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

(ZrO2) geochronology, which limits accurate U/Pb dating, but such excesses have never been directly 
demonstrated. In this study, Pa incorporation in late Holocene baddeleyite from Somma-Vesuvius 
(Campanian Volcanic Province, central Italy) and Laacher See (East Eifel Volcanic Field, western 
Germany) was quantified by U-Th-Pa measurements using a large-geometry ion microprobe. Bad-
deleyite crystals isolated from subvolcanic syenites have average U concentrations of ~200 ppm and 
are largely stoichiometric with minor abundances of Nb, Hf, Ti, and Fe up to a few weight percent. 
Measured (231Pa)/(235U) activity ratios are significantly above the secular equilibrium value of unity 
and range from 3.4(8) to 14.9(2.6) in Vesuvius baddeleyite and from 3.6(9) to 8.9(1.4) in Laacher See 
baddeleyite (values within parentheses represent uncertainties in the last significant figures reported 
as 1σ throughout the text). Crystallization ages of 5.12(56) ka (Vesuvius; MSWD = 0.96, n = 12) and 
15.6(2.0) ka (Laacher See; MSWD = 0.91, n = 10) were obtained from (230Th)/(238U) disequilibria 
for the same crystals, which are close to the respective eruption ages. Applying a corresponding age 
correction indicates average initial (231Pa)/(235U)0 of 8.8(1.0) (Vesuvius) and 7.9(5) (Laacher See). For 
reasonable melt activities, model baddeleyite-melt distribution coefficients of DPa/DU = 5.8(2) and 
4.1(2) are obtained for Vesuvius and Laacher See, respectively. Speciation-dependent (Pa4+ vs. Pa5+) 
partitioning coefficients (D values) from crystal lattice strain models for tetra- and pentavalent proxy 
ions significantly exceed DPa/DU inferred from direct analysis of 231Pa for Pa5+. This is consistent with 
predominantly reduced Pa4+ in the melt, for which D values similar to U4+ are expected. Contrary to 
common assumptions, baddeleyite-crystallizing melts from Vesuvius and Laacher See appear to be 
dominated by Pa4+ rather than Pa5+. An initial disequilibrium correction for baddeleyite geochronology 
using DPa/DU = 5 ± 1 is recommended for oxidized phonolitic melt compositions.
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Introduction
Baddeleyite (ZrO2) is a late-stage accessory Zr-mineral, 

which occurs in a wide range of silica-undersaturated or alkaline 
rocks, including carbonatites, kimberlites, metacarbonates, lay-
ered intrusions, gabbroic intrusions and plutons, dolerite dikes, 
or alkaline syenites (Heaman and LeCheminant 1993). Extrater-
restrial baddeleyite has been reported from martian shergottite, 
nakhlite, and chassignite (SNC) meteorites, and from lunar 
mare basalts (e.g., Heaman and LeCheminant 1993; Herd et al. 
2007; Rasmussen et al. 2008). Baddeleyite usually shows high 
abundances of U, low diffusivities of U and Pb at magmatic tem-
peratures, and minor to negligible incorporation of common Pb, 
resulting in its proliferation as a U-Pb or Pb-Pb geochronometer, 
especially for silica undersaturated compositions (Heaman and 
LeCheminant 1993; Söderlund et al. 2013; Ibañez-Mejia et al. 
2014). Robust U/Pb ages can be obtained with baddeleyite, 
owing to its low susceptibility for secondary Pb loss (Heaman 
and LeCheminant 2001) and higher resistance against radiation 

damage (metamictization) in comparison to zircon (Heaman 
and LeCheminant 2001; Rioux et al. 2010; Davies et al. 2018). 
Furthermore, baddeleyite readily reacts with free SiO2 during 
metamorphic or secondary magmatic-hydrothermal events to 
form secondary zircon, ruling out its presence as a metamorphic 
phase or xenocryst in most geological environments, thus sim-
plifying the geological interpretation of baddeleyite ages (e.g., 
Davidson and Van Breemen 1988; Heaman and LeCheminant 
1993; Söderlund et al. 2013).

Baddeleyite geochronology can return precise emplacement 
ages of mafic dike swarms, which are interpreted as the crustal 
pathways of flood basalts in large igneous provinces (LIPs; e.g., 
Fahrig 1987; Ernst and Buchan 1997; Ernst et al. 2005). Age 
populations of baddeleyite can then be used to define a magmatic 
“barcode” of a craton, where discrete sets of radiometric dates 
reflect the temporal sequence of regional magmatic events. This 
allows correlation of such events between once connected ter-
rains, which have since been dispersed to different continents 
by continental rifting (e.g., Ernst et al. 2005; Söderlund et al. 
2010; Reis et al. 2013; Teixeira et al. 2016; Baratoux et al. 2019). 
High-precision U/Pb or 207Pb/206Pb baddeleyite ages coupled with 
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