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Abstract 10 

Initial excess protactinium (231Pa) is a frequently suspected source of discordance in baddeleyite 11 

(ZrO2) geochronology, which limits accurate U/Pb dating, but such excesses have never been 12 

directly demonstrated. In this study, Pa incorporation in late Holocene baddeleyite from Somma-13 

Vesuvius (Campanian Volcanic Province, central Italy) and Laacher See (East Eifel Volcanic 14 

Field, western Germany) was quantified by U-Th-Pa measurements using a large-geometry ion 15 

microprobe. Baddeleyite crystals isolated from subvolcanic syenites have average U 16 

concentrations of ~200 ppm and are largely stoichiometric with minor abundances of Nb, Hf, Ti, 17 

and Fe up to a few weight percent. Measured (231Pa)/(235U) activity ratios are significantly above 18 

the secular equilibrium value of unity and range from 3.4(8) to 14.9(2.6) in Vesuvius baddeleyite 19 

and from 3.6(9) to 8.9(1.4) in Laacher See baddeleyite (values within parentheses represent 20 

uncertainties in the last significant figures reported as 1σ throughout the text). Crystallization 21 

ages of 5.12(56) ka (Vesuvius; MSWD = 0.96, n = 12) and 15.6(2.0) ka (Laacher See; MSWD = 22 

0.91, n = 10) were obtained from (230Th)/(238U) disequilibria for the same crystals, which are 23 
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close to the respective eruption ages. Applying a corresponding age correction indicates average 24 

initial (231Pa)/(235U)0 of 8.8(1.0) (Vesuvius) and 7.9(5) (Laacher See). For reasonable melt 25 

activities, model baddeleyite-melt distribution coefficients of DPa/DU = 5.8(2) and 4.1(2) are 26 

obtained for Vesuvius and Laacher See, respectively. Speciation-dependent (Pa4+ vs. Pa5+) 27 

partitioning coefficients (D values) from crystal lattice strain models for tetra- and pentavalent 28 

proxy ions significantly exceed DPa/DU inferred from direct analysis of 231Pa for Pa5+. This is 29 

consistent with predominantly reduced Pa4+ in the melt, for which D values similar to U4+ are 30 

expected. Contrary to common assumptions, baddeleyite-crystallizing melts from Vesuvius and 31 

Laacher See appear to be dominated by Pa4+ rather than Pa5+. An initial disequilibrium correction 32 

for baddeleyite geochronology using DPa/DU = 5 ± 1 is recommended for oxidized phonolitic 33 

melt compositions. 34 

Keywords: baddeleyite, accessory mineral, Uranium series, protactinium, geochronology, trace 35 

elements 36 

Introduction 37 

Baddeleyite (ZrO2) is a late-stage accessory Zr-mineral, which occurs in a wide range of silica-38 

undersaturated, (ultra-)mafic or alkaline rocks, including carbonatites, kimberlites, 39 

metacarbonates, layered intrusions, gabbroic intrusions and plutons, dolerite dikes or alkaline 40 

syenites (Heaman and LeCheminant 1993). Extraterrestrial baddeleyite has been reported from 41 

Martian shergottite, nakhlite and chassignite (SNC) meteorites and lunar mare basalts (e.g., 42 

Heaman and LeCheminant 1993; Herd et al. 2007; Rasmussen et al. 2008). Baddeleyite usually 43 

shows high abundances of U, low diffusivity of U and Pb at magmatic temperatures, and minor to 44 

negligible incorporation of common Pb, resulting in its proliferation as a U-Pb or Pb-Pb 45 

geochronometer especially for silica undersaturated compositions (Heaman and LeCheminant 46 

1993; Söderlund et al. 2013; Ibañez-Mejia et al. 2014). Robust U/Pb ages can be obtained with 47 
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baddeleyite, owing to its low susceptibility for secondary Pb loss (Heaman and LeCheminant 48 

2001) and higher resistance against radiation damage (metamictization) in comparison to zircon 49 

(Heaman and LeCheminant 2001; Rioux et al. 2010; Davies et al. 2018). Furthermore, 50 

baddeleyite readily reacts with free SiO2 during metamorphic or secondary magmatic-51 

hydrothermal events to form secondary zircon, ruling out its presence as a metamorphic phase or 52 

xenocryst in most geological environments, thus simplifying the geological interpretation of 53 

baddeleyite ages (e.g., Davidson and Van Breemen 1988; Heaman and LeCheminant 1993; 54 

Söderlund et al. 2013).  55 

 Baddeleyite geochronology can return precise emplacement ages of mafic dike swarms, 56 

which are interpreted as the crustal pathways of flood basalts in large igneous provinces (LIPs; 57 

e.g., Fahrig 1987; Ernst and Buchan 1997; Ernst et al. 2005). Age populations of baddeleyite can 58 

then be used to define a magmatic “barcode” of a craton, where discrete sets of radiometric dates 59 

reflect the temporal sequence of regional magmatic events. This allows correlation of such events 60 

between once connected terrains, which have since been dispersed to different continents by 61 

continental rifting (e.g., Ernst et al. 2005; Söderlund et al. 2010; Reis et al. 2013; Teixeira et al. 62 

2016; Baratoux et al. 2018). High-precision U/Pb or 207Pb/206Pb baddeleyite ages coupled with 63 

paleomagnetic data from the same lithologies are thus a powerful tool for large-scale 64 

paleographic reconstructions (e.g., Ernst and Buchan 1997; Teixeira et al. 2013; Pisarevsky et al. 65 

2015; Baratoux et al. 2018). 66 

 One unresolved problem, however, is that baddeleyite often yields discordant ages, which 67 

are in some cases attributed to post-magmatic alteration of baddeleyite and replacement or 68 

overgrowth by zircon (Heaman and LeCheminant 1993; Rioux et al. 2010; Söderlund et al. 2013), 69 

resulting in mixed analyses between primary baddeleyite and secondary zircon rims (Rioux et al. 70 

2010; Söderlund et al. 2013). To overcome this, multistep HCl-HF digestion techniques are 71 
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applied to separate zircon and baddeleyite into different liquid fractions (Rioux et al. 2010). 72 

Other suspected sources of discordance are fast-pathway post-crystallization Pb-loss (Rioux et al. 73 

2010; Ibañez-Mejia et al. 2014), alpha recoil losses of Pb from the outermost crystal domains 74 

(Davies and Davies 2018), or diffusive Rn loss (Heaman and LeCheminant 2001). 75 

 Another frequently conjectured possibility is that magmatic baddeleyite crystallized with 76 

a significant degree of initial excess or deficiency of 231Pa and/or 230Th relative to secular 77 

equilibrium in the U-series decay chains (Heaman and LeCheminant 2001; Amelin and Zaitsev 78 

2002; Crowley and Schmitz 2009; Rioux et al. 2010; Ibañez-Mejia et al. 2014; Davies and 79 

Davies 2018). In contrast to daughter nuclide losses by recoil or diffusion processes, initial decay 80 

chain disequilibrium is mostly unaffected by grain size or shape. Thorium depletion relative to U 81 

is characteristic for baddeleyite (e.g., Wu et al., 2015), and the initial deficit in 230Th can be 82 

estimated by 232Th as a proxy; its effect on 206Pb/238U and 207Pb/206Pb zircon or baddeleyite ages 83 

may require disequilibrium corrections of up to ca. 100 ka that are significant for Cenozoic ages 84 

