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Abstract 6 

Vanadium is a multivalent element that can speciate as V2+; V3+; V4+ and V5+ over a range of 7 

geologically relevant oxygen fugacities (fO2). The abundance of V in planetary materials can be 8 

exploited as a proxy for fO2 when its partitioning behavior is known. The mineral rutile (TiO2) is 9 

an important carrier of the high field strength elements Nb and Ta in the solid Earth, but it can 10 

also incorporate substantial quantities of vanadium (up to ~2,000 ppm; e.g., Zack et al. 2002). 11 

However, little work has been done to systematically investigate how the partitioning of V in 12 

rutile-bearing systems changes as a function of both fO2 and composition. We measured the 13 

partitioning of V and 19 other trace elements (Sc, Cr, Y, Zr, Nb, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, 14 

Ho, Er, Yb, Lu, Hf and Ta) between rutile and three silicate melt compositions equilibrated at 1 15 

atmosphere pressure, 1300 °C and fO2s from two log units below the quartz-fayalite-magnetite 16 

oxygen buffer (QFM-2) to air (QFM+6.5). Rutile/melt partition coefficients (DV
rt/melt) change 17 

dynamically over an eight-log unit range of fO2 and are greatest at fO2=QFM-2 in all 18 

compositions. Vanadium solubility in rutile declines continuously as fO2 increases from QFM-2 19 

and approaches unity in air. Trace element partitioning between rutile and melt is also correlated 20 

with melt composition, with the greatest values of Drt/melt measured in the most polymerized melt 21 

systems containing the least TiO2. We do not find any circumstances where V becomes 22 
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incompatible in rutile. Our results indicate that rutile is a considerable sink for V at terrestrial 23 

fO2s and will contribute to the retention of V in refractory slab residues in subduction zones. In 24 

agreement with previous work, we find that DTa
rt/melt>DNb

rt/melt under all conditions investigated, 25 

suggesting that rutile fractionation does not lead to low Nb/Ta ratios in Earth’s continental crust. 26 

1. Introduction 27 

Oxygen fugacity (fO2) is a thermodynamic parameter that influences, to a first order, the 28 

structure of the planet, the chemistry of rocks and ores, and mass transfer between terrestrial 29 

reservoirs (Frost and McCammon 2008). Oxygen fugacity also controls the speciation of 30 

multivalent elements in planetary materials and their distribution between phases, which can be 31 

used as a proxy for fO2. Vanadium (V) is a trace element that may have up to four valence states 32 

(V2+; V3+; V4+ and V5+) in silicate materials (Fig. 1). Vanadium oxygen barometers 33 

(oxybarometers) have been experimentally calibrated for a wide variety of mineral-melt systems 34 

to investigate how V partitioning shifts as a function of fO2 (Arató and Audétat 2017; Canil 35 

1997; Canil 2002; Canil and Fedortchouk 2000; 2001; Mallmann and O’Neill 2009; Laubier et 36 

al. 2014; Shishkina et al. 2018; Sossi et al. 2018; Toplis and Corgne 2002; Wang et al. 2019) 37 

The partitioning of vanadium between rutile (TiO2) and other phases has excellent 38 

potential to serve as an oxybarometer for metamorphic rocks. Tetravalent vanadium is dominant 39 

in silicate melts at oxygen fugacities relevant to the Earth’s upper mantle and crust (Borisov 40 

2013; Lanzirotti et al. 2018; Sutton et al. 2005) and has the same valence and an ionic radius 41 

similar to Ti4+ (0.58 and 0.605 Å in octahedral coordination, respectively; Shannon 1976). 42 

Tetravalent vanadium may readily substitute for Ti4+ in rutile and the incorporation of “bulk” or 43 

total V in rutile should vary as the amount of V4+ changes. However, only two previous studies 44 

have investigated the partitioning of V between rutile and silicate melt under controlled oxygen 45 
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fugacity (Klemme et al. 2005 and Mallmann et al. 2014). The combined data set of Klemme et 46 

al. (2005) and Mallmann et al. (2014) show V solubility in rutile is redox-controlled over a 12 47 

log-unit range in fO2, but scatter in their experimental data suggests a secondary influence on the 48 

behavior of vanadium that was not investigated as an experimental variable. 49 

Quantifying the partitioning of trace elements between rutile and melt is also crucial for 50 

evaluating the flux of cations through the subduction factory. Rutile is known to concentrate the 51 

high field strength elements (HFSE) Nb and Ta in the solid Earth (e.g., Meinhold 2010; Rudnick 52 

et al. 2000; Tang et al. 2019; Xiao et al. 2006; Zack et al. 2002). The strong compatibility of 53 

these elements in rutile produces complementary liquids depleted in the HFSE during melting or 54 

dehydration—a common feature of arc magmas in subduction zones (e.g., Elliott 2003; Gill 55 

1981; Kelemen et al. 2003; Rudnick et al. 2000; Tang et al. 2019; Turner and Langmuir 2015). 56 

This observation has motivated an abundance of studies investigating the partitioning of Nb and 57 

Ta between rutile and melt (Bromiley and Redfern 2008; Foley et al. 2000; Green 2000; Green 58 

and Pearson 1987; Horng and Hess 2000; Jenner et al. 1993; John et al. 2011; Klemme et al. 59 

2005; Mallmann et al. 2014; McCallum and Charette 1978; Ryerson and Watson 1987; Schmidt 60 

et al. 2004; Wendlandt 1990; Xiong et al. 2005; Xiong et al. 2011). However, rutile can 61 

concentrate vanadium in quantities that rival those of Nb and Ta (up to 2,000 ppm; Barth et al. 62 

2002; Guo et al. 2017; Hermann 2002; Liu et al. 2014; Zack et al. 2002), which suggests that 63 

rutile may preferentially retain V as well as the HFSE during slab melting or dehydration. The 64 

pioneering study of Shervais (1982) showed the Ti/V ratios of arc basalts are lower than the Ti/V 65 

ratios of mid-ocean ridge basalts. We suggest that this tectonic control on Ti and V in volcanic 66 

rocks may be in part due to retention of these elements by residual rutile in subduction 67 

environments.  68 
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This contribution reports experiments to calibrate the partitioning of V and 19 other trace 69 

elements between rutile and three silicate melt compositions over an eight and a half log-unit 70 

range in oxygen fugacity. Our experiments were executed at ambient pressure in a system where 71 

fO2 can be directly controlled to build intuition for how V behavior correlates with both redox 72 

state and melt composition in higher-pressure conditions relevant to rutile growth in nature.  73 

