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ABSTRACT

Nanomineral opal-CT is a natural precursor to quartz formed by various geological processes,
including weathering, biological precipitation, hydrothermal alteration, and shock metamorphism.
These processes play a crucial role in the formation of siliceous rocks as well as abiotic and biogenic
interactions in natural systems. Hydrous opal-CT was recently found on the surfaces of Mars and the
Moon by microanalyses and remote sensing, which has led to further investigation into the character-
istics of opal-CT. In this work, we have investigated the local structures of natural opal-CT sampleswith
various degrees of crystallinity using a combination of synchrotron X-ray diffraction (XRD), X-ray
scattering structure factor S(Q) analysis, transmission electron microscopy (TEM), and pair distribution
function (PDF) analysis. The combined results indicate that opal-CT is mainly composed of interstrati-
fied tridymite and cristobalite nanodomains with twins and stacking faults. S(Q) patterns are used to
delineate the XRD data of opal-CT samples, which provide more precise peak profiles, allowing for
better determination of the degree of ordering. TEM images and selected-area electron diffraction
(SAED) patterns directly show nanodomain structures with planar defects. X-ray PDF analysis is a
powerful characterization tool that can further unveil local structures, defects, and crystallinity in
opal-CT. The rise in ordered domain size and two peaks at 10.01 and 11.16 Å in G(r) plot reflect
the increase in the amount of cristobalite units and crystallinity. Both four- and eight-membered
[SiO4] rings are created by twinning and stacking faults of the tridymite and cristobalite domains.
X-ray PDF analysis provides unique insights into the local structures, crystalline sizes, and ordering
degree of opal-CT. Quantifying the crystallinity of natural opals is important to understanding the dia-
genetic processes of opals and the associated diatomaceous clays in sedimentary formations.
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INTRODUCTION

Chemical weathering of the Earth’s crust provides the main
source of silica in the global cycle that links the geosphere, hydro-
sphere, and biosphere (Ragueneau et al. 2000; Struyf and Conley
2009). The release of silicic acid into aqueous solutions during the
weathering processes of various silicateminerals results in the pre-
cipitation of opaline silica by both abiotic and biogenic mechan-
isms (Jones et al. 1966; Clarke 2003; Wallmann et al. 2008).
Opaline silica phases include non-crystalline opal-A and its sub-
species opal-AN, which has a network structure similar to glass;
opal-AG, which has a gel-like structure; opal-CT, which contains
disordered stacking of cristobalite and tridymite domains; and
opal-C, which is composed of ordered cristobalite and minor
tridymite nano-crystals (Jones and Segnit 1971; Mitchell and
Tufts 1973; Elzea and Rice 1996; Curtis et al. 2019).

As a diagnostic opal species, opal-CT has been widely used
for reconstructing paleoenvironments and understanding the

formation of sedimentary siliceous rocks (Jones and Segnit
1971; Kastner et al. 1977; Sanders 1980; Nagase and Akizuki
1997). Opal-CT is formed in sediments from opal-A and goes
through diagenesis to become quartz (Jones and Segnit 1971;
Williams and Crerar 1985). During this process, opal-CT grad-
ually takes on a more ordered form via solid-state reaction and
dissolution-reprecipitation mechanisms, which effectively
buffer the aqueous silica activity and influence low-tempera-
ture processes in the Earth’s crust (Kastner et al. 1977; Struyf
and Conley 2009). Recent studies of the formation of opal-CT
and opal-A on the surface of Mars and the Moon show that
opals may preserve crucial details about the planet’s former
water environment, alterations, and weathering processes
(Kayama et al. 2018; Rapin et al. 2018; Sun and Milliken
2018; Tarnas et al. 2019). Given its broad occurrence and geo-
chemical significance, it is important to understand the nature
and structure of opal-CT.

XRD studies indicate that opal-CT shares structural similar-
ities with cristobalite and tridymite (Levin and Ott 1933; Jones
and Segnit 1971; Guthrie et al. 1995). Jones and Segnit (1971)
proposed that the structure of opal-CT consists of a disordered
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