(Schmitz and Bowring 2001; Crowley et al. 2007; Ickert et al. 2015). Anomalous 207Pb/206Pb 85 

baddeleyite ages that are also consistently older than corresponding zircon ages, however, have 86 

been explained by the favored incorporation of 231Pa into baddeleyite during crystallization 87 

(Amelin and Zaitsev 2002; Crowley and Schmitz 2009). The isotope 231Pa is an intermediate 88 

daughter of 235U and its in-situ decay with a half-life of 32.71 ka (Robert et al., 1969) will lead to 89 

radiogenic 207Pb excesses in the mineral. An initial excess of DPa/DU = 10, for example, would 90 

significantly affect 207Pb/206Pb ages over the entire Phanerozoic eon, considering the analytical 91 

precision of 0.1% (relative) routinely achieved by isotope dilution - thermal ionization mass 92 

spectrometry (ID-TIMS) methods (Fig. 1). 93 

While 231Pa excesses have been directly observed for Holocene and late Pleistocene zircon using 94 

secondary ionization mass spectrometry (SIMS) techniques (Schmitt 2007, 2011) and indirectly 95 
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documented for late Cenozoic zircon (e.g., Rioux et al. 2015), the partitioning of Pa relative to U 96 

has not yet been quantified for baddeleyite. This paper presents the first direct evidence for 231Pa 97 

excess in baddeleyite by SIMS analysis of Holocene and late Pleistocene baddeleyite crystals 98 

from young alkaline volcanic systems of southern Italy and the Eifel (western Germany). Due to 99 

their young eruption ages (ca. 4 and 13 ka; see below), disequilibrium in (231Pa)/(235U) 100 

(parentheses indicate activities throughout the text) is reasonably expected. Crystallization age-101 

corrected (231Pa)/(235U) ratios are used to constrain the relative partitioning coefficient DPa/DU 102 

between baddeleyite and melt, which is essential for disequilibrium corrections of high-precision 103 

baddeleyite 207Pb/206Pb and 207Pb/235U ages. To further explore the partitioning behavior of Pa in 104 

magmatic minerals with respect to its speciation (Pa4+ or Pa5+), valency-specific melt-mineral 105 

partition coefficients were modelled for baddeleyite applying crystal lattice strain theory. 106 

 107 

Geological setting 108 

Vesuvius 109 

The Somma-Vesuvius (Campanian Volcanic Province, Central Italy) is a composite 110 

stratovolcano consisting of the older Somma caldera (~5 km diameter) and the younger Vesuvius 111 

cone, which formed inside the caldera following the last Plinian eruption in 79 CE (Cioni et al. 112 

1999). Four major Plinian eruptions occurred at Somma-Vesuvius during the last 19 ka, including 113 

the Bronze Age Pomici di Avellino eruption 14C-dated at 3945 ± 10 cal BP using organic material 114 

from excavated trenches (Sevink et al. 2011; throughout the text, uncertainties indicated as ± 115 

values are from the literature, or a subjective estimate of uncertainties; otherwise uncertainties are 116 

stated in parentheses as the estimated standard deviation for the last significant figures). About 50 117 

km3 of alkaline, ultrapotassic magma showing varying degrees of SiO2-undersaturation have been 118 

erupted by Somma-Vesuvius (Di Renzo et al. 2007) in the ca. 25,000 years of its volcanic history. 119 
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Composition of lavas and pyroclastic rocks ranges from shoshonites, K-trachytes, K-latites and 120 

(phono-) tephrites to leucitic phonolites (Ayuso et al. 1998; Di Renzo et al. 2007). Pre-eruptive 121 

evolved magma was stored at mid-crustal depths of 8–10 km below sea level (Di Renzo et al. 122 

2007; Scaillet et al. 2008), possibly replenished by deeper (14–16 km) tephritic magma 123 

(Pappalardo and Mastrolorenzo 2010). Magmatic temperatures range from ~1200°C for the 124 

primitive source magma to ~800°C for highly evolved phonolitic melts including those erupted 125 

during the Avellino eruption (Barberi et al. 1981; Scaillet et al. 2008). The Avellino magma was 126 

slightly oxidized with a log fO2 = + 1.24 relative to the Ni-NiO buffer (NNO) calculated for 127 

Avellino pumice (Marini et al. 1998). 128 

Laacher See 129 

The Laacher See volcano (East Eifel Volcanic Field, western Germany) is the youngest evolved 130 

volcano of the Holocene East Eifel Volcanic Field and erupted ~5.3 km3 of compositionally 131 

zoned phonolite at 12.90 ± 56 ka BP as constrained by 40Ar/39Ar dating of sanidine phenocrysts 132 

(van den Bogaard 1995; Schmincke 2007). Erupted lithologies range from highly evolved and 133 

crystal-poor phonolite at the base of the sequence (LLST, Lower Laacher See Tephra) to mafic 134 

and crystal-rich (up to 55 %) phonolite (ULST, Upper Laacher See Tephra) at the top (Wörner 135 

and Schmincke 1984; Schmincke 2007). Fragments of cumulate and plutonic rocks include 136 

evolved syenites and carbonatites within LLST deposits (Schmitt et al. 2010b). The temperature 137 

in the most evolved portions of the LLST magma at ~5–6 km depth (Harms et al., 2004) was 138 

720–760°C (Berndt et al. 2001). Oxidizing conditions in Laacher See magma are implied by the 139 

presence of hauyne, whose stability is favored at high fO2 (≈ NNO + 2.3; Berndt et al. 2001), 140 

whereas S-speciation in Laacher See phonolite glass inclusions (Harms and Schmincke 2000) 141 

suggests slightly lower fO2 = NNO + 1 for Laacher See tephra (Harms et al. 2004).  142 

Samples and reference materials 143 
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Sample origin and description 144 

Two baddeleyite-rich syenite specimens from Vesuvius and Laacher See were selected for study. 145 

Both syenites are interpreted as subvolcanic, plutonic rocks crystallized from highly fractionated 146 

fluids or melts in the largely solidified roof parts of the magma chamber. Fragments of these 147 

syenites were transported to the surface by subsequent eruptions and are present as accessory 148 

lithic components in proximal tephra deposits of both volcanoes. 149 

 The Vesuvius sample (Erc-b) was collected by one of us (M. R.) and Imma Punzo 150 

(Gruppo Mineralogico Geologico Napoletano) in the San Vito Quarry (40°49´50.91´´N, 151 

14°22´54.84´´E) near Ercolano (Campania, Italy), where proximal Avellino deposits were 152 

quarried. Subvolcanic syenites, plutonic cumulate rocks, and skarns are present as accessory 153 

lithic components in the central to upper section (stratigraphic units EU3-EU5) of the pyroclastic 154 

pumice sequence (Sulpizio et al. 2010a, 2010b). The coarse grained, holocrystalline and porous 155 

(pore volume ~20%) syenite contains sanidine as the main felsic constituent (70%). Euhedral 156 

sanidine forms tabular crystals up to 3 mm size which are intergrown in irregular orientation. 157 