2. Methods 74 

2.1 Experimental 75 

Three systems with a range of melt structures were selected to measure the partitioning of 76 

trace elements between rutile and melt as a function of oxygen fugacity and composition. Two 77 

synthetic compositions, a dacite and a mid-ocean ridge basalt, were prepared by mixing reagent 78 

oxides and silicate mineral powders under ethanol. The third composition was mixed from 79 

crushed and powdered natural Lake County obsidian (LCO). Compositional data for all starting 80 

materials is listed in Table 1. The three base compositions were subsequently doped with a trace 81 

element oxide mix so the final compositions contained ~2,500 ppm V and ~60 ppm each of Sc, 82 

Cr, Y, Zr, Nb, La, Ce, Pr, Nd, Sm, Eu, Gd, Dy, Ho, Er, Yb, Lu and Ta. Melts also contained 83 

trace amounts of Ni and Hf, likely present as minor contaminants in the silicate mineral powders 84 

used in the synthetic mixes. 85 

The pressure, temperature, and compositional conditions for rutile saturation in silicate 86 

melts are well-constrained. Rutile solubility is inversely correlated with pressure (P) and melt 87 

polymerization and positively correlated with temperature (T) (i.e., TiO2 is most soluble in 88 

depolymerized melts at low P and high T; e.g., Gaetani et al. 2008; Ryerson and Watson 1987; 89 

Xiong et al. 2005; Xiong et al. 2009). To avoid any complications from extrapolating rutile 90 
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solubility data at high pressure to ambient conditions, we determined the relationship between 91 

rutile solubility and the ratio of non-bridging oxygens to tetrahedrally coordinated cations in the 92 

melt (NBO/T; Mysen 1983) from previous studies conducted at P=1 atm (see discussion in 93 

Section 3.1). Additional TiO2 was added to powdered mixes to saturate each melt composition in 94 

rutile. Powdered rutile (Alfa Aesar; 99.9 % TiO2) was added to the LCO, dacite and MORB 95 

mixes to form bulk compositions containing 11, 17 and 31 wt% TiO2, respectively. 96 

All experiments were run in a vertical Deltech furnace plumbed with CO and CO2 gas 97 

lines. Experiment fO2s were monitored using a ZrO2 sensor referenced to pure O2. The hot spot 98 

of the furnace was mapped using the technique of Walker et al. (1988) and the thermocouple 99 

temperature was calibrated relative to the melting point of Au at one atmosphere.  100 

Experiment starting materials were blended with liquid polyvinyl alcohol and hung from 101 

Pt loops. All Pt loops were pre-equilibrated with the starting material to mitigate loss of Fe from 102 

the melt to the loop during partitioning experiments (Grove 1982). Pre-equilibration runs were 103 

held at 1300 °C and the targeted fO2 for 24 hours. Loops were cleaned in HF and reloaded with 104 

starting material for partitioning experiments. Rutile/melt partitioning experiments were fused at 105 

1500 °C for ~1 h to create a homogeneous melt and cooled at 6 °C/h for equilibratation at 1300 106 

°C. Experiment conditions are recorded in Table 2. All runs were terminated by drop-quenching 107 

the experiments in water inside the controlled-atmosphere furnace. Completed experiments were 108 

mounted in epoxy, exposed and polished for analysis.  109 

2.2 Analytical  110 

We confirmed the presence of rutile in our run products with Raman spectroscopy. 111 

Raman spectra were collected on all experiments using a Horiba LabRAM HR Evolution 112 
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confocal microscope equipped with Synapse detector at the National Museum of Natural History 113 

(NMNH), Smithsonian Institution. Spectra were collected at the 532 nm wavelength using a 600 114 

μm grating and a 5 μm focused spot size for all experiments except the LCOTi series, where a 115 

2.5 μm spot was used. Collected spectra were reduced in the LabSpec6 software and compared 116 

to entries in the RRUFF online database (Downs 2006) to confirm the presence of rutile in our 117 

experiments. Examples of collected Raman spectra are reported in the Supplemental Material. 118 

 The major and minor element compositions of all experiments were determined using the 119 

JEOL 8530F Hyperprobe at NMNH. A correction was used to account for the overlap of the Ti 120 

Kβ peak with the V Kα peak on the LIF crystal (Snetsinger 1964). A Ti-Cr-V metal alloy (NIST 121 

SRM-649) was used as a secondary standard during EPMA analysis. Repeated analyses of pure 122 

Ti metal using our correction returned values of “0” for vanadium. Experimental glasses were 123 

measured at an accelerating voltage of 15 kV and 10 nA current using a defocused 20 μm spot to 124 

reduce Na loss. Experimental rutile was measured at 15 kV and 20 nA current using a 1 μm spot 125 

size. Counting times were 60 s for V and 20 s for all other elements. Concentrations of V in all 126 

experimental materials were well above the EPMA detection limit (~100 ppm) for our analytical 127 

routine. Multiple analyses on single grains and rim-to-rim traverses showed no signs of crystal 128 

zoning in our experiments (reported in the Supplemental Material). 129 

The trace element compositions of three experiments were determined via laser ablation 130 

ICP-MS in the Corman Center for Mass Spectroscopy at Rensselaer Polytechnic Institute. The 131 

RPI LA-ICP-MS consists of a Photon Machines Analyte 193 nm ultra-short pulse excimer 132 

workstation coupled to a Bruker 820 quadrupole ICP-MS. We applied a laser fluence of 7.19 133 

J/cm2 and 6 Hz rep rate. For all analyses, the sample was ablated for 30 s, followed by 30 s 134 

where the shutter was closed to measure the background. All experimental glasses were analyzed 135 
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using a 40 μm laser spot. Rutile was analyzed with a 40 or 20 μm laser spot, depending on rutile 136 

grain size. NIST612 glass (Pearce et al. 1997) was used as the standard for glass analyses. 137 

USGS-GS1D glass was used as the standard for rutile analyses and as a secondary standard for 138 

analyses of experimental glasses. Trail et al. (2018) demonstrates matrix-matched mineral 139 

standards are not necessary for laser spot sizes ≥20 μm. LA-ICP-MS data were reduced using the 140 

Iolite software package for Igor Pro (Paton et al. 2011) with 29Si and 49Ti as the internal 141 

standards for glasses and rutile, respectively, in the trace element data reduction scheme. We 142 

monitored major element ratios (i.e., 27Al:49Ti) to filter out any glass signal in our rutile spectra. 143 

