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We appreciate the interest from de Jong (2024, this issue) 
in our study on the structure of opal-A using synchrotron X-ray 
diffraction (XRD) and pair distribution function (PDF) analysis 
(Lee et al. 2022). Several comments were made by de Jong (2024) 
on the strengths and weaknesses of PDF analysis, the existence 
of 4- and 8-membered silica rings in the opal-A structure, and 
the usefulness of opal phase transitions as stratigraphic markers. 
Here, we shall address these comments in turn.

X-ray PDF analysis is one of the main techniques employed 
in Lee et al. (2022), and it is a useful tool for characterizing the 
local structures of both amorphous and nanocrystalline phases 
(Chupas et al. 2003; Lee and Xu 2019; Lee and Xu 2020; Zhu 
et al. 2021; Tao et al. 2024). In particular, with the advancement 
of high-intensity/resolution synchrotron X-ray techniques along 
with high-speed computing and software development, the X-ray 
PDF method has been increasingly used in structural analyses 
of various materials (Chupas et al. 2003; Billinge 2019; Keen 
2020; Lee and Xu 2020). Billinge (2019) provided an excellent 
summary of the history, development, and research examples of 
the modern PDF method. de Jong (2024) stated that “a particular 
pair distribution does not define a unique model beyond ~4 Å 
and additional physical measurements, such as density and 
electronic spectra, are needed to validate it.” However, several 
specific PDF analyses have been used to solve the structures of 
poorly crystalline phases such as highly disordered Zn-smectite, 
moganite, synthetic δ-MnO2, vernadite, and amorphous silica 
(Zhu et al. 2012; Lee et al. 2019, 2021; Khouchaf et al. 2020; Tao 
et al. 2023). The method can also yield high-quality structural 
parameters for nanocrystalline moganite, microcrystalline tridy-
mite, cristobalite (Lee and Xu 2019; Lee et al. 2021). In Lee et 
al. (2022), we determined the structure of opal-A in more detail 
by combining PDF analysis with high-resolution synchrotron 
X-ray data obtained at the Advanced Photon Source, Argonne 
National Laboratory.

Based on the broad XRD and 29Si nuclear magnetic reso-
nance (NMR) profiles, de Jong (2024) argued that the “opal-
A constitution represents a stage, a time-frozen snapshot, in 
which a random, infinite number of close-packed oxygen 
stacking sequences, polytypes, are formed in minimally 50 Å 
long-range arrays. The tetrahedral holes are subsequently filled 
randomly by silicon atoms mainly in chair and boat configura-
tions in 5–6 Å short-range ordering.” The structure of opal-A 
described therein essentially resembles the paracrystalline model 
proposed by Smith (1998) and Wilson (2014) for both opal-A 

and opal-CT. Based on our XRD, TEM (transmission electron 
microscopy), and X-ray PDF analyses (Lee et al. 2022), the 
opal-A structure can be described primarily as disordered inter-
growths of cristobalite- and tridymite-like domains consisting 
of 6-membered rings of [SiO4] tetrahedra, which is consistent 
with the cristobalite/tridymite stacking (interstratification) 
model reported previously (Flörke 1955; Jones et al. 1964; 
Murray and Sanders 1980; Cady et al. 1996). Furthermore, our 
synchrotron X-ray PDF analysis suggests the occurrence of 4- 
and 8-membered [SiO4] rings in the opal-A structure. The 29Si 
NMR technique used by de Jong et al. (1984) was not sensitive 
enough to reveal these additional silica rings. The 29Si NMR 
is sensitive to nearest neighbors like Si-O and Si-OH bonding 
configurations but not sensitive to neighboring tetrahedra in 4-, 
6-, or 8-membered silica rings.

de Jong (2024) was concerned about the presence of 4- 
and 8-membered silica rings in the opal-A structure. Farfan 
et al. (2023) investigated hydrous silicas (opal-A, hyalite, 
and geyserite), silica glass, and biogenic silicas using Raman 
spectroscopy. The hyalite (opal-AN) sample from Hawk, North 
Carolina, shown in Figure 1(i) of Farfan et al. (2023), and the 
hyalite sample from Chalice mine, North Carolina, in Lee et 
al. (2022) have the same color, texture, morphology, and XRD 
pattern. Farfan et al. (2023) found a distinctive feature in the un-
polarized Raman spectra of the hyalite sample at approximately 
480 cm–1 that can be assigned to 4-membered rings in the silica 
network region. Similarly, Dovbeshko et al. (2012) noted the 
occurrence of a small Raman peak at 485 cm–1 for a synthetic 
opal-A that indicates the formation of 4-membered silica rings. 
The structure of amorphous silica, which resembles opal-A’s 
structure in terms of XRD and PDF patterns, has been the sub-
ject of numerous studies that confirmed the presence of 4- and 
8-membered silica rings using various methods, including Raman 
spectroscopy, AFM-IR nanospectroscopy, NMR, and ab initio 
calculations (Galeener 1982; O’Keeffe and Gibbs 1984; Brinker 
et al. 1988; Yoshino et al. 1990; Kamiya et al. 2000; Fidalgo and 
Ilharco 2004; Benedis et al. 2023). These studies suggest that 
defects in amorphous silica could be the root cause of the 4- and 
8-membered rings, resulting in the loss of the long-range order of 
SiO4 units. Similarly, we believe twinning, stacking faults, and 
interface boundaries of 6-membered silica rings in opal-A may 
produce the 4- and 8-membered silica rings (Lee et al. 2022).

Finally, with regard to using opals as stratigraphic markers 
for sedimentary basins, de Jong (2024) stated that “XRD analysis 
may provide a structural rather than paragenetic categorization as 
the various forms do not necessarily convert into one another.” 
The transformation from opal-A to opal-CT and chert (a micro-
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