Sodalite (~5%) is present as poikilitic crystals intergrown with euhedral sanidine. Mafic minerals 158 

include clinopyroxene (15%) and opaque Fe-Ti-Oxides (10%), which are subhedral and show 159 

smaller grain sizes (up to 1 mm) in comparison to alkali feldspar. Fluorcalciopyrochlore, 160 

baddeleyite, fluorite and britholite-(Ce) occur as late-stage accessory phases. These accessory 161 

phases occur as small (usually <500 µm), euhedral to subhedral crystals in the interstitial 162 

volumes between sanidine crystals (Fig. 2a). Baddeleyite forms transparent, light brown tabular 163 

crystals (<700 µm) with typical striations along the c-axis (Fig. 2a). 164 

 A second syenite sample (LS-b; Fig. 2b) was collected from LLST deposits at In den 165 

Dellen pumice quarry (50°23'39.49"N, 7°17'6.48"E) near Mendig, East Eifel Volcanic Field 166 

(Germany). The porous (10%) syenite is dominated by euhedral but heterogranular (100–3000 167 
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µm) tabular sanidine (80%) lacking any preferred orientation. Hauyne (10%) forms euhedral, 168 

isometric crystals of ~300 µm in diameter (Fig. 2c). Green pleochroic clinopyroxene (10%; 1-2 169 

mm; Fig. 2d) and Fe-Ti oxides (up to 500 µm) are present as subhedral grains intergrown with 170 

sanidine. Accessory minerals (baddeleyite, titanite, pyrochlore) of late-stage origin occur in 171 

interstitial volumes of the feldspar as euhedral to subhedral grains (<200 µm). Laacher See 172 

baddeleyite shows a light grey color and an otherwise identical optical appearance as those from 173 

the Vesuvius samples. 174 

Reference baddeleyite 175 

Phalaborwa baddeleyite is an established reference material for baddeleyite U-Pb geochronology 176 

and originates from the Phalaborwa complex, a small (6 × 2.5 km) composite intrusion, which 177 

consists largely of clinopyroxenitic cumulate rocks (Reischmann et al. 1995; Heaman 2009). The 178 

grains used for study are ~100 µm in size, dark brown to black and translucent. Phalaborwa 179 

baddeleyite with a 207Pb/206Pb age of 2059.60(18) Ma is homogeneous in age despite minor (<1%) 180 

discordance (Heaman 2009). It shows homogeneity for most major and minor components; 181 

however, trace element abundances (e.g., Nb, Ta, U) are variable (Heaman 2009). 182 

Methodology 183 

Sample preparation 184 

Baddeleyite grains were released from the syenite samples by gentle grinding with an agate 185 

mortar, hand-picked, and embedded in Struers CaldoFix epoxy together with grains of 186 

Phalaborwa reference baddeleyite. The mount was ground with silicon carbide paper (grain size 5 187 

µm) and polished with diamond polishing paste (grain size 0.25 µm). Samples were cleaned in an 188 

ultrasonic bath with a three-step cleaning routine using ammoniacal EDTA solution, 189 

demineralized water and methanol to remove contaminants from the sample surface. Prior to the 190 

analyses, conductive Au coatings of 10 nm (for electron microscopy) and 50 nm thickness (for 191 
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SIMS) were applied on the epoxy mount. For Raman spectroscopy, the Au coating was removed 192 

by re-polishing with diamond polishing paste. Carbon coating was carried out on the samples 193 

prior to semiquantitative energy-dispersive X-ray spectroscopy (EDS) at the scanning electron 194 

microscope. 195 

Electron microscopy and Raman spectroscopy 196 

Electron microscopy was employed to image internal structures and provide semi-quantitative 197 

major component analyses of Vesuvius and Laacher See baddeleyite crystals. Back-scattered 198 

electron (BSE) imaging was performed using a Zeiss Evo MA15 instrument equipped with an 199 

Oxford instruments X-MaxN 150 mm2 energy-dispersive X-ray detector to identify chemical 200 

zonation, intergrowths, signs of alteration and fractures. The same instrument was subsequently 201 

utilized for chemical analyses by EDS at high sensitivity. Semi-quantitative EDS analyses of 202 

major and minor elements were conducted after the ion probe measurements to avoid 203 

contamination from the conductive carbon coating necessary for EDS. Additional mineralogical 204 

characterizations of inclusions and host phases were performed by Raman spectroscopy using an 205 

WITec Alpha 300R Raman microscope with a UHTS300S spectrometer and a laser source 206 

wavelength of 532 nm.  207 

SIMS measurements 208 

Measurements of U-Th-Pa isotopes and trace element concentrations were carried out using a 209 

large-geometry CAMECA 1280-HR instrument.  210 

U-Th-Pa excess and disequilibrium dating. 211 

Uranium, Th and Pa isotopes were measured in baddeleyite to quantify 231Pa excesses and to 212 

obtain 238U/230Th isochron ages. A mass-filtered 16O- primary ion beam was accelerated at -13 kV 213 

and tuned by apertures and electrostatic lenses to a probe current of ~60 nA at the sample surface 214 
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and a lateral spot diameter of 30–40 µm. Secondary ions were extracted at +10 kV with an energy 215 

bandpass of 50 eV and presputtering (60 s) was enabled to remove the conductive Au coating. 216 

 All actinides including Pa were measured as their respective oxide species (e.g., 231Pa16O+) 217 

due to their higher production rate in comparison to the atomic species of the same elements. 218 

Oxygen-flooding (~1.3 × 10-3 Pa as measured by the sample chamber vacuum gauge) was 219 

enabled to further increase oxide production rates, resulting in higher yields of secondary oxide 220 

ions and thus higher measured intensities (e.g., Schuhmacher et al. 1993; Schmitt et al. 2010a). 221 

The following species were measured (O refers to the isotope 16O throughout the paragraph): 222 

90Zr2O4, 90Zr92ZrO4, 230ThO, 91Zr92ZrO4, 231PaO, 232ThO, 235UO, 238UO. For the unknowns, 50 223 

magnetic cycles were measured (100 cycles for the reference material) and counting times were 224 

adjusted to values between 0.5 and 10 s in accordance to the expected intensity of the respective 225 

species. The most abundant species 238UO, showing measured intensities >106 counts/s, was 226 

detected by a Faraday Cup (FC), whereas the remaining species (measured intensities <106 227 

counts/s) were counted with an axial electron multiplier (EM). A background correction was 228 

applied for the FC detector, and the gain factor for relative sensitivity correction between FC and 229 

EM detectors was calibrated on the species 180HfO in Vesuvius baddeleyite. High mass resolving 230 

power (M/ΔM) of ~6000 was required to resolve all relevant isobaric interferences, which were 231 

caused by Au- or REE-bearing oxide species that were identified with the in-house Interference 232 

Calculator (Chris Coath, University of Bristol). Aside from its low concentrations in natural 233 

samples, SIMS analysis of Pa in natural minerals is typically challenged by the presence of an 234 

intense 232ThO+ peak within one mass unit of the measured 231PaO+ peak, even at a low 235 

abundance sensitivity of ~250 ppb (Schmitt, 2007). This leads to an elevated background at the 236 

higher mass side of the latter. In order to minimize this influence, a background subtraction was 237 

done by measuring intensities at both sides (masses 246.975 and 247.1) of the 231PaO+ peak. 238 

This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America. 
 The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press. 

