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Abstract. This paper is a comprehensive review devoted to topical issues in the study of opoka – marine 
sedimentary siliceous rocks of the cretaceous-Paleogene age. For almost two hundred years of studying 
these sedimentary formations, the term “opoka” itself has not received proper recognition globally due to 
the lack of a detailed mineralogical definition and the general imperfection of the systematics of siliceous 
rocks. A distinctive feature of the opoka is the presence of opal-cT lepispheres, which form a recognizable 
framework of siliceous rock or form an obscure lepispheric/cryptocrystalline mass. The article discusses 
various aspects of opoka – history of study, nomenclature, mineralogical composition, microtexture, the 
distribution of cretaceous-Paleogene opoka, etc. The etymology of the genesis of the opoka and models of 
its origin at the early and late stages of diagenesis are critically discussed. In this review, attention is focused 
on recent studies, that provide detailed information about silica polymorphic forms distributed in the opoka, 
as well as its typical microtexture types. A model of the genesis of opoka and the relationship with global 
biogeochemical cycle of silica is presented. Differences recorded in opoka of different ages, geological and 
tectonic positions, indicate both the predetermination of many parameters of the mineral composition from 
the very genesis, and the disproportionate contribution of individual factors to the evolution of opoka rocks, 
namely the source of silicic acid, the role of siliceous bios in the mobilization of dissolved silica, the nature 
and volume of terrigenous influx from the adjacent landmass, secondary changes and mineral formation, etc.
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introduction
A distinctive feature of the Upper cretaceous 

and Paleogene marine deposits in Northern Eurasia 
is the widespread occurrence of carbonate-siliceous 
and siliceous sediments. These siliceous deposits 
are primarily composed of biogenic and chemogenic 
silica, encompassing a range of sedimentary rocks from 
diatomites and diatomaceous shale to tripoli and opoka. 
Among the diverse group of siliceous rock, opoka hold 
a unique position. These rocks are distinguished by 
their opal-cristobalite-tridymite phase composition. 
Despite two centuries of research on these sedimentary 
formations, many aspects of their nature – including 
their genesis, structural properties, and physicochemical 
parameters – remain topics of intense scientific debate. 
The term “opoka” itself presents a challenge in the 
global scientific community. Due to imperfections in the 
international nomenclature of siliceous rocks, “opoka” 
is not universally accepted and is interpreted in various 

ways. As a result, this sedimentary formation type is 
often associated with rocks that differ significantly in 
appearance, physicochemical parameters, and mineral 
composition (Peryt, 2000; Machalski, 2012; Jurkowska, 
2016; Malchyk et al., 2017).

Opoka have achieved widespread geographical 
and stratigraphic distribution, forming substantial 
cretaceous and Paleogene layers up to 700 meters 
thick. These formations have been documented and 
studied across modern-day France, Poland, Germany, 
Belarus, Ukraine, Russia, and central Asian countries, 
corresponding to the regions of ancient epicontinental 
basins (Figure 1). These rock formations serve as unique 
archives of the oceanographic conditions that prevailed 
in epicontinental marine basins during specific periods 
of geological time. These periods were characterized 
by significant changes in the scale of sedimentary silica 
accumulation and the global silicon cycle. Despite the 
seemingly extensive body of factual material, many 
properties, parameters, and formation mechanisms of 
opoka remain insufficiently understood. All aspects of 
this issue are closely interrelated, making it challenging 
to achieve significant progress by studying these aspects 
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in isolation. For decades, the debate over the genesis of 
various types of opoka rocks has remained a contentious 
issue. Earlier, it was commonly accepted that opoka is 
the product of diagenetic “maturation” of diatomites, a 
view that has since been questioned and criticized by 
certain experts.

This paper provides a comprehensive review that 
consolidates information on the history of opoka 
research, their mineral composition, structural and 
textural parameters, and formation mechanisms. To 
better understand the current state of knowledge on 
this subject, we propose the following structure for our 
discussion: (1) the history of opoka research; (2) silica 
polymorphs in opoka; (3) terminology, nomenclature, 
and synonymy; (4) sources of silica in opoka formation; 
(5) mechanisms of crystallization of silica polymorphs 
in opoka; (6) structural and textural parameters of opoka 
and their relationship to genesis; and (7) genetic models 
of opoka.

