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Abstract
Praseodymium is capable of existing as Pr3+ and Pr4+. Although the former is dominant across 

almost all geological conditions, the observation of Pr4+ by XANES and Pr anomalies (both positive 
and negative) in multiple light rare earth element minerals from Nolans Bore, Australia, and Stetind, 
Norway, indicates that quadrivalent Pr can occur under oxidizing hydrothermal and supergene condi-
tions. High-temperature REE partitioning experiments at oxygen fugacities up to more than 12 log 
units more oxidizing than the fayalite-magnetite-quartz buffer show negligible evidence for Pr4+ in 
zircon, indicating that Pr likely remains as Pr3+ under all magmatic conditions. Synthetic Pr4+-bearing 
zircons in the pigment industry form under unique conditions, which are not attained in natural systems. 
Quadrivalent Pr in solutions has an extremely short lifetime, but may be sufficient to cause anomalous 
Pr in solids. Because the same conditions that favor Pr4+ also stabilize Ce4+ to a greater extent, these 
two cations have similar ionic radii, and Ce is more than six times as abundant as Pr, it seems that 
Pr-dominant minerals must be exceptionally rare if they occur at all. We identify cold, alkaline, and 
oxidizing environments such as oxyhalide-rich regions at the Atacama Desert or on Mars as candidates 
for the existence of Pr-dominant minerals.
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Introduction
The lanthanides (La to Lu) and yttrium are known as the rare 

earth elements (REE), a group that strikingly exhibits similar 
geochemical properties stemming from their electronic struc-
ture. They form trivalent cations whose radius decreases with 
increasing Z because of weak shielding of the other electrons by 
the 4f shell (e.g., 58Ce3+ = [Xe]4f1, 59Pr3+ = [Xe]4f 2, ..., 71Lu3+ = 
[Xe]4f14). For example, the diameter of La3+ is 116 pm, whereas 
that of Lu3+ is 97.7 pm (Fig. 1), a phenomenon known as the 
lanthanide contraction. The combination of identical ionic charge 
and smoothly varying radius makes the geochemistry of the 
REE mostly simple and predictable. However, under oxidizing 
conditions, Ce loses four electrons instead of three resulting in 
a closed shell (58Ce4+ = [Xe]4f 0).

Although the crustal abundance of Ce is only ~60 ppm 
(Rudnick and Gao 2014), fractionating processes can con-
centrate it to the point where Ce-dominant minerals crystal-
lize. Indeed, there are more than 150 known minerals with 
essential Ce in their formulas. The majority of these minerals 
contain Ce3+ as expected, and their names contain the “-(Ce)” 
Levinson suffix when Ce dominates relative to the other 
REE (e.g., monazite-(Ce)-Ce3+PO4, fluocerite-(Ce)-Ce3+F3, or 
bastnäsite-(Ce)-Ce3+CO3F, when considering their ideal chemi-
cal formulas), but there are three known exceptions: stetindite-
(Ce) (Ce4+SiO4), cerianite-(Ce) (Ce4+O2), and dyrnaesite-(La) 
[Na8Ce4+(La,REE)2(PO4)6]. Other minerals such as zircon and 
baddeleyite similarly exhibit a strong preference for Ce4+ over 
Ce3+, resulting in a deviation of REE patterns from the afore-
mentioned smooth behavior expected for purely trivalent REE 

(Burnham and Berry 2012, 2014). Accurate modeling of REE 
in geological systems requires knowledge of the likely REE 
anomalies arising from redox variability. Therefore, it is impor-
tant to establish whether, and to what extent, other REE change 
their oxidation states. Europium is the best known, occurring 
as Eu2+ under reducing conditions (Burnham et al. 2015), with 
Ingrao et al. (2019) showing that Sm and Yb can also be divalent 
under ultra-reducing conditions such as those observed in some 
extraterrestrial materials.

After Ce, the most likely candidate to undergo oxidative redox 
changes is Pr. On Earth’s surface, pure Pr oxide is stable as com-
mercially available mixed-valence oxide: Pr6O11: 4Pr4+O2·Pr2

3+O3 
(Martin 1974; Suzuki et al. 2009). Pure quadrivalent Pr is not known 
so far from natural materials and is uncommon in synthetic materi-
als (Willauer et al. 2020). This raises the question of whether Pr4+ 
exists in nature, to what degree, and can any anomalous behavior 
stemming from the higher oxidation state be detected or predicted.

In this study, we examine the known Ce4+-bearing minerals, 
which are obvious candidates for the inclusion of other quad-
rivalent REE. We assess whether their chemical composition 
shows evidence for the presence of Pr4+. We show experimental 
evidence from zircon, a common mineral, which demonstrates 
Ce anomalies. We then discuss the possibility of Pr4+ occurring 
in nature and compare them to REE3+ minerals in the context of 
mineral evolution (Hazen and Ausubel 2016; Hazen et al. 2015).

Methods
We conducted two zircon synthesis experiments. The P-free starting mix used 

in the experiments of Burnham and Berry (2012) was decarbonated at 1000 °C. The 
resulting powder was loaded into two capsules to achieve oxidizing and reducing 
conditions. In the “oxidized” experiment, the mix was placed in a 3.5 mm diameter 
Pt capsule between two layers of PtO2. In the “reduced” experiment, the mix was 
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