DOI: https://doi.org/10.2138/am-2020-7449.  http://www.minsocam.org/

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



11 
 

Contributions of background relative to the measured signal range from 4 to 51% for all samples 239 

and show average values of 24% and 28% for Vesuvius and Laacher See baddeleyite, 240 

respectively. 241 

 Instrument-specific relative sensitivity for Th/U species was calibrated on secular 242 

equilibrium Phalaborwa reference baddeleyite (Wu et al. 2015) by plotting (230Th)/(232Th) vs. 243 

(238U)/(232Th); linear regression then yielded a relative sensitivity factor (RSF) of 1.15(1) 244 

(MSWD = 0.02, n = 3), similar to that in Wu et al. (2015). Relative sensitivity calibration for 245 

Pa/U was performed by measuring (231Pa)/(235U) ratios in Phalaborwa baddeleyite. As 246 

Phalaborwa is also expected to be in secular equilibrium for the 231Pa-235U system considering the 247 

shorter half-life of 231Pa relative to 230Th, its true (231Pa)/(235U) ratio can be reasonably inferred as 248 

unity. A weighted mean RSF value of 1.90(20) was obtained from averaging Phalaborwa 249 

(231Pa)/(235U) measured in replicate (MSWD = 1.08, n = 3); each analysis of Phalaborwa 250 

comprised 100 cycles with 50 s duration each (total duration per analysis ca. 1.5 hours) to 251 

accumulate a statistically robust number of total counts.   252 

Trace element concentrations. 253 

Baddeleyite domains adjacent to the U-Th-Pa spots were targeted with a mass-filtered 16O- 254 

primary beam (lateral spot diameter of ~20 µm) accelerated at -13 kV and secondary ions were 255 

detected in energy-filtering mode using an extraction voltage of +9.9 kV while the mass 256 

spectrometer is tuned for admission of 10 keV secondary ions with an energy bandpass of 50 eV 257 

to suppress molecular interferences. The conductive Au coating was removed by presputtering 258 

(30 s). The following elemental species were detected in monocollection mode using the axial 259 

EM at low mass resolving power M/ΔM of ~1800 (major oxide interferences stated in brackets): 260 

26Mg, 30Si, 31P, 49Ti, 55Mn, 57Fe, 177Hf2+, 89Y, 96Zr, 139La, 140Ce, 141Pr, 143Nd, 149Sm, 151Eu, 158Gd 261 

(142CeO, 142NdO), 159Tb (143NdO), 161Dy (145NdO), 165Ho (149SmO), 168Er (152SmO), 169Tm 262 
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(153EuO), 172Yb (156GdO), 175Lu (159TbO), 178Hf (162DyO), 232Th, 238U. The species 178Hf (for REE, 263 

Th, U) and 96Zr (for the remaining species) were used as reference masses. Five magnetic cycles 264 

were run during each analysis and counting times were adjusted to values between 1 and 12 s 265 

considering the abundance of the measured element. Although the transmission of most 266 

interference-causing oxide species can be effectively suppressed with energy filtering, significant 267 

interferences caused by oxides of light rare earth elements (LREE; here defined as La-Sm) or 268 

middle REE (MREE; Eu-Dy) were still encountered for heavier REE. These interferences were 269 

corrected by peak stripping using oxide production rates for LREE and MREE determined on 270 

doped, interference-free REE reference glasses based on Drake and Weill (1972).  271 

 Isobaric interferences by hydrides, monoatomic or polyatomic cations ineliminable by 272 

energy filtering occur for the sole (or vastly predominant) stable isotopes of Sc, Nb, and Ta: 45Sc 273 

(90Zr2+), 93Nb (92ZrH), 181Ta (90Zr91Zr). Separate analytical protocols, utilizing a very high mass 274 

resolution of ~20,000, were therefore required. Where possible, static multi-collection with a 275 

nuclear magnetic resonance (NMR) probe to stabilize the secondary magnetic field was applied. 276 

Scandium was measured in peak-hopping mode with the species 90Zr2+, 45Sc, 48Ti and 96Zr2+ 277 

being counted by an axial EM, whereas the reference mass 91Zr was detected with an FC detector. 278 

Analyses were executed using 10 magnetic cycles and counting times of 2 to 6 s. Niobium (93Nb) 279 

was analyzed in static multi-collection with 90Zr (reference mass) and 93Nb measured on FC and 280 

EM detectors, respectively, integrating over 15 4-s-counting cycles. Tantalum was detected in 281 

monocollection mode with an axial EM using peak-hopping. Counting times varied between 6 s 282 

for 181Ta and 2 s for the reference mass 90Zr2+.  283 

 The possibility of hydride contribution (180HfH) to the measured 181Ta peak, which is not 284 

resolvable even at high mass resolution, was assessed by monitoring 178Hf/179Hf ratios during the 285 

analyses. A 178Hf/179Hf ratio of ~2 is expected for natural abundances of Hf, whereas deviating 286 
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ratios would indicate the presence of Hf hydrides. Replicate measurements of 178Hf/179Hf in all 287 

baddeleyite samples, however, yielded values close to 2, and hence the presence of 180HfH on Ta 288 

is deemed insignificant. Vanadium as another potential pentavalent element was considered, but 289 

counts at mass 51 were indistinguishable from EM detector noise (~0.01 counts per second). 290 

 For standardization of the measured trace element concentrations, zircon 91500 291 

(Wiedenbeck et al. 1995; 2004) was preferred over Phalaborwa baddeleyite as the primary 292 

reference due to greater degree of chemical variation in the latter (Heaman 2009). However, 293 

Phalaborwa baddeleyite was used as a secondary reference to assess potential bias due to the 294 

matrix difference between zircon and baddeleyite. Madagascan Green zircon (MAD-559; Coble 295 

et al., 2018) was utilized as an additional secondary reference material for Sc, Nb, and Ta 296 

measurements. Stochiometric Zr abundances for zircon and baddeleyite were applied for 297 

quantification; REE anomalies were calculated as Ce/Ce* and Eu/Eu* where * indicates the 298 

geometric means from the chondrite-normalized abundances of adjacent elements (e.g., Kato et al. 299 

2006). 300 

Results 301 

Mineralogical and geochemical characterization 302 

Phalaborwa reference baddeleyite crystals contain as major non-stochiometric constituents Hf 303 

(1.08–1.50 wt%), Ti (604–1469 ppm), Nb (560–2725 ppm), U (313–1655 ppm) and Ta (81–276 304 

ppm) with average Hf/Ti of 13.2, which is slightly higher than the value of 11.0 ± 1.7 reported by 305 

Reischmann et al. (1995). Scandium is present at average concentrations of ~100 ppm. Thorium 306 

and REE were detected in traces at concentrations <30 ppm. Chondrite-normalized REE patterns 307 

(using recommended CI chondrite abundances by McDonough and Sun 1995) show REE 308 

enrichment by a factor 10 relative to CI chondrite and minor depletion in light REE (Fig. 3a). 309 