History of Opoka Research
The term “opoka” has Polish origins and likely 

began to be used as early as the 13th century to describe 
hard rocks that could be used as building materials 
(Jurkowska, Świerczewska-Gładysz, 2022). The term 
was introduced into scientific literature by geologist and 
paleontologist Georg Gottlieb Pusch, who borrowed it 
from Polish miners. These miners commonly used the 
term to describe chalky carbonate marls found within the 
Małopolska Upland (Pusch, 1833, 1836). Pusch used the 
term “opok” to refer to “Grube und Chloritishe Kreide”, 

which he called “Polnische Opoka” (Polish Opoka), 
covering most of the Małopolska and Lublin Uplands 
in northeastern Poland (Jurkowska, Świerczewska-
Gładysz, 2022).

Based on the similar facies observed in England and 
France, Georg Gottlieb Pusch pointed out that chalk 
and opoka represent laterally successive facies. Despite 
the lack of detailed mineralogical and petrographic 
descriptions, the term “opoka” received widespread 
acceptance in the literature and was widely used to 
describe various carbonate-siliceous rocks not only in 
Poland but also in the Russian Empire and later in the 
Soviet Union (e.g., Zejszner, 1847; Siemiradzki, 1905; 
Smoleński, 1906; Arkhangelsky, 1912; Samoylov, 
Rozhkova, 1925). In 1931, Sujkowski (Sujkowski, 1931) 
presented an extensive study of Upper cretaceous opoka 
within the Małopolska Upland, including the results 
of macroscopic and microscopic observations. The 
compilation of these data allowed for the identification 
of typical features of these sedimentary formations, 
particularly the presence of “dispersed biogenic silica” 
(derived from sponge spicules), which prevents the rock 
from disintegrating after treatment with hydrochloric 
acid. In subsequent years, many researchers attempted 
to identify the type and origin of the polymorphic 
modifications of silica, as well as the mineralogical 
composition of opoka (e.g., Poaryski, 1948; Poaryska, 
1952). However, an exact petrographic definition was 
never established. Overall, the term “opoka” was used in 
Northeastern Europe to refer to all types of hard Upper 
cretaceous rocks that are not chalk, as well as to rocks 

Fig. 1. A schematic representation of the distribution of sedimentary formations in the Cretaceous-Paleogene sediments of 
Europe, the Volga region, the Trans-Urals, and West Siberia
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enriched with biogenic silica (opal) that contain less 
calcium carbonate and are less porous than typical chalk.

In subsequent years, many researchers attempted 
to identify the type and origin of the polymorphic 
modifications of silica, as well as the mineralogical 
composition of opoka (e.g., Poaryski, 1948; Poaryska, 
1952). However, an exact petrographic definition was 
never established. Overall, the term “opoka” was used in 
Northeastern Europe to refer to all types of hard Upper 
cretaceous rocks that are not chalk, as well as to rocks 
enriched with biogenic silica (opal) that contain less 
calcium carbonate and are less porous than typical chalk.

Silica Polymorphs in Opoka
A detailed study of opoka cannot overlook their 

polymorphic composition – neglecting the distribution 
of polymorphic modifications within the rock has 
contributed to the incorrect application of the term 
“opoka” to a wide range of other siliceous or carbonate-
siliceous rocks. 

It is well known that silica precipitates in crystalline, 
non-crystalline, and paracrystalline phases. The most 
common polymorphs in the crystalline group include 
quartz, moganite, cristobalite, and tridymite. Among 
the paracrystalline forms, opal-cT (opal-cristobalite-
tridymite, opal-cristobalite-tridymite phase, syn. 
OcT-phase) and opal-c are predominant, while the 
non-crystalline forms are represented by opal-A (Jones, 
Segnit, 1971; Williams, crerar, 1985; Flörke et al., 1991; 
Jones, 2021).