The small size of rutile in most experiments precluded LA-ICP-MS measurements. Complete 144 

chemical data for all experiments are collated in the Supplemental Material.  145 

3. Results  146 

Sixteen partitioning experiments saturated in rutile. One experiment conducted in air 147 

saturated in an armacolite (Ti-Mg-Fe-Al) solid solution (Anderson et al. 1970) in addition to 148 

rutile (chemical data may be found in Supplemental Material). Basaltic melt experiments 149 

crystallized large, subhedral rutile grains while more polymerized melts (DacTi and LCOTi 150 

experiments) promoted the growth of euhedral, acicular rutile crystals (Fig. 2). Rutile needles 151 

formed clusters and were oriented similarly in the more polymerized melt compositions (Figures 152 

2b and 2c), indicating Ti may have structural influence as a nucleating agent for crystal growth 153 

in silicate melts (Guignard et al. 2010). Rutile saturation is strongly correlated to the degree of 154 

melt polymerization (Fig. 3). 155 

Rutile/melt partition coefficients were calculated from chemical data according to the 156 

equation 157 
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 (1) 158 

Reported standard deviations were calculated from  159 

 (2) 160 

Rutile/melt partition coefficients for V are listed in Table 2. All other trace element partition 161 

coefficients are presented in Table 3. 162 

Element diffusion in silicate melts is dependent on melt polymerization. The experiments 163 

of Holycross and Watson  (2016; 2018) show vanadium diffusion in dry basaltic melts at 1300 164 

ºC is almost twice as fast as V diffusion in hydrous rhyolitic melts at the same temperature (no 165 

diffusion data has been published for V in dry rhyolitic melts, but it is likely slower than V 166 

diffusion in hydrous rhyolitic melts). We employed the same experimental cooling rate for all 167 

melt compositions. This raises the possibility that rutile in our most polymerized melt 168 

compositions did not crystallize in equilibrium with the bulk melt and may instead sample a melt 169 

region surrounding the crystal that has not diffusively equilibrated (see contributions by 170 

Albarede and Bottinga 1972; Holycross and Watson 2016; 2018; Sossi and O’Neill 2016; and 171 

Watson and Müller 2009 among others for discussion on how diffusive boundary layers in the 172 

melt impact the disequilibrium incorporation of cations in rapidly growing minerals). However, 173 

EPMA traverses across rutile/melt interfaces and rutile grains from all compositions (reported in 174 

the Supplemental Material) confirm V concentrations in rutile are homogeneous from rim-to-rim, 175 

as are melt regions surrounding the crystal interface. In addition, two experiments of different 176 

duration (231 and 40 hours) in the DacTi system at QFM+1 produce the same values of DV
rt/melt 177 

within 2σ, indicating our experiment durations were sufficient to attain equilibrium. 178 
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4. Discussion 179 

4.1 Rutile defect equilibria and relationship to oxygen fugacity  180 

Rutile is a non-stoichiometric phase (TiO2-x, where x=0-0.02) with semiconducting and 181 

photocatalytic properties that are closely related to its concentration of point defects (e.g., Bak et 182 

al. 2012, Kofstad 1972, Nowotny et al. 2008). A decrease in oxygen fugacity results in the 183 

formation of two main “donor” point defects in rutile: oxygen vacancies (dominant;  in 184 

Kröger-Vink notation) and interstitial titanium sites (minor; and  for Ti4+ and Ti3+ 185 

interstitials, respectively) (Kofstad 1972). Formation of point defects increases the population of 186 

free electrons; thus as fO2 decreases, the rutile structure can accommodate a greater array of ions 187 

with different valence states and electronegativities to charge balance. According to the defect 188 

model of Bak et al. (2012), both  and are constant in rutile at our experimental conditions 189 

(absolute logfO2=-9.21 to -0.6 bar at 1300 ºC), which suggests the main substitution mechanism 190 

for V in our experiments is exchange of V4+ for Ti4+. Our system is not reducing enough to 191 

stabilize any significant amount of trivalent titanium (e.g., Borisov 2012; Leitzke et al. 2018) and 192 

 is orders of magnitude less than  and . However,  increases substantially with 193 

decreasing fO2 and we anticipate that the exchange of V3+ with Ti3+ sites may become important 194 

for the incorporation of V in TiO2 under more reducing conditions. 195 

We note that the model of Bak et al. (2012) describes the defect structure of rutile 196 

crystals equilibrated with gas atmospheres, while our experimental rutile equilibrated with TiO2-197 

bearing silicate melt. Additional defects in our experimental rutile may result from the 198 

substitution of major cations like Si, Fe or Al (e.g., Cherniak and Watson 2019; Hoff 2019) or 199 

may be correlated with the activity of TiO2 in the melt.   200 
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4.2 Vanadium partitioning between rutile and melt 201 

4.2.1 Redox dependence of partitioning 202 

The partitioning of “bulk” vanadium between rutile and melt is driven by the shift in V 203 

valence state over the eight and a half log-unit range in fO2 investigated here (Figure 4). Divalent 204 

vanadium is negligible at fO2=QFM-2 and above (Sutton et al., 2005) and we only consider the 205 

oxidation reactions  206 

 (3a) 207 

 (3b) 208 

in our experimental system. The equilibrium constants (K) for redox reactions 3a and 3b are 209 

given by 210 

 (4a) 211 

 (4b) 212 

The thermodynamic treatment of Mallmann and O’Neill (2009) calculates the bulk partition 213 

coefficient, , from the partition coefficients for individual V species, , 214 

 and and the equilibrium constants K3a and K3b. We used the 215 

parameterization of Mallmann and O’Neill (2009) to determine the relationship between DV
rt/melt 216 

and oxygen fugacity for each melt composition from the equation 217 

 (5) 218 
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Mallmann and O’Neill (2009) note that values of K are less sensitive to melt composition than 219 

values of D. We apply the equilibrium constants (K3a=3.03 x 10-5 and K3b=3.09 x 10-3) of 220 

Mallmann and O’Neill (2009) to model redox reactions in our rutile-melt systems (note that 221 

other studies have found different Ks for magnetite/melt partitioning of V, e.g., Sossi et al. 2018; 222 

Toplis and Corgne 2002). More details on this modeling approach may be found in Mallmann 223 

and O’Neill (2009). Rutile/melt partition coefficients for each valence state of V are reported in 224 

our Supplemental Material. 225 

 Each melt system produces distinct partition coefficients for V3+, V4+ and V5+ and values 226 

of > >  in all compositions (Supplemental Material). Tetravalent 227 

vanadium is most abundant in our system at fO2s near QFM-2 (Sutton et al. 2005), has the same 228 

valence and an ionic radius very similar to Ti4+ in octahedral coordination (Shannon, 1976). 229 