Ranges of measured concentrations overlap with published data of Phalaborwa reference 310 
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baddeleyite by Xie et al. (2008) and Heaman (2009) for most REE, attesting to the robustness of 311 

the RSF calibration using zircon as a primary reference material. La and Pr concentrations 312 

determined in this study are significantly lower than reported in the literature, but nonetheless 313 

consistent with the expected low abundance of LREE in baddeleyite. Whereas clear Eu anomalies 314 

are absent in Phalaborwa baddeleyite (average Eu/Eu* = 1.2), it shows significant positive Ce 315 

anomalies of 30–47. 316 

 Vesuvius and Laacher See baddeleyite grains are 150-400 µm in size and appear largely 317 

homogenous in BSE images, except for slight banding in some grains that is visible as a BSE 318 

contrast. Few grains show intergrowths with associated phases, including potassic feldspar, 319 

pyrochlore and titanite. Inclusions and primary cracks, however, are largely absent and 320 

overgrowths by secondary zircon were not encountered. Vesuvius and Laacher See baddeleyite 321 

crystals are ~95 wt% ZrO2 and contain Nb (3.37–4.66 wt% Nb2O5), Hf (0.50–1.78 wt% HfO2), Ti 322 

(0.10–0.45 wt% TiO2) as well as Fe (0.06–0.32 wt% FeO) as the main non-stochiometric 323 

components. Other trace components (Al, Mn, Ta, Mg, U) and, in Laacher See baddeleyite, also 324 

HREE are present at levels of a few 100 ppm. Whereas both Vesuvius and Laacher See 325 

baddeleyite crystals show average U concentrations of ~200 ppm, their Th abundances are on 326 

average lower by two orders of magnitude with a maximum abundance of 23.4 ppm. Baddeleyite 327 

from Vesuvius shows significantly larger variations in U (17.5–1000 ppm) in comparison to 328 

samples from Laacher See (126–468 ppm). 329 

 Chondrite-normalized REE patterns of Vesuvius baddeleyite show flat trends with 330 

(Pr/Yb)N values between 0.2 and 5.8 (Fig. 3b). Highly positive Ce anomalies with Ce/Ce* values 331 

of 6 to 421 are present and LREE, as well as HREE, are enriched in comparison to MREE by up 332 

to one order of magnitude. Eu anomalies could not be reliably determined in many samples due 333 

to Gd abundances near or below detection limit, but they are generally slightly positive 334 
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(maximum Eu/Eu* = 2). Vesuvius baddeleyite shows super-chondritic Nb/Ta ratios (50–200) and 335 

sub-chondritic (Y/Ho)N values (1–14). The Laacher See baddeleyite crystals are characterized by 336 

a prominent enrichment in HREE and chondrite-normalized REE patterns with positive slopes 337 

and (Pr/Yb)N values of 0.001 (Fig. 3c). Ce anomalies are highly positive (Ce/Ce* up to 230) and 338 

minor negative Eu anomalies are observed in some grains (minimum Eu/Eu* = 0.4). Similar to 339 

baddeleyite crystals from Vesuvius, Laacher See baddeleyite exhibit super-chondritic Nb/Ta (up 340 

to 220) and sub-chondritic (Y/Ho)N ratios (1.2–1.4). 341 

Crystallization ages 342 

Baddeleyite samples show strong fractionation of U against Th, resulting in high 238U excesses 343 

and (238U)/(232Th) activity ratios >>1 (Vesuvius baddeleyite 26–141; Laacher See baddeleyite 344 

130–334), which are in a similar range for Phalaborwa reference baddeleyite (238U/232Th activity 345 

ratios up to 328). Measured (230Th)/(232Th) are 1.35–7.43 for Vesuvius and significantly higher 346 

for Laacher See baddeleyite (16.6–47.0).  347 

 Data points of Vesuvius and Laacher See baddeleyite crystals plot well below the equiline 348 

within a (230Th)/(232Th) versus (238U)/(232Th) diagram (Fig. 4a-b). Vesuvius baddeleyite analyses 349 

define an isochron corresponding to a crystallization age of 5.17(57) ka with a mean square 350 

weighted deviation (MSWD) of 0.96 (n = 12). Laacher See baddeleyite yields a U/Th isochron 351 

age of 15.5(2.0) ka with a MSWD of 0.92 (n = 10). Crystallization ages obtained from 352 

baddeleyite crystals are slightly older than published eruption ages for Avellino pumice (ca. 4 ka; 353 

Sevink et al. 2011) and the Laacher See tephra (ca. 12.9 ka BP; van den Bogaard 1995). Initial 354 

(230Th)/(232Th) were determined from the intersections between the isochrons and the equiline, 355 

corresponding to values of 1.20(25) and -1.1(3.3) for Vesuvius and Laacher See baddeleyite, 356 

respectively. These ratios, however, are poorly constrained due to the very high (238U)/(232Th) 357 

ratios of baddeleyite. 358 
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The above baddeleyite crystallization ages are the first to be reported for subvolcanic cumulate 359 

rocks from Somma-Vesuvius, and they indicate solidification of the upper parts of an evolved 360 

magma reservoir until briefly before eruption. Corresponding ages for Laacher See agree with 361 

those of zircon from carbonatite nodules in early erupted Laacher See tephra (Schmitt et al. 362 

2010b). They significantly predate eruption and are suggestive of growth and differentiation of 363 

the magma reservoir a few 1000 years prior to eruption (Schmitt et al. 2010b). 364 

Initial (
231

Pa)/(
235

U)0 in baddeleyite 365 

Significant (231Pa)/(235U) excess was detected in all baddeleyite grains (Fig. 5). Vesuvius 366 

baddeleyite shows heterogenous (231Pa)/(235U) ratios ranging from 3.4(8) to 14.9(2.6) with a 367 

weighted mean of 8.0(1.0) (MWSD = 7.37, n = 12; error here and below multiplied by square-368 

root of MSWD to account for non-analytical scatter). Samples from Laacher See exhibit 369 

(231Pa)/(235U) ratios from 3.6(9) to 8.9(1.4) with a weighted mean of 6.0(5) (MSWD = 2.18, n = 370 

10). Age-correction of (231Pa)/(235U) was performed using U/Th isochron ages obtained on the 371 

same grains and decay equations (Bateman 1910) to determine the extent of initial Pa excess at 372 

time of baddeleyite crystallization. Decay constants are taken from Cheng et al. (2013) and 373 

references therein. Average (231Pa)/(235U)0 values are 8.8(1.0) for Vesuvius baddeleyite and 7.9(5) 374 

for Laacher See baddeleyite. These empirical values are the basis for estimating baddeleyite-melt 375 

DPa/DU (see discussion). 376 

Modelling of partition coefficients  377 

Direct measurement of Pa speciation in natural baddeleyite samples from Vesuvius and Laacher 378 

See is impossible because of the very low concentrations. Hence, to explore the partitioning of 379 

reduced and oxidized Pa species into baddeleyite, DPa4+ and DPa5+ were modelled by applying 380 

crystal lattice strain theory (Blundy and Wood 1994; Wood and Blundy 1997). For the 381 

substitution of a trace element into a specific ion site of a host mineral M, the partition coefficient 382 
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D can be described by the valency n, ionic radii r0 (original ion) and ri (substituting ion), as well 383 

as elasticity of the lattice site represented by the apparent Young´s modulus of the mineral E0, 384 

following: 385 

𝐷𝑖 = 𝐷0(𝑀)
𝑛+ ∗ 𝑒𝑥𝑝 {

−4𝜋𝑁𝐴𝐸0
𝑛+[

1

2
𝑟0(𝑀)
𝑛+ (𝑟𝑖−𝑟0(𝑀)

𝑛+ )
2
+
1

3
(𝑟𝑖−𝑟0(𝑀)

𝑛+ )
3
]

