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Abstract
Titanium (Ti) has long been considered to be immobile during weathering and diagenetic processes, 

and it is widely used for the normalization of elemental concentrations in weathering profiles. However, 
our study demonstrates that authigenic titania is commonly formed in fine-grained siliciclastics of a 
wide variety of facies through weathering of Ti-bearing silicates, authigenic euhedral anatase is pres-
ent ubiquitously as nanoparticles, and its morphology varies in a predictable manner over a range of 
depositional environments. The crystal habit of authigenic anatase nanoparticles is controlled primar-
ily by porewater pH during the early diagenetic alteration of Ti-bearing silicates. Authigenic anatase 
nanoparticles exhibit a distinct tetragonal tabular morphology in deep-marine facies, a tetragonal 
bipyramidal shape in shallow-marine facies, an irregular morphology with sponge-like aggregates 
in terrestrial-marine transitional to paludal facies, and euhedral short tetragonal prisms in lacustrine 
facies. Also, authigenic anatase is observed to form in organic-free glacial deposits, attesting its 
formation as an inorganic precipitate and demonstrating diagenetic remobilization of titanium in the 
absence of organic matter. Our findings suggest that authigenic anatase could be a sensitive proxy for 
the sedimentary environment and sedimentary porewater chemistry, and it will likely prove useful in 
depositional facies analysis.
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Introduction
Titania (TiO2) occurs as three polymorphs, of which rutile 

is the thermodynamically most stable, and anatase and brookite 
are metastable at low temperatures and pressures and may 
transform to rutile especially as demonstrated at the nanoscale 
(Zhang and Banfield 2014). However, anatase is an exceedingly 
common authigenic form of titania in soils and detrital sediments 
generated during chemical weathering processes and diage-
netic alteration and occurs as nanosize titanium oxide particles 
ubiquitously in these geologic environments (Hochella et al. 
2019). [Note: “nanoparticles” in this context are small mineral 
particles in the size range of several tens of nanometers, or less, 
in at least one dimension (Hochella et al. 2008)]. Titanium (Ti) 
released from weathering/alterations of detrital sediments or 
rocks in colloidal form is usually associated with clay mineral 
aggregates (Banfield et al. 1991; Ece and Nakagawa 2003), and 
hence, anatase nanoparticles in association with clay minerals 
generally originate from diagenetic alteration of volcanic glass 
and Ti-bearing minerals.

Authigenic minerals with significantly higher density than 

silicates and carbonates, such as TiO2 polymorphs, persist in a 
wide variety of sedimentary facies through alteration and chemi-
cal weathering during early diagenesis. Their stability fields 
provide limits on the range of pH, Eh, and temperature conditions 
associated with their formation (Dill 2010). Authigenic titania 
minerals, in particular, are chemically stable and form in vari-
ous depositional environments, providing a useful proxy for the 
assessment of diagenetic conditions (Weibel and Friis 2004). Ti 
is relatively immobile in supergene environments and is often 
employed as a reference element to evaluate the mass flux of 
other mobile elements because of the resistance to weathering 
of Ti-oxide minerals and the exceptionally low solubility of Ti 
in aqueous solution (Young and Nesbitt 1998). However, there 
is evidence showing that Ti is mobile during hydrothermal 
alteration and can precipitate as low-temperature titania phases, 
with the dissolution of Ti often associated with the presence of 
strong complexing ligands, especially those of organic acids 
(Schulz et al. 2016). Overall, the formation of authigenic anatase 
nanoparticles in sediments challenges long-standing assumptions 
regarding the crystallographical habits and geochemical behavior 
of Ti, yet this process remains poorly understood.

To better delineate the crystallographical habits and geo-
chemical behavior of authigenic anatase and to assess its 
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