Rutile/melt partition coefficients for bulk V are greatest when V4+ is the dominant species—230 

DV
rt/melt peaks at QFM-2 in all melt compositions. DV

rt/melt decreases continuously as fO2 231 

increases and V5+ becomes prevalent. Rutile/melt partition coefficients approach unity near 232 

fO2=QFM+6.5, but V never becomes incompatible in rutile in our experiments. 233 

It is unclear from our experiments how V3+ behaves in the rutile-melt system. Mismatch 234 

between the ionic radii of V3+ and Ti4+ (Shannon, 1976) indicates DV
rt/melt should decrease as V3+ 235 

becomes abundant at fO2<QFM-2. However, the solubility of V3+ may be enhanced by coupled 236 

substitution with pentavalent ions like Nb and Ta, which are highly compatible in rutile (see 237 

Section 4.3). Trivalent vanadium is also expected to exchange with Ti3+ in systems under very 238 

reducing conditions (Bak et al. 2012; Borisov 2013; Papike et al. 2016). Substitution 239 

mechanisms for V3+, while of crystal-chemical interest, are less important for terrestrial systems 240 



12 
 

where V4+ and V5+ are dominant and further consideration is beyond the scope of this 241 

contribution.  242 

4.2.2 Compositional dependence of partitioning  243 

Rutile/melt partition coefficients for V vary systematically between the three melt 244 

compositions at a given fO2 (Figure 6). Partition coefficients obtained for the MORB system are 245 

the lowest at all fO2s investigated and are close to an order of magnitude less than DV
rt/melt in 246 

LCO at fO2≤QFM. The dacite system produced intermediate values of DV
rt/melt at all fO2 247 

conditions. The behavior of V at a given fO2 is clearly dependent on melt composition and is 248 

influenced by both melt polymerization (i.e., NBO/T) and the TiO2 content of the melt.  249 

 Early experimental work by Watson (1976) and Ryerson and Hess (1978) predicted 250 

mineral/melt partition coefficients for elements with high charge densities (i.e., the HFSE) will 251 

increase with increasing polymerization of the melt. Subsequent studies by Green and Pearson 252 

(1987), Wendlandt (1990), Horng and Hess (2000), Green (2000), Schmidt et al. (2004), 253 

Klemme et al. (2005), Xiong et al. (2005), Xiong et al. (2011), and this contribution, show strong 254 

correlations between rutile/melt partitioning of the HFSE and melt polymerization. Our new 255 

experiments demonstrate vanadium behaves similarly to the HFSE: DV
rt/melt increases as NBO/T 256 

decreases in the three melt compositions (Fig. 6a).  257 

Vanadium partitioning between rutile and melt may also be correlated with the 258 

coordination of Ti in the melt. The role of titanium in silicate melt structures is concentration-259 

dependent, and it’s in both the numerator and denominator of the “NBO/T” ratio (Mysen 1983). 260 

X-ray absorption near edge structure (XANES) spectroscopy of silicate glasses shows the 261 

relationship between Ti coordination and melt composition , as well as pressure and temperature, 262 



13 
 

is highly complex (e.g., Farges et al. 1996; Farges and Gordon 1997; Greegor et al. 1983; 263 

Romano et al. 2000).  Titanium may be coordinated as [5]Ti and [6]Ti in depolymerized melts but 264 

becomes coordinated as [4]Ti as NBO/T decreases (Dingwell et al. 1992; Farges et al. 1996; 265 

Farges and Gordon 1997). Highly coordinated Ti can form Ti-O-Ti rutile-structured complexes 266 

in depolymerized melts, while [4]Ti is predicted to form Ti-O-Si linkages in more polymerized 267 

compositions (Farges et al. 1996). Greegor et al. (1983) observed six-fold coordinated Ti in 268 

silicate glasses only when they contained >7 wt% TiO2; fourteen of our sixteen experimental 269 

glasses contain >7 wt% TiO2 (Table 2).  270 

 Octahedrally-coordinated Ti structures in the melt may form rutile-like complexes that 271 

bind rutile-compatible cations, leading to lower rutile/melt partition coefficients for these 272 

elements in Ti-rich melt systems. This effect likely contributed to the compositional trends in our 273 

rutile/melt partitioning data. It is well-established that highly polymerized melts require less bulk 274 

TiO2 to saturate in rutile (e.g., Fig. 3 and Dickinson and Hess 1985; Gaetani et al. 2008; Ryerson 275 

and Watson 1987; Schmidt et al. 2004; Xiong et al. 2005; Xiong et al. 2009). Our basaltic system 276 

contained more TiO2 to saturate in rutile than the dacitic system, which contained more TiO2 277 

than the rhyolitic system (Fig. 6b). Depolymerized melts contain more, and more highly 278 

coordinated, TiO2 in equilibrium with rutile. Consequently, DV
rt/melt at a given fO2 can be 279 

expressed as a function of both NBO/T and melt TiO2 content (Fig. 6). The relationship between 280 

rutile solubility and melt polymerization, in addition to the influence of melt TiO2 on 281 

polymerization itself (Mysen 1983) dictates that these parameters cannot be changed 282 

independently in our experimental series. No published work has systematically investigated the 283 

relationship between fO2, DV
rt/melt and composition in higher pressure systems that saturate in 284 

rutile at lower TiO2 concentrations.  285 
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Previous studies by Xirouchakis et al. (2001), Schmidt et al. (2004), Dygert et al. (2014) 286 

and Leitzke et al. (2016) have also noted that D values for other mineral/melt systems are 287 

inversely correlated with melt TiO2 content. 288 

4.2.3 Comparison to other studies 289 

 Klemme et al. (2005) and Mallmann et al. (2014) have also examined the partitioning of 290 

V between rutile and silicate melt as a function of oxygen fugacity. Those two studies were 291 

conducted at the same conditions (P=1 atm, T=1250-1300 °C), used identical melt compositions, 292 

and yielded similar results (Figure 5). A notable exception is that some of the experiments of 293 

Klemme et al. (2005) suggest V is more compatible in rutile under oxidizing conditions than the 294 

experiments of Mallmann et al. (2014). Our new data agree with their previous work at 295 

logfO2<QFM+1 but deviate significantly at more oxidizing conditions (Figure 5). This 296 

discrepancy is most likely due to the difference in the melt compositions used here and those of 297 