𝑅𝑇
}  (1) (Blundy and Wood 1994) 386 

NA is Avogadro´s number, T is temperature in K, and R is the universal gas constant. The 387 

differences in physical properties between the substituting and the original ion will cause 388 

distortions of the lattice site and build up lattice strain, lowering the partition coefficient of the 389 

substituting trace element (Blundy and Wood 1994; Wood and Blundy, 1997). For homovalent 390 

ions, partitioning coefficients show a near-parabolic dependency on the ionic radii for each 391 

mineral (Onuma et al. 1968). Therefore, the partition coefficient of any trace element with known 392 

ionic radius can be predicted, if the partitioning for a series of elements with same valency and 393 

into the same mineral is well-constrained (Blundy and Wood 1994; Wood and Blundy 1997).  394 

 Baddeleyite-melt partition coefficients were obtained for selected trivalent (REE, Y, Sc), 395 

tetravalent (Ti, Hf, U, Th), and pentavalent trace elements (Nb, Ta) using abundances determined 396 

by SIMS. Corresponding trace element concentrations for the melt were approximated by the 397 

compositions of the most evolved magmas of Avellino and Laacher See eruption, using glass 398 

data of Avellino pumice by Tomlinson et al. (2015) and bulk-rock values for the Lower Laacher 399 

See Tephra by Wörner et al. (1983). Ionic radii were taken from Shannon (1976), assuming 400 

substitution of all trace elements into the same, 7-fold coordinated cation site in monoclinic 401 

baddeleyite (Smith and Newkirk 1965); where ionic radii for 7-fold coordination were not 402 

available, values were calculated as arithmetic averages of corresponding radii for 6-fold and 8-403 

fold coordination. Magma temperatures were constrained as 1073 K for Vesuvius and 1033 K for 404 

Laacher See, based on experimental data for the uppermost magma chamber by Balcone-405 
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Bouissard et al. (2012) and Harms et al. (2004), respectively. Partition coefficient curves (Fig. 6-406 

7) were then modelled by least square fitting routines with orthogonal distance regression (ODR) 407 

and equation (1). For trivalent and tetravalent cations, sufficient data points were available to 408 

allow curve fitting for all three parameters D0, E0 and r0. Ce was excluded from the fits, as the 409 

element is present in different oxidation states (Ce3+, Ce4+) under magmatic conditions. Curves 410 

for 5+ cations were fitted for a single parameter D0 due to the paucity of pentavalent trace 411 

elements in baddeleyite, with only Nb and Ta present at measurable concentrations. The 412 

remaining parameter r0 was estimated from fitted values for the lower charged cations using the 413 

cation charge-dependent variations presented in Blundy and Wood (2003), and E0 from 414 

tetravalent fit curves was used for the pentavalent partition coefficient curves. As E0 increases 415 

with ionic charge (Blundy and Wood 2003), resulting D0 values for 5+ cations can be considered 416 

minimal estimations. Resulting parameters for D0, r0 and E0 as indicated by the fits are presented 417 

in Table 1. Partition coefficients of Pa4+ and Pa5+ were then graphically determined considering 418 

the ionic radii of both species in 7-fold coordination (Pa4+ = 0.955 Å, Pa5+ = 0.845 Å; Shannon 419 

1976). Respective D values for Pa4+ and Pa5+ are 4.8 ± 0.4 and 2400 ± 100 for Vesuvius 420 

baddeleyite. For Laacher See baddeleyite, DPa4+ and DPa5+ are 5.0 ± 0.4 and 470 ± 20, 421 

respectively. Partition coefficients were found to be similar for Pa4+ and U4+ (differences <0.5 422 

magnitudes) in both samples. The oxidized species Pa5+, however, shows a significantly higher 423 

partition coefficient in comparison to U4+ by approximately two orders of magnitude (Fig. 6-7). 424 

In consequence, modelled DPa5+/DU4+ significantly exceed empirically obtained DPa/DU bulk 425 

partition coefficients. 426 

Discussion 427 

Analysis of Holocene baddeleyite indicates elevated (231Pa)/(235U)0 at the time of crystallization. 428 

Using these data to determine DPa/DU requires constraints on the initial (231Pa)/(235U) of the 429 
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parent melts, which are difficult to obtain for two reasons: (1) direct measurements of 430 

(231Pa)/(235U) in Vesuvius and Laacher See rock requires handling of a radioactive Pa spike and 431 

presently, it is difficult to find a laboratory that performs these analyses for silicates on a routine 432 

basis; and (2) the intrusive syenites crystallized from highly fractionated residual fluids expelled 433 

during late-stage magmatic differentiation, and hence the bulk-rock compositions of co-erupted 434 

pumice might not be representative for the melt. Regardless of these difficulties, it is still possible 435 

to assess plausible DPa/DU for baddeleyite-melt. For example, (231Pa)/(235U)0 of young volcanic 436 

rocks from island and continental arcs (Huang et al. 2016, and references therein) is 1.7(4) 437 

×(231Pa)/(235U)0, and the corresponding factor for global compilations of recent ocean island 438 

basalts and their differentiates is 1.4(2) (Prytulak et al. 2014, and references therein). With 439 

(230Th)/(238U) of 0.888 (protohistoric pumice; Cortini et al. 2004) and an age correction by 3.5 ka 440 

(Rolandi et al. 1998), a melt (231Pa)/(235U)0 value of 1.51(31) was obtained for Vesuvius. For 441 

Laacher See, an age-corrected melt (231Pa)/(235U)0 ratio of 1.90(29) was calculated using 442 

(230Th)/(238U) of 1.022 (Lower Laacher See Tephra, glass; Schmitt et al. 2010) and an eruption 443 

age of 12.9 ka (van den Bogaard 1995). The bulk-rock composition of the most evolved Lower 444 

Laacher See tephra best approximates the highly evolved, late-magmatic fluids, from which 445 

Laacher See baddeleyite was crystallized. Using the initial zircon and melt (231Pa)/(235U)0 values, 446 

DPa/DU = 5.8(2) and 4.1(2) are calculated for Vesuvius and Laacher See, respectively. 447 

Uncertainties for the relation between measured (230Th)/(238U)0 and inferred (231Pa)/(235U)0 for 448 

melt compositions were estimated from the average residuals in fitting global compilations of 449 

volcanic rocks. This, however, is likely an underestimate because it neglects potential extremes: 450 

exceptionally high (231Pa)/(235U) ratios were reported for lavas of Kasatochi island, Aleutian Arc, 451 

showing similar values to the highest MORB ratios (3.7; Turner et al. 2006), and mafic medieval 452 

(post-Avellino) lava from Vesuvius (up to 3.0; pers. comm. Riccardo Avanzinelli). Thus, 453 
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considering a likely range of melt (231Pa)/(235U)0 between 1.0 and 3.0, a baddeleyite-melt DPa/DU 454 

= 5 ± 1 is proposed as a conservative estimate for melt compositions such as those represented by 455 

