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ABSTRACT

A deep understanding of the formation and alteration mechanisms of titanium-bearing minerals
in volcanic sedimentary sequences is crucial for a clear recognition of the Ti element cycle on Earth.
Here we used micro- to nanoscale characterization techniques, including focused ion beam (FIB),
high-resolution transmission electron microscopy (HRTEM), electron energy loss spectroscopy
(EELS), and nano-computed tomography (Nano-CT) to investigate nano mineralogical characteristics
and formation mechanisms of authigenic Ti oxides and altered Ti-Zr-O minerals (srilankite) in altered
volcanic ash across a Permian-Triassic boundary. The results indicate that the growth of anatase and
brookite (TiO2 polymorphs) nanoparticles within the volcanic ash matrix under acidic conditions is
regulated by Ostwald ripening with minor semi-oriented attachment and recrystallization. Meanwhile,
the growth of brookite crystals in altered srilankite particles (ZrTi2O6) is predominantly controlled by
the oriented attachment mechanism. This phenomenon suggests that the growth mechanisms of TiO2

nanoparticles are highly sensitive to the microenvironments surrounding the particles, with different
growth behaviors possibly occurring even within the same layer. EELS results show that, under chem-
ical weathering, the edges of TiO2 crystals tend to amorphize, gradually reducing to the Ti3� valence
state at the edge. Following the alteration of srilankite, primary brookite crystals form in situ (particle
size ∼10 nm), initially growing into incomplete oriented particles through oriented attachment. Subse-
quently, these oriented particle fragments further grow by attaching to primary crystals in the matrix,
forming large (particle size along the long axis ∼300 nm) brookite crystals with consistent crystallo-
graphic orientations. This phenomenon demonstrates that during the alteration process of unstable Ti-O
minerals, Ti migration does not occur across particle scales.
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INTRODUCTION

Titanium, as the ninth most abundant element in the Earth’s
crust, has been recognized as an important constituent of the
crust (Mason and Moore 1985). Due to its chemical stability,
Ti is often treated as an inert element in chemical migration cal-
culations (Andrade et al. 2019). Ti oxides are considered to be
among the most chemically stable materials in nature, with
numerous environmental effects (Zhang and Banfield 2014).
Moreover, TiO2, owing to its outstanding photocatalytic activity
and high specific strength, is widely applied in diverse fields
such as aerospace, biomedicine, and environmental photocataly-
sis (Zhang et al. 2017). In nature, TiO2 has five forms of poly-
morphs: rutile and anatase with the tetragonal crystal symmetry,
akaogiite with the monoclinic symmetry, riesite and brookite
with the orthorhombic symmetry, all of which can be found
in various types of rocks (Bailey et al. 1956; Sun and Allen
1957; Morad and Aldahan 1982; Morad 1988; Ruppert et al.
1993; Alló 2004; El Goresy et al. 2010; Dai et al. 2014; Liu et al.
2019; Tschauner et al. 2020); other Ti oxides including

kaitianite, magnéliite, sassite, and tistarite have also been
reported (Ma andRossman 2009;Ma andBeckett 2021;Ma et al.
2023). Compared to rutile, brookite and anatase are metastable
and can transform to rutile under certain conditions (Dachille
et al. 1968; Huberty and Xu 2008; Byrne et al. 2016) (Fig. 1).
These two metastable phases are often found in sedimentary
rocks formed under low temperatures (Post and Burnham
1986; Schulz et al. 2016), but their formation mechanisms
remain unclear.

These metastable titanium oxides could be of either detrital
origin or authigenic saturation precipitation origin. Authigenic
precipitation of Ti oxides indicates the disappearance of original
Ti-bearing minerals, migration of Ti elements, growth of new
minerals, and changes in Ti valence states, providing informa-
tion on mineral and elemental geochemical cycles. Although
previous studies have explored the growth and alteration pro-
cesses of Ti-bearing minerals from laboratory synthesis, simula-
tion, and calculation perspectives (Yang et al. 2008; Du et al.
2012; Liu et al. 2019), there has been limited work on in situ
microscopic observation of Ti-bearing minerals in sedimentary
rocks or sediments. This hinders our understanding of the forma-
tion and transformation of Ti-bearing minerals in natural
systems. Compared to relatively simple experimental
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