Si 240 

network) being counter-balanced by the weakened, and thus more flexible, Si-O-TiV-241 

fold angles. 242 

 Unlike the bulk modulus, the pressure derivative of the bulk modulus 243 

(dK/dP) may show a small, but measureable, signature of the structural change 244 

associated with shifts in coordination of Ti (Figure 3). Here, although substituting Ti 245 

into these glasses is anticipated to make them more compressible and lower their 246 

dK/dP, the values of this parameter for low Ti glasses are nearly constant and near -247 

5.5. Samples more enriched in Ti (with dominantly four-fold coordination) have K’ 248 

values that average near -5.9 (Figure 3), in accord with the expectation that such 249 
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glasses are more compressible under pressure. The notable aspect here is that a 250 

change in speciation associated with a small quantity of Ti may produce an effect 251 

that is resolvable on K’: if this effect scales with the abundance of highly coordinated 252 

cations, then the K’ values of amorphous materials undergoing high-pressure 253 

coordination changes could be markedly shifted. For comparison, the pressure 254 

derivatives of the shear moduli are notably constant throughout this range: this 255 

plausibly reflects that the shear modulus of these glasses is governed by the rigidity 256 

of the tetrahedral network, which is likely minimally altered by Ti substitution. For 257 

comparison, the bulk modulus reflects an averaged response of all of the structural 258 

components within the glass, and particularly its weakest bonded (and Ti-259 

associated) components. Nevertheless, the key result here is that the pressure 260 

derivative of the bulk modulus may vary in a manner that reflects the coordination 261 

changes occurring within the glass, while the bulk modulus varies (within 262 

resolution) in a constant manner irrespective of Ti coordination. It is probable that 263 

titanium-bearing systems can provide other tests of this result. For example, glasses 264 

in the Na2O-TiO2-SiO2 system vary substantially in their ratio of five-fold to six-fold 265 

titanium (Ponader et al., 1996), and such glasses have marked variations in their 266 

pressure derivatives of bulk moduli (Manghnani, 1972). However, distinguishing the 267 

elastic effects of shifting chemistry in ternary systems from those associated with 268 

changes in coordination will require more extensive elastic (and probably 269 

structural) data on different glass compositions than currently exists. 270 

 271 
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 The observation of little variation in bulk modulus associated with a possible 272 

structural change is in accord with the general observation that shock data on 273 

silicate liquids to transition zone and upper lower mantle conditions can be fit with 274 

ambient pressure ultrasonic values of the bulk moduli, with values of dK/dP being 275 

variable fit parameters (e.g., Miller et al., 1991; Asimow and Ahrens, 2010), and 276 

emphasizes that dK/dP is likely the pivotal determining factor in modeling the 277 

equations of state of silicate liquids through coordination changes.  278 

Pressure Dependence of Thermal Expansion 279 

 In order to draw constraints on the pressure dependence of the thermal 280 

expansion () of these glasses (d/dP, which is equivalent to 1/K2(dK/dT)), we also 281 

measured the temperature dependence of the sound velocities (Figure 4). In 282 

general, the temperature dependences of our results are slightly lower than those of 283 

the two fusion-synthesized SiO2-TiO2 glasses measured at high temperatures using 284 

Brillouin spectroscopy by Scannell et al. (2016).Modest elevations of longitudinal 285 

velocities (but not shear, as is indicated in Figure 2) in Brillouin measurements 286 

relative to ultrasonic measurements have been observed in silica glass (Vacher et al., 287 

1981) due to relaxational effects, and we speculate that such effects are enhanced by 288 

temperature and could be responsible for the differences in temperature 289 

dependence between the results of Scannell et al. (2016) and our own (Fig. 5).  290 

 As with the negative shifts of velocity under pressure, the temperature-291 

dependent velocities shift positively with increasing temperature. The 292 

corresponding bulk moduli also markedly stiffen (Fig. 5).  Here, it is apparent that 293 

the values of the temperature derivatives of the moduli decrease with increases in 294 
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TiO2 content. That is, the glasses become less anomalous in their thermal behavior 295 

as titanium content increases, in contrast to the more anomalous behavior of glasses 296 

richer in Ti under pressure. The detailed effects of annealing and temperature and 297 

pressure on the Lamé parameters of glasses in this system will be discussed in a 298 