Klemme et al. (2005) and Mallmann et al. (2014), which contained more TiO2 and were less 298 

polymerized (see Section 4.2.2). Mallmann et al. (2014) reported a progressive increase in 299 

DV
rt/melt even as fO2 was reduced to QFM-5. This behavior may be expected as fO2 decreases due 300 

to both an increased number of point defects in rutile (Bak et al. 2012) and increased exchange of 301 

V3+ with Ti3+ species formed at reducing conditions (Borisov 2012). However, Mallmann et al. 302 

(2014) interpreted this trend to reflect the enhanced stabilization of V4+ to lower fO2 than 303 

previously expected and did not find any evidence for the presence of V3+ in their experiments. 304 

In contrast to Klemme et al. (2005) and Mallmann et al. (2014), we do not find any conditions 305 

where V becomes incompatible in rutile (Fig. 5).  306 

4.2.4 What controls V incorporation in terrestrial rutile? 307 
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In this experimental series, we varied fO2 and melt composition. In these 1-atmosphere 308 

experiments, by necessity, the concentration of TiO2 greatly exceeds what we expect in nature. 309 

Further, variation in TiO2 directly influences the melt’s NBO/T ratio, such that TiO2 and NBO/T 310 

cannot be varied independently (they co-vary with R2 = 0.95).  Multiple regressions of fO2, 311 

NBO/T and TiO2 therefore results in multicollinearity. Melt TiO2 concentration and NBO/T do 312 

not provide independent information, and one must be dropped from the regression. As expected 313 

with multicollinearity, the result of the regression is the same whether cast in terms of NBO/T or 314 

TiO2 – each variable accounts for ~ 30% of the variance in DV
rt/melt. Because DV

rt/melt is likely to 315 

correlate with any component that alters NBO/T, and because TiO2 does not vary widely in 316 

terrestrial melts, we choose to cast the dependent variable in terms of fO2 and NBO/T (for n=16 317 

experiments, R2 = 0.67, and p-value =0.002 for both NBO/T and fO2).   318 

In sum, the partitioning of V between rutile and melt in our experiments is controlled 319 

equally by fO2 and melt composition, over the range of fO2 and melt composition investigated. It 320 

is uncertain how these influences are borne out in terrestrial environments because our 321 

experiments employed unnatural melt compositions. Rutile saturation is dependent on melt 322 

polymerization (investigated here) as well as pressure and temperature. Terrestrial magmas 323 

contain a limited amount of TiO2 (often 0.5-3 wt% with a maximum of 5.5 wt%; e.g., Arndt et al. 324 

1995; Dasgupta et al. 2010; Gale et al. 2013; Turner and Langmuir 2015) and do not precipitate 325 

rutile unless they are fairly polymerized (e.g., Ryerson and Watson 1987; Xiong et al. 2009). In 326 

contrast, the available data suggest that rutile saturation is not directly limited by fO2, and can 327 

occur over a wide extent of Earth-relevant redox conditions (e.g., this contribution as well as 328 

Guo et al. 2017; Klemme et al. 2005; Liu et al. 2014; Mallmann et al. 2014).  329 
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Terrestrial rutile equilibrates with silicate melts over a narrow range of NBO/T and TiO2 330 

but a potentially large and uncertain range of fO2. It’s noteworthy that our most polymerized 331 

experimental system with the least TiO2 returned the highest partition coefficients, and also 332 

produced the greatest dynamic range of DV
rt/melt—i.e., DV

rt/melt was most sensitive to changes in 333 

redox in this melt composition. We suggest that in natural systems with reasonable melt 334 

compositions, fO2 will be the dominant free parameter controlling the incorporation of V in 335 

natural rutile. 336 

4.2.5 Anticipated effects of pressure and temperature on vanadium partitioning between rutile 337 

and melt 338 

Two previous studies have measured the partitioning of V between rutile and melt at 339 

higher pressures and lower temperatures but have not controlled or monitored fO2. However, we 340 

can use their results to make qualitative predictions about the behavior of V-in-rutile under P and 341 

T conditions more relevant to natural rutile saturation scenarios.  342 

Foley et al. (2000) reported the results of three experiments to measure the partitioning of 343 

trace elements between rutile and tonalite melt at P=18-25 kbar and T=900-1100 °C. They 344 

estimated their experimental assembly imposed fO2s close to the Fe-FeO buffer (~QFM-5 at this 345 

P and T range). Foley et al. (2000) produced DV
rt/melt = 46.5-124. Xiong et al. (2005) ran eclogite 346 

melting experiments to measure trace element partitioning between rutile and hydrous silicic 347 

melt at P=10-25 kbar and T=925-1075 °C. They estimated their experimental fO2s to be between 348 

the Fe3O4-FeO and Ni-NiO and buffers (~QFM+0.5 to ~QFM-2.5). Xiong et al. (2005) found 349 

DV
rt/melt = 40-141, with no clear trend between DV

rt/melt, T or P in their experiments.  350 
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Values of DV
rt/melt measured by Foley et al. (2000) and Xiong et al. (2005) are 2 to 6 times 351 

greater than any value of DV
rt/melt measured in this study (22, at QFM-2 in LCOTi) and near 1.5 352 

orders of magnitude greater than all values of DV
rt/melt returned in the MORBTi system (Table 2). 353 

Clearly, increasing pressure and/or decreasing temperature substantially increases the 354 

compatibility of V in rutile. Foley et al. (2000) and Xiong et al. (2005) also measured DNb
rt/melt 355 

and DTa
rt/melt in the same experiments as DV

rt/melt; in runs that produced the highest values of 356 

DV
rt/melt (≥100), vanadium compatibility in rutile is similar to the HFSE (Drt/melt also ~100). 357 

Considering our new data in concert with the previous work of Foley et al. (2000) and Xiong et 358 

al. (2005), we predict rutile may be a substantial carrier of V in addition to the HFSE in 359 

subduction zone environments, especially at fO2s at or below the QFM buffer. 360 

4.3 Other trace elements 361 

 Three of our experiments produced rutile large enough for laser ablation analysis. Our 362 

trace element partition coefficients (Table 3) agree qualitatively with previous studies conducted 363 

under similar conditions (Klemme et al. 2005; Mallmann et al. 2014). Increasing melt 364 

polymerization drives an increase in the compatibility of all trace elements in rutile (Fig. 8). All 365 

rare earth elements are broadly incompatible in rutile. Rutile/melt partitioning of multivalent Cr 366 

and Fe increases as fO2 increases from QFM-2 to QFM-1 in the MORBTi system, which may 367 

indicate a coupled substitution mechanism for Fe3+ and Cr3+ with Nb5+ or Ta5+. 368 