Vesuvius and Laacher See. Baddeleyite thus enriches Pa over U to an extent similar to, or even 456 

stronger than, zircon (~2–4; Schmitt 2007, 2011; ~2–10; Rioux et al. 2015).  457 

 The uncertainty of DPa5+ modelled using crystal lattice strain theory is affected by the 458 

paucity of measurable pentavalent elements in baddeleyite, with Nb and Ta providing the only 459 

anchor points for curve fitting. We estimated uncertainties on model DPa5+ considering the 460 

differences in partition coefficients for Nb and Ta. Both elements share nearly identical ionic 461 

radii and similar geochemical features, and thus, they are expected to present near-identical 462 

partition behavior in baddeleyite. Partition coefficients for Ta, however, are consistently lower in 463 

both Vesuvius and Laacher See baddeleyite compared to Nb. Curve fitting using either Nb or Ta 464 

results in likely ranges for D0
5+ of 570–8500 (Vesuvius) and 145–1300 (Laacher See). In spite of 465 

the variability of these values, minimum estimations are always significantly higher than the 466 

partition coefficients determined for the species Pa4+ (~5 in both samples), as well as bulk DPa/DU 467 

ratios derived from SIMS U-Th-Pa measurements. The observed lower partition coefficients for 468 

Ta in comparison to Nb cannot be satisfactorily explained by the crystal lattice strain model, 469 

whereas low DTh/DU = 0.01 indicated by the tetravalent model parabola is fully consistent with 470 

natural baddeleyite being strongly depleted in Th relative to U (e.g., Heaman and LeCheminant 471 

1993). 472 

 Absolute partition coefficients determined in this study may be inaccurate because of 473 

uncertainties regarding the trace element concentrations in the parent melt. While the most 474 

evolved magma composition of each eruption is used here as an approximation for melt 475 

composition, these abundances may still underestimate incompatible element enrichments in the 476 

highly fractionated residual melts of the baddeleyite-crystallizing syenites. In this case, D values 477 
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for incompatible elements may be overestimated. Curves for trivalent cations modelled in this 478 

study, however, bracket experimental data by Klemme and Meyer (2003) for baddeleyite in a 479 

carbonatite melt (D0 = 8.7 ± 5.6). The quality of the fitted curves is lower for LREE and 480 

progressively improves from Sm to La, reflecting the increase in compatibility for REE with 481 

higher atomic number. Tetravalent D0 is significantly higher for both Vesuvius and Laacher See 482 

baddeleyite in comparison to the published value of 464 ± 163 by Klemme and Meyer (2003), 483 

presumably due to the different saturation conditions for baddeleyite in silicate melts vs. 484 

carbonatite melts. Moreover, Pa and U are both strongly incompatible in most rock-forming 485 

silicate minerals (Dunn and Sen 1994; LaTourrette et al. 1995; Huang et al. 2009) and thus are 486 

expected to show a similar increase in concentration during melt differentiation. Therefore, it is 487 

reasonable to assume that differences between actual and estimated concentration in the melt 488 

might be comparable for both elements, cancelling out the distortion on the relative partition 489 

coefficient DPa/DU, even if individual partition coefficients deviate from real values.  490 

 Trace element fractionation by cogenetic phases in the syenite are a further complication, 491 

as measurements were carried out on natural baddeleyite that crystallized in a paragenesis of 492 

diverse minor and accessory phases. This fractionation effect is especially evident for REE in 493 

Vesuvius baddeleyite, where HREE/LREE ratios are much lower compared to Laacher See 494 

baddeleyite and partition coefficients for REE are also lower than experimentally obtained 495 

coefficients by Klemme and Meyer (2003). Garnet and pyrochlore are probable candidates 496 

affecting REE and other trace element abundances in these melts. Garnet has been described from 497 

Vesuvius phonolite (Scheibner et al. 2008), even though it is absent in the studied samples. The 498 

potential of garnet to deplete HREE in coexisting zircon is well established (e.g., Harley and 499 

Kelly 2007). Due to the similar partitioning behavior of baddeleyite and zircon, an equivalent 500 

effect of garnet on baddeleyite can be reasonably expected. The presence of pyrochlore in both 501 
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investigated syenite samples (Vesuvius and Laacher See) is petrographically confirmed, and the 502 

occurrence of pyrochlore has been described for Laacher See syenite (Schmitt et al. 2010b). If 503 

pyrochlore fractionated prior to baddeleyite formation, this would cause the melt to become 504 

depleted in Nb and Ta (and – in decreasing degrees – Pa and U). Hence, model D values for Nb 505 

and Ta (and by extrapolation Pa) using pumice data may be underestimated. The small modal 506 

abundance of pyrochlore and the similarity of model DPa/DU between Vesuvius and Laacher See 507 

syenite, however, suggests that this effect is minor. Relative Ta depletion and Nb enrichment in 508 

baddeleyite from subvolcanic syenites can the attributed to high-temperature fractionation 509 

processes by Ti-bearing oxides (Ballouard et al. 2016). While Nb is preferentially incorporated 510 

into biotite at low-temperature hydrothermal environments, Ti-bearing oxides efficiently extract 511 

Ta under high-temperature pneumatolytic conditions, resulting in a relative enrichment of Nb in 512 

the residual melt or fluid (Ballouard et al. 2016). This hypothesis is supported by petrographical 513 

observations in both syenite samples (e.g., porous rock textures indicative of formation in 514 

presence of overcritical fluids; occurrence of opaque oxide minerals). 515 

 Despite these potential sources of uncertainty, the expected bias resulting from them 516 

appears smaller than the observed two-orders-of-magnitude discrepancy between modelled 517 

DPa5+/DU4+ and the empirical DPa/DU, which therefore requires a different explanation. 518 

Protactinium is a redox sensitive element as shown by experiments in aqueous solutions, where it 519 

is either present as Pa4+ or Pa5+ cations depending on fO2 (e.g., Mitsuji 1967). A predominance of 520 

oxidized Pa5+ over Pa4+ under magmatic systems is widely suggested in the literature, however, 521 

no direct evidence exists for this claim (cf. Huang et al. 2009). Our modelled partitioning data 522 

can be reconciled with the empirical DPa/DU from U-series analysis if the melt was dominated by 523 

Pa4+ rather than Pa5+ for Vesuvius and Laacher See magmas. This is despite the fact that redox 524 

conditions reported for both Vesuvius and Laacher See magma chambers are slightly more 525 
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oxidized (by approximately two log units in fO2) than typical mantle melts (e.g., Marini et al. 526 

1998; Berndt et al. 2001). Both magmas are thus not anomalously reduced, which is further 527 

supported by the observation of positive Ce-anomalies in baddeleyite. In contrast to common 528 

assumptions, Pa4+ might thus be a common valence state in natural magmas. We dismiss a major 529 

presence of U5+ and U6+ in evolved melts at Vesuvius and Laacher See because of the consistent 530 

partitioning behavior of U with other tetravalent cations in baddeleyite (Fig. 6-7).  531 

Implications 532 

Protactinium excesses in Holocene and late Pleistocene baddeleyite indicate preferred Pa 533 

baddeleyite-melt partitioning relative to U by a factor of ~5 for moderately oxidized evolved 534 

alkaline magmas (log fO2 = NNO + 1–3) at medium to low temperatures (~800°C). Initial 535 

excesses of 231Pa in baddeleyite are thus equivalent to, or possibly even more severe, than for 536 

zircon (Schmitt 2007; Rioux et al. 2015). These excesses require significant corrections for 537 