later contribution. 299 

 The contributions to total change in the bulk modulus, K, due to temperature 300 

effects can be considered in terms of intrinsic and extrinsic parts:  301 

dK = (∂K/∂T)V dT + (∂K/∂V)T dV     (1) 302 

Here, the first term on the right of Eqn. 1 involves intrinsic, temperature-induced, 303 

changes to the bulk modulus, while the second term involves extrinsic changes 304 

induced by volumetric shifts.  Eqn. 1 can be rearranged as: 305 

(dK/dT)P = (∂K/∂T)V - K (∂K/∂P)T    (2) 306 

 Using the data in Tables 1 and 2, and thermal expansion coefficients from 307 

Schultz and Smyth (1972), the intrinsic and extrinsic contributions to the 308 

temperature-dependence of the moduli can be calculated. For all compositions, the 309 

intrinsic portion is over 99% of the net temperature shift of the bulk modulus: this 310 

dominance is largely a consequence of the low thermal expansion of these glasses. 311 

Hence, the temperature-dependent moduli depend almost entirely on thermal, not 312 

volumetric effects. Thus, there is a straightforward rationale for the differing 313 

behavior of the trend of the temperature dependence of the moduli with 314 

composition (becoming less anomalous) from the pressure dependence of the 315 

moduli with composition (which become more anomalous, with more negative 316 
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dK/dP’s), in that the former hinges on thermal effects, while the latter hinges on 317 

volumetric effects.  318 

 Figure 6 shows estimated values of the change in thermal expansion with 319 

pressure as a function of composition. There may be an indication that the low-Ti 320 

compositional domain that is associated with 5-fold Ti coordination may have a 321 

somewhat different trend than the rest of the glasses, but this effect is not well-322 

resolved. A novel aspect of Figure 6 is that it predicts that SiO2-TiO2 glasses should, 323 

at modest pressures, have notably positive thermal expansions: that is, the near-324 

zero thermal expansions associated with these glasses at ambient pressure is a 325 

fragile phenomenon that is removed by compaction. 326 

 327 

Geophysical Implications 328 

 A long-standing question in the study of magmatic silicates under pressure 329 

is: How does one extrapolate the volume of a silicate liquid into a regime in which 330 

coordination changes become important for different network components? Like 331 

solids, does this structural change involve a discontinuity (smeared-out within the 332 

liquid) in volume and elastic properties? Or is the coordination transition not 333 

readily elastically detectable? 334 

 Our highly accurate low-pressure and high-temperature elastic results, on a 335 

system known to undergo a coordination change at ambient conditions, distinctly 336 

favor the coordination transition not being easily elastically detectable. The 337 

rationale for this outcome appears to be that, unlike in crystalline equivalents, 338 

introducing a highly coordinated cation into an amorphous material produces 339 
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additional structural changes, which includes the creation of weaker polyhedral 340 

linkages. Thus, the net total elastic effects of the genesis of a highly coordinated 341 

cation comprise a set of complex structural/bonding changes that, at least within 342 

the TiO2-SiO2 system, appear to have little resolvable effect on the bulk modulus of 343 

the material; however, an effect on the pressure derivative of the bulk modulus may 344 

be generated.  345 

 The consequences of this observation are multi-fold. First, simulations of 346 

silicate melts that incorporate a single equation of state  are likely to be able to 347 

accurately simulate the high pressure volumes and elasticity of silicate liquids as 348 

coordination changes commence. Second, given an ambient pressure bulk modulus, 349 

the pressure derivative of the bulk modulus may prove to be a key parameter in 350 

assessing the density and elasticity of silicate melts within the transition zone and 351 

shallow lower mantle. Third, because of the possible variation in the pressure 352 

derivative of the bulk modulus that we observe as a function of cation coordination, 353 

such derivatives should optimally be constrained in situ at pressure. 354 

 355 
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 515 

Figure Captions. 516 

Figure 1. Representative data on compressional (P) and shear (S) wave velocities for 517 

two compositions of glass under pressure. The lines without symbols are results for 518 
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a ~7.5 wt% TiO2 glass reported by Andreatch and McSkimin (1976). Typical errors 519 

on velocities are 0.1%, or substantially smaller than the symbols. 520 

 521 

Figure 2. Variations in bulk and shear moduli with composition at 300 K. The 522 

horizontal bar denotes the compositional range in which predominantly 5-fold Ti-523 

substitution has been proposed to take place (e.g., Henderson et al., 2002); greater 524 