 We find that niobium and tantalum are extremely compatible in rutile (Drt/melt=50 to 230). 369 

Variations in the partitioning of Nb and Ta between rutile and melt may be linked to changes in 370 

either melt polymerization or melt TiO2 content (Section 4.2.2). In agreement with previous 371 

work, we find that DTa
rt/melt>DNb

rt/melt under all conditions investigated (Bromiley and Redfern 372 

2008; Foley et al. 2000; Green 2000; Green and Pearson 1987; Horng and Hess 2000; Jenner et 373 
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al. 1993; John et al. 2011; Klemme et al. 2005; Mallmann et al., 2014; Schmidt 2004; Wendlandt 374 

1990; Xiong et al. 2005; Xiong et al. 2011). However, we note that analyses of Ta in our 375 

experimental rutile exhibit a slightly higher standard deviation than our Nb values (~11% S.D. 376 

compared to ~3% S.D., respectively; see Supplemental Material). This may be due to either 377 

poorer counting statistics for the less abundant Ta, or the due to the slower diffusivity of Ta 378 

relative to Nb in rutile (Dohmen et al., 2018; Marschall et al. 2013).  379 

5. Implications 380 

 Shervais (1982) found arc basalts have lower Ti/V ratios than MORB (Ti/V=10-20 and 381 

Ti/V=20-50, respectively, after filtering for magnetite fractionation) but asserts the lower Ti/V of 382 

arcs cannot be due to retention of Ti-rich phases in refractory residues unless the Ti-rich phase 383 

also strongly retains vanadium. Our new data show that the Ti-phase rutile, which commonly 384 

forms in MORB subducted to eclogite facies, strongly retains vanadium and its compatibility in 385 

rutile is dependent on the oxygen fugacity of the system. This raises the possibility the Ti/V 386 

signature of arc magmas may be in part inherited from a low Ti/V component that has been 387 

transferred from a rutile-bearing slab and subsequently mixed with the overlying arc.  388 

Dynamic and thermochemical models indicate that slab-surface temperatures reach or 389 

exceed the hydrous basalt + sediment solidus for roughly half of the world’s subduction zones 390 

(e.g., Cooper et al. 2012; Hermann and Rubatto 2009; Plank et al. 2009; Syracuse et al. 2010; 391 

van Keken et al. 2002); recent work by Sisson and Kelemen (2018) suggests eclogite partial 392 

melts constitute 1/10 to 1/3 of the final parental arc magmas. Eclogite melting is thus not only a 393 

common phenomenon during subduction but also plays a critical role in controlling the flux of 394 

elements from the slab to the overlying arc. Here, we model partitioning of Ti and V during 395 

eclogite melting as a function of fO2 and phase assemblage (garnet, clinopyroxene ± rutile) to 396 
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determine the impact of residual rutile on the Ti/V ratios of slab melts and their potential 397 

contribution to parental arc magmas. 398 

We have produced rutile/melt partition coefficients for V over varying fO2. Several 399 

previous studies have measured the partitioning of V between garnet/melt (Canil 2001; 400 

Mallmann and O’Neill 2009 following Mallmann et al. 2007; Righter et al. 2011) and 401 

clinopyroxene/melt (Canil 2001; Canil and Fedortchouk 2000; Laubier et al. 2014; Mallmann 402 

and O’Neill 2009; Wang et al., 2019) under controlled oxygen fugacity. At present there are no 403 

reported data sets examining partitioning of V between these phases as function of fO2 at 404 

pressures, temperatures and compositions relevant to slab melting. This necessitates we model V 405 

partitioning in our system using available coefficients assuming fO2, rather than P, T or x, is the 406 

most important variable controlling V behavior. We modeled partitioning of V between rutile 407 

and slab melts using DV
rt/melt for our LCOTi system at one atm pressure and 1300 ºC—conditions 408 

that are plainly outside the realm of possibility for natural eclogite melting scenarios. However, 409 

DV
rt/melt may increase significantly at higher P and lower T (DV

rt/melt≥40 and can exceed 100; see 410 

discussion in Section 4.2.5), thus our partition coefficients are realistically minimums for 411 

modeling V incorporation in rutile during slab melting. We used DV
cpx/melt from Mallmann and 412 

O’Neill (2009) measured at 1300 ºC and 1 atm pressure. Comparison of the studies by Mallmann 413 

and O’Neill (2007) and Mallmann and O’Neill (2009) indicate DV
cpx/melt at 1300 ºC and 1 atm 414 

overlaps with DV
grt/melt at 3 GPa and 1400-1450 ºC at the same fO2, and we make the simplifying 415 

assumption that DV
grt/melt = DV

cpx/melt in our model. The experiments of Mallmann and O’Neill 416 

2007 and 2009 both used mafic melt compositions, but again, it is currently unknown how V 417 

partitions between clinopyroxene, garnet and more evolved melt compositions under varying 418 

fO2.  419 
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We calculated partitioning of Ti between rutile, clinopyroxene, garnet and melt using the 420 

data of Klemme et al. (2002) and Xiong et al. (2009). Partitioning of Ti is constant over changing 421 

fO2. We stress that, although the partition coefficients we input in our model have been measured 422 

at temperatures that are significantly hotter than the conditions of eclogite melting on the slab 423 

geotherm (solidus at 700-800 ºC, e.g., Sisson and Kelemen 2018), we expect the compatibility of 424 

V in all eclogitic minerals to increase down-temperature due to the increased free energy of 425 

fusion at lower T (Blundy and Wood 2003). Rutile saturation is dependent on temperature; 426 

evolved melts at lower temperatures contain less TiO2 because it precipitates out as rutile (e.g., 427 

Klimm et al. 2008; Ryerson and Watson 1987; Xiong et al. 2005). Thus, the compatibilities of V 428 

and Ti in eclogite melts may extrapolate down-temperature in a similar way. Even though the 429 

conditions of our model are offset from the conditions of slab melting in nature, our data provide 430 

first-order results and context for future experiments conducted at high P, lower T and controlled 431 

fO2. More information about our model can be found in the Supplementary Material.  432 