207Pb/206Pb and 207Pb/235U ages (Fig. 1), and hence, a correction of baddeleyite ages (e.g., Wendt 538 

and Carl 1985; Ibañez-Mejia et al. 2014) is recommended using DPa/DU = 5 ± 1 (neglecting 539 

potential disequilibrium in the melt phase). As the value was determined for evolved silicate 540 

melts, its extrapolation to other melt compositions, especially mafic igneous or carbonatites, for 541 

which baddeleyite geochronology is commonly applied, remains to be tested in future studies. 542 

Comparison with partitioning of other trace elements suggests that Pa is predominantly present as 543 

Pa4+, even in comparatively oxidized melts. More reliable Pa disequilibrium corrections for 544 

natural magmatic systems will require more robust constraints on its redox-sensitive speciation 545 

and a more quantitative understanding of Pa and U partitioning into magmatic minerals. 546 

 The crystallization age of baddeleyite crystals, obtained here for the first time for Somma-547 

Vesuvius syenitic nodules, is also crucial for constraining magma chamber evolution before 548 

major eruptions. Syenitic nodules are commonly present in association with other cumulate rocks 549 
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(e.g., pyroxenite, skarn, marble) in pyroclastic deposits of all major explosive eruptions of 550 

Vesuvius. These syenites are considered the product of magma-limestone interaction, in which 551 

skarn xenoliths represent the thermometamorphic and/or metasomatic aureole in the inner part of 552 

the interaction zone, whereas igneous rocks (syenite and clinoproxenites) are derived from the 553 

magmatic front of the outermost parts of the magma reservoir (e.g., Fulignati et al. 2004; Jolis et 554 

al. 2015 and reference therein). The timescale of this process is still unclear, although it has been 555 

recently postulated that magma-limestone interaction can be very fast and influence eruption 556 

intensities due to rapid and voluminous CO2 release (e.g. Blythe et al. 2010). The ages presented 557 

here are inconsistent with a protracted hiatus between crystallization and eruption of the syenitic 558 

clasts, supporting the idea of a relatively rapid propagation of assimilation and crystallization 559 

front in the upper portion of the phonolitic chamber. This suggests relatively fast magma 560 

accumulation and a potential trigger mechanism for the eruption. 561 

 562 
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Figure 1. Evolution of 207Pb/206Pb deviations resulting from initial disequilibrium relative to Pb-826 

ingrowth under initial secular equilibrium conditions over the last 4.5 Ga. Curves were calculated 827 

using equations from Wendt and Carl (1985) and initial DPa/DU between 2 and 100 and DTh/DU = 828 

1 (black). Once the curves intersect the hatched area (representing the analytical precision 829 

routinely achieved with ID-TIMS), the effect of initial 231Pa is smaller than the analytical 830 

uncertainly, and thus becomes negligible. A model curve based on empirical baddeleyite-melt 831 

partitioning ratios (DPa/DU = 5 and DTh/DU = 0.01) is proposed as a realistic correction (red), 832 

suggesting that 231Pa excess significantly affects U/Pb baddeleyite ages for nearly the entire 833 

Phanerozoic eon. 834 

Figure 2. Optical and Scanning electron microscope images of the studied samples: (a) 835 

Idiomorphic baddeleyite (Badd) crystals in interstitial volumes of sanidine (Sa). Optical image, 836 

Vesuvius sample. (b) Optical image of the Laacher See syenite sample. (c) Euhedral hauyne (Hyn) 837 

associated with sanidine (Sa) and opaque minerals (Op). Polished thin section under transmitted 838 

light, Laacher See sample. (d) Clinopyroxene in Laacher See syenite, polished thin section under 839 

transmitted light. (e)-(h) Representative backscattered electron (BSE) images of Vesuvius (e,f) 840 

and Laacher See (g,h) baddeleyite, all grains polished and mounted in epoxy. Pcl = pyrochlore. 841 

Red circles indicate spot locations of U-Th-Pa analyses by SIMS. Tiny bright spots are remnants 842 

of the gold coating previously applied for SIMS.  843 

Figure 3. Chondrite-normalized REE patterns obtained by SIMS: (a) Phalaborwa reference 844 

baddeleyite, (b) Vesuvius baddeleyite, (c) Laacher See baddeleyite. Recommended CI chondrite 845 

abundances by McDonough and Sun (1995) were used for normalization.  846 
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Figure 4. U/Th isochron diagrams for Vesuvius (a) and Laacher See baddeleyite (b) obtained by 847 

SIMS with ages calculated from isochron slopes using the 230Th decay constant of Cheng et al. 848 

(2013). All uncertainties plotted and stated as 1σ.  849 

Figure 5. Rank order plots showing measured (231Pa)/(235U) ratios in (a) Vesuvius and (b) 850 

Laacher baddeleyite samples. All uncertainties stated and plotted as 1σ.  851 

Figure 6. Partition coefficient curves for trivalent (solid), tetravalent (dash) and pentavalent (dot 852 

dash) trace elements between Vesuvius baddeleyite and silicate melt (T = 1073 K) modelled 853 

using lattice strain theory and plotted against ionic radius. Ce is excluded from curve fitting due 854 

to its presence as both Ce3+ and Ce4+. Parameters r0 and E0 for 5+ cations were estimated as 0.8 Å 855 

and 1265 GPa, respectively. Best fit values for DPa estimated from the partition coefficient curves 856 

are 4.5 ± 0.5 (DPa4+) and 2500 +6250/-1900 (DPa5+) (uncertainties estimated from curve fitting 857 

using maximal and minimal values). For DU, the estimated best fit values are 9 +1/-0.5 (DU4+) 858 

and 3000 +7550/-2300 (DU5+). 859 

Figure 7. Partition coefficient curves for trivalent (solid), tetravalent (dash) and pentavalent (dot 860 

dash) trace elements between Laacher See baddeleyite and silicate melt (T = 1033 K) modelled 861 

using lattice strain theory and plotted against ionic radius. Ce is excluded from curve fitting due 862 

to its presence as both Ce3+ and Ce4+. Parameters r0 and E0 for 5+ cations were estimated as 0.8 Å 863 

and 982 GPa, respectively. Best fit values for DPa estimated from the partition coefficient curves 864 

are 4.9 ± 0.5 (DPa4+) and 480 +830/-330 (DPa5+) (uncertainties estimated from curve fitting using 865 

maximal and minimal values). For DU, the best fit values are estimated as 8.0 +0.7/-0.5 (DU4+) 866 

and 550 +980/-380 (DU5+). 867 

Tables 868 
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Table 1. Parameters of trivalent, tetravalent and pentavalent partition coefficient (Dbaddeleyite-melt) 869 
curves obtained by least square curve fitting. Uncertainties are reported as 1 standard errors of the 870 
fits. 871 

Sample r0 (Å) ± D0 ± E0 (GPa) ± 

Trivalent cations (3
+
) 

Vesuvius 0.951 0.013 0.26 0.087 1 040 417 

Laacher See 0.899 0.005 70.5 17.8 1206 163 

Tetravalent cations (4
+
) 

Vesuvius 0.832 0.001 8203 1777 1265 79.3 

Laacher See 0.831 0.001 1692 143 982 16.2 

Pentavalent cations (5
+
) 

Vesuvius 0.8* - 5981 +15150/-45961 1265* - 

Laacher See 0.8* - 945 +3575/-6531 982* - 

Notes. *parameter set as fixed value, 1uncertainties estimated from curve fitting using maximal and 872 
minimal data point.  873 

 874 
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