Ti-contents are dominated by 4-fold coordination. Open symbols show Brillouin 525 

results on glasses formed by flame hydrolysis from Scannell et al. (2016); their sol-526 

gel glasses lie at 1.1-2.4 GPa lower moduli than the corresponding flame hydrolysis 527 

glasses for all overlapping compositions. 528 

 529 

Figure 3. Dependence of the pressure derivatives of the bulk and shear moduli on 530 

titania composition. Two possible fits to the dK/dP data are shown: the smooth 531 

curve (red) is a simple quadratic fit that might reflect a gradual coordination shift, 532 

while the latter (black) reflects possible non-linear behavior in the compositional 533 

range in which Ti shifts coordination from 5-fold to 4-fold within these glasses. The 534 

data do not discriminate between these fits. 535 

 536 

Figure 4. Representative velocity measurements at high temperatures; the onset of 537 

the high frequency glass transition causes the notable decline in velocities in excess 538 

of 800°C for the 4.6% TiO2 composition, and a combination of the glass transition 539 

and possible unmixing of the glass (e.g., Gonzalez-Oliver et al., 1982) impact the 9.4 540 

wt% sample at the highest temperature conditions. 541 
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 542 

Figure 5. Bulk moduli of SiO2-TiO2 glasses at high temperatures; the onset of the 543 

high frequency glass transition causes the notable decline in modulus in excess of 544 

800°C for the 4.6% TiO2 composition, and crystallization of TiO2 from the 9.4 wt% 545 

sample causes the increase in modulus for this composition. The shaded lines (red 546 

online) show the bulk moduli trends from the Brillouin spectroscopy study of 547 

Scannell et al. (2016) for their glasses with 7.05 wt% (upper) and 10.7 wt% (lower) 548 

TiO2 contents. 549 

 550 

Figure 6. Estimated change in thermal expansion with pressure as a function of 551 

titania content, as derived from the bulk modulus and its temperature dependence. 552 

The correction term from isentropic to isothermal bulk modulus is negligibly small 553 

in these low thermal expansion glasses (Schultz and Smyth, 1970), and hence is 554 

ignored. 555 

  556 
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Tables.  557 

Table 1.   Chemical composition and elastic parameters of SiO2-TiO2 glasses at 558 

ambient pressure and temperature.  559 
 560 
 561 
 562 
 563 
 564 

  565 

 
Glass 

Number 

Composition 
 in wt % 

SiO2     TiO2 



g/cm3 
Vp 

km/sec 
(±0.006) 

Vs 

km/sec 
(±0.004) 

K 
GPa 

(±0.09) 



GPa 
(±0.06) 

7940A  
(fused 
silica) 

 
100             0 

 
2.2007 

 
5.947 

 
3.769 

 
36.16 

 
31.26 

T4A 98.7        1.3 2.2005 5.911 3.746 35.71 30.88 

T1A 97.2        2.8 2.2001 5.872 3.717 35.32 30.40 

T5A 95.4        4.6 2.1995 5.833 3.692 34.87 29.98 

T6A 94.0        6.0 2.1992 5.803 3.672 34.53 29.65 

T2A 92.7        7.3 2.1986 5.758 3.635 34.15 29.05 

ULE 
7971A 

92.5        7.5 2.1993 5.783 3.653 34.42 29.35 

T3A 90.6        9.4 2.1985 5.719 3.607 33.77 28.60 
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 566 
 567 
 568 
 569 
 570 
 571 
 572 

Table 2.   Pressure and temperature derivatives of the elastic parameters of 573 
SiO2-TiO2 glasses at ambient conditions.  574 

 575 
 576 
 577 

 
Glass 

Number 

dK/dP d/dP dK/dT 
GPa/deg 

d/dT 
GPa/deg  

7940A  
(silica) 

 
-5.37 

 
-3.53 

 
.0124 

 
.0051 

T4A -5.68 -3.56 .0121 .0052 

T1A -5.42 -3.56 .0121 .0050 

T5A -5.97 -3.55 .0119 .0050 

T6A -5.85 -3.54 .0119 .0048 

T2A -5.96 -3.60 .0120 .0048 

ULE 7971A -5.88 -3.60 .0119 .0047 

T3A -5.77 -3.59 .0117 .0047 
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 580 
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