Figure 8 shows the V content (8a) and Ti/V ratios (8b) of eclogite slab melts at 5% batch 433 

melting as a function of fO2 and mineral assemblage. The three modeled eclogite mineral 434 

assemblages contain equal amounts of garnet and clinopyroxene and are either rutile-free or 435 

contain 1 or 2% rutile. Rutile is an accessory mineral and its modal percentage in exhumed slabs 436 

globally may be closer to 1% (e.g., Hills and Haggerty 1989). However, many subduction-related 437 

UHP terranes contain up to 2-4 vol% rutile (e.g., Liou et al., 1998; Kylander-Clark et al. 2008) 438 

and eclogites often contain relict rutile that has broken down to ilmenite, titanite or other phases 439 

during alteration or exhumation (e.g., Meinhold 2010; Xiao et al., 1998; Zack et al. 2002; Zack 440 

and Kooijman 2017 and references therein), which indicates the original proportion of rutile in 441 

the rock was possibly greater at the time of prograde eclogite facies metamorphism. 442 
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The average concentrations of both Ti and V individually, as well as Ti/V ratios, are 443 

lower in arcs than in MORB, but the relative decrease in Ti (~50%) is much greater than the 444 

decrease in V (~10%) between MORB and arcs (e.g., compare arc magmas reported in Turner 445 

and Langmuir 2015 with MORB from Gale et al. 2013 for compositions with the same MgO). 446 

Figure 8a shows the addition of 1-2% rutile to the slab residue can deplete V in slab melts by up 447 

to 20% at fO2s where V is most compatible in rutile. This modest effect is likely to be more 448 

pronounced at higher pressures and lower temperatures, where previous experimental data 449 

suggest DV
rt/melt can reach over 100 (Section 2.5.2). Titanium is incompatible in clinopyroxene 450 

and garnet—subsequent additions of 1% rutile to our model assemblage decreases the Ti content 451 

of the complementary melt from ~3 wt% to 0.78 wt% to 0.44 wt% (Supplementary Material).  452 

At a specified mineral assemblage and melt fraction, the Ti content of the slab melt is 453 

constant while the V content changes as a function of fO2. Increasing quantities of rutile in the 454 

slab residue drives an offset in the Ti/V of melts of each assemblage, but the slope of the line is 455 

driven by the decreasing compatibility of V in the mineral residue as fO2 increases. If slab melts 456 

do in fact contribute a Ti/V component to the overlying arc that is less than MORB, this 457 

component may only be produced by melting of refractory slab residues containing >1 wt% 458 

rutile at fO2≥QFM. In all other modeled scenarios, the slab melt would contribute a component 459 

with much greater Ti/V than MORB, which would require a considerable decrease of Ti/V 460 

through another process at convergent margins.  461 

Rutile influences the concentration of both Ti and V in eclogite melts and the presence of 462 

rutile in slab residues may in part explain the lower ratio of Ti/V in arc rocks observed by 463 

Shervais (1982). The high solubility of V in rutile may also impact trace element ratios like V/Sc 464 

(Aulbach and Stagno 2016; Lee et al. 2005; Stolper and Bucholz 2019) and V/Yb (Laubier et al. 465 
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2014) that have been used as proxies for fO2 in subduction zone settings, particularly if the arc 466 

crust is thick enough to stabilize rutile-bearing “arclogites” at its base (e.g., Ducea et al. 2015; 467 

Lee et al. 2006; Rodriguez-Vargas et al. 2005; Tang et al. 2019).   468 

Our experiments indicate rutile is a considerable sink for vanadium in the solid Earth. 469 

Vanadium is most soluble in rutile at fO2s at or below QFM and in high-SiO2 systems, but we 470 

emphasize that the partitioning of V between rutile and melt is greater than unity at all fO2s 471 

investigated. This suggests rutile will contribute to the retention of V in refractory residues 472 

during eclogite melting under all but the most oxidizing conditions, where it becomes neutral. 473 

The strong compatibility of V in rutile and the dynamic variation of DV
rt/melt as function of fO2 474 

suggests a rutile-based V-oxybarometer may be robust to even small changes in system redox 475 

state.  476 

In agreement with previous work, we find that DTa
rt/melt>DNb

rt/melt under all conditions 477 

investigated (Bromiley and Redfern 2008; Foley et al. 2000; Green 2000; Green and Pearson 478 

1987; Horng and Hess 2000; Jenner et al. 1993; John et al. 2011; Klemme et al. 2005; Mallmann 479 

et al., 2014; Schmidt 2004; Wendlandt 1990; Xiong et al. 2005; Xiong et al. 2011). Current 480 

evidence indicates that rutile fractionation does not lead to low Nb/Ta ratios in Earth’s 481 

continental crust, as was recently suggested by Tang et al. (2019). However, confirmation under 482 

the colder, high-pressure, conditions relevant to arcs awaits further experimental investigation. 483 
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Figure Captions 804 

Figure 1 Average vanadium valence as a function of oxygen fugacity in silicate glass standards 805 
measured via X-ray absorption near edge structure (XANES) spectroscopy. Vanadium data is 806 
temperature corrected as measured by Sutton et al. (2005). Transition from V4+ to higher 807 
oxidation states occurs at ~QFM-2. The position of “air” is calculated at 1300 ºC. 808 

Figure 2 Optical microscope view of rutile grains and glass in thin sections made from 809 
experiments at fO2=QFM and 1300 °C. a) MORBTi composition b) DacTi composition and c) 810 
LCOTi composition. Grains become more acicular as melt polymerization increases. 811 

Figure 3 Rutile saturation in silicate melts at 1 atm pressure is strongly correlated with melt 812 
polymerization and temperature. The studies of Mallmann et al. (2014) and Klemme et al. (2005) 813 
were conducted at temperatures comparable to this study (T=1250-1300 °C). The rutile 814 
saturation experiments of Gaetani et al. 2008 (dark gray squares) extended to 1450 °C. We 815 
parameterized the relationship between rutile solubility and melt composition to minimize the 816 
amount of TiO2 in our melts at rutile saturation.  817 

Figure 4 Rutile/melt partitioning of V at 1300 °C and one atm as a function of oxygen fugacity. 818 
Values of DV

rt/melt change with melt polymerization, parameterized as NBO/T (Mysen 1983). 819 
Unseen error bars are smaller than the size of data points. Curves are fit to the data using 820 
equation 5. 821 

Figure 5 Comparison of this study to literature data examining rutile/melt partitioning of V at 822 
one atm pressure and T=1250-1300 °C. In contrast to Mallmann et al. (2014) and Klemme et al. 823 
(2005), we do not find any conditions where V becomes incompatible in rutile. Error bars 824 
smaller than the size of data points when unseen. Curves are fit to the data using equation 5.  825 

Figure 6 Partitioning of V between rutile and melt at constant fO2 is dependent on melt 826 
composition. The relationship between DV

rt/melt and composition may be expressed as a function 827 
of (a) melt polymerization or (b) melt TiO2 content. Curves define an exponential relationship. 828 
See discussion in text for more detail. 829 

Figure 7 Spider diagram showing trace element partitioning between rutile and melt for three 830 
experiments (DacTi and MORBTi at QFM-1 and MORBTi at QFM-2). Elements are arranged in 831 
order of compatibility (Hofmann 1988). Increasing melt polymerization increases Drt/melt for all 832 
cations investigated here—note that decreasing fO2 increases melt polymerization slightly in the 833 
MORBTi experiments due to increased volatilization of Na (e.g., Donaldson 1979). Experiments 834 
conducted at higher oxygen fugacities grew rutile that were insufficient in size for LA-ICP-MS. 835 
Error bars smaller than data points where unseen. 836 

Figure 8 The addition of rutile to refractory eclogite residues reduces the amount of Ti and V 837 
transferred from the slab to the overlying arc in subduction zones. a) Vanadium content of slab 838 
melts at F=5% (i.e., 5% partial melting) as a function of mineral assemblage and fO2. Melts from 839 
eclogites containing only garnet and clinopyroxene will contain more V than melts from rutile-840 
bearing residues. The retention of V in the mineral residue is greatest at the fO2s (<QFM) where 841 



33 
 

V is the most compatible in rutile. b) The Ti/V ratios of eclogite slab melts change as a function 842 
of oxygen fugacity and mineral assemblage. Ti partitioning is constant over the modeled fO2 843 
range. Slab melting will not contribute a Ti/V component to the overlying arc that is less than the 844 
Ti/V of MORB unless the refractory slab assemblage contains >1 wt% rutile and slab melting 845 
occurs at fO2s≥QFM. See text for more detail. 846 

 847 



Table 1 Compositions of experimental starting materials 

 

Table 2 Experiment conditions and measured rutile/melt partition coefficients for vanadium. All 

experiments were conducted at 1300 ºC and 1 atm pressure.  

 

  

oxide (wt%) MORBTi DacTi LCOTi
SiO2 36.27 55.52 68.82

TiO2 31.24 16.59 10.72

Al2O3 8.99 12.62 11.25

FeO 6.45 3.38 0.67

MgO 6.18 1.68 0.06

CaO 7.86 4.21 0.43

Na2O 2.14 3.36 3.63

K2O 0.15 2.10 3.94

V2O3 0.40 0.38 0.36

TE (all) 0.12 0.16 0.13

NBO/T 0.71 0.21 0.03

composition f O2 (ΔQFM) time (hr) run products NBO/T melt TiO2 melt D V
rt/melt σ

MORBTi -2 136.5 rutile, melt 0.66 16.56 3.87 0.05

MORBTi -1 126.0 rutile, melt 0.64 16.06 3.50 0.04

MORBTi 0 111.3 rutile, melt 0.70 18.16 2.65 0.03

MORBTi 2 42.9 rutile, melt 0.74 19.36 1.81 0.03

MORBTi 6.54 (air) 67.3 rutile, armacolite, melt 0.47 14.51 1.11 0.04

DacTi -2 72.4 rutile, melt 0.12 7.22 14.02 0.02

DacTi -1 116.3 rutile, melt 0.14 7.15 10.25 0.05

DacTi 0 101.5 rutile, melt 0.13 7.37 7.08 0.02

DacTi 1 40.0 rutile, melt 0.14 7.51 5.01 0.03

DacTi 1 231.7 rutile, melt 0.13 7.84 5.05 0.03

DacTi 2 66.9 rutile, melt 0.17 8.14 3.87 0.02

DacTi 6.54 (air) 50.3 rutile, melt 0.19 8.71 1.50 0.03

LCOTi -1 126.0 rutile, melt 0.00 5.30 21.79 0.05

LCOTi 0 88.7 rutile, melt 0.00 5.38 17.27 0.06

LCOTi 1 237.1 rutile, melt 0.00 8.74 9.12 0.08

LCOTi 6.54 (air) 67.3 rutile, melt 0.00 7.40 1.68 0.06



Table 3 Rutile/melt trace element partition coefficients at 1300 °C and 1 atm. 

 

 

composition
f O2 (ΔQFM)

element D
rt/melt σ D

rt/melt σ D
rt/melt σ

Sc 0.31 0.03 0.30 0.01 1.30 0.13

Cr 14.81 2.16 17.19 1.54 44.96 3.03

Mn 0.00 0.00 0.01 0.00 0.10 0.06

Fe 0.01 0.01 0.06 0.00 0.10 0.05

Ni -- -- 0.15 0.02 -- --

Y 1.48E-02 1.99E-03 1.43E-02 2.00E-03 0.11 0.09

Zr 3.90 0.26 3.63 0.12 10.53 0.41

Nb 45.34 3.44 39.29 2.19 120.04 8.14

La -- -- 2.02E-03 2.45E-03 0.13 0.06

Ce 9.96E-04 2.01E-05 3.42E-03 2.78E-03 0.12 0.05

Pr 3.64E-04 9.92E-06 2.58E-03 1.87E-03 0.13 0.07

Nd 4.82E-03 2.31E-03 4.80E-03 1.52E-03 0.13 0.06

Sm 6.51E-03 1.43E-04 4.03E-03 3.13E-03 0.09 0.08

Eu 1.36E-03 3.43E-05 3.26E-03 2.32E-03 0.14 0.05

Gd 3.37E-03 1.62E-04 6.65E-03 4.18E-03 0.15 0.08

Dy 2.24E-03 8.91E-04 3.26E-03 2.15E-03 0.15 0.06

Ho 2.08E-03 5.19E-04 2.91E-03 2.02E-03 0.11 0.09

Er 5.07E-03 1.96E-03 4.70E-03 1.38E-03 0.11 0.09

Yb 6.13E-03 1.74E-04 7.29E-03 2.37E-03 0.14 0.10

Lu 9.20E-03 1.06E-03 8.82E-03 2.38E-03 0.15 0.11

Hf 5.96 0.31 5.62 0.28 14.69 1.34

Ta 115.05 14.11 55.83 11.21 218.36 39.79

-1 -2-2

MORBTi MORBTi DacTi
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