In geyserites (siliceous hot sinters), and during 
sediment burial, opal-A transforms into more ordered 
forms such as opal-cT and opal-c, and eventually into 
quartz due to progressively increasing temperature 
(Lynne, campbell, 2004; Lynne et al., 2007; Rodgers 
et al., 2004). These mineralogical transformations can 
be traced using X-ray diffraction studies (Jones, Segnit, 
1971; Flörke et al., 1991; Smith, 1998; Rodgers et al., 
2004). The increasing crystalline lattice order during 
the transformational transitions from opal-A to opal-cT 
and quartz is recorded in X-ray diffractograms as an 
increase in sharpness and narrowing of peaks (Jones, 
Segnit, 1971; Williams, crerar, 1985; Flörke et al., 
1991). To identify different types of opals, FWHM (Full 
Width at Half Maximum) analysis of the 4 Å diffraction 
band has been performed, with narrower FWHM values 
indicating a greater degree of order and more mature 
phases (Graetsch et al., 1994; Elzea, Rice, 1996).

The X-ray diffraction profile of the OcT phase 
is characterized by the superimposition of SiO2 
polymorph reflections – opal (a broad, diffuse halo 
of low intensity peaking around 4,10 Å), cristobalite 
(a well-defined peak with an interplanar spacing of 
approximately d ~ 4,05 Å), and tridymite (a triplet 
of reflections with values of approximately d ~ 4,31; 

4,07; 3,81 Å). Various types of opaline and crystalline 
silica can precipitate directly from solution, depending 
on the concentration of DSi. Quartz precipitates at 
low DSi concentrations (< 20 ppm), whereas opal-cT 
requires higher concentrations (20–60 ppm), and opal-A 
necessitates the highest concentrations (> 60 ppm) 
(Morey et al., 1962; Mackenzie, Gees, 1971; Williams & 
crerar, 1985). Other crystalline silica polymorphs – 
tridymite and cristobalite – are associated with silica-
rich volcanic rocks and form at elevated temperatures 
(~ 1470 °c) (Smith, 1998). Although several studies 
have convincingly demonstrated that cristobalite can 
be genetically linked to low-temperature conditions in 
soils and marine deposits (zeolites and clays) (Flörke, 
1955; Jones, Segnit, 1971; Brindley, 1980), it is often 
the result of its mixing with opal-c, with which it has 
been identified for many years (Frondel, 1962; Flörke 
et al., 1991; Smith, 1998).

It’s worth noting that recently, the informativeness of 
X-ray diffraction methods for short-range silica network 
polymerization continues to be critically discussed. 
Alternative techniques being considered include: 
infrared spectroscopy, Raman spectroscopy, nuclear 
magnetic resonance spectroscopy. These methods are 
being applied to analyze the structural environment of 
silicon, bond characteristics, and unit cell parameters 
of opaline silica (curtis et al., 2019, 2021; Liesegang & 
Tomaschek, 2020).

Regarding the siliceous rocks of the Trans-Urals 
region, including opoka, it has been established that 
the following features indicate the predominant silica 
modification in opal-cristobalite rocks is opal with initial 
signs of cristobalite lattice formation: A broad X-ray 
diffraction scattering reflex in the 2Θ range from 20° to 
26° on X-ray diffractograms (known as the “amorphous 
halo”), Bands at 525, 800, and 1630 cm–¹ on infrared 
spectra, chemical composition analysis. (Ushatinsky, 
1987; Smirnov, 2017; Smirnov et al., 2017)

Opal-cT in the form of lepispheres is often referred 
to as opal-cTM (massive or lepidospheric) (Flörke et al., 
1991; Smith, 1998). The size of opal-cT/c lepispheres 
varies from 2 to 30 micrometers in different types of 
opoka. V.I. Muraviev (1983) interpreted the texture of 
the primary component of opoka and tripoli as spherical 
grains with a ribbed cristobalite shell surrounding an 
opal core. Crystallographic studies have identified a 
distinct symmetrical ultrastructure in the lepispheres, 
characterized by consistent angles between the 
interpenetrating plate-like crystals (Il’icheva, 2013). The 
lepispheres are composed of plates that have coalesced 
according to the tridymite twinning laws (3034) and 
(1016) (Il’icheva, 2013). The size of opal-cT lepispheres 
typically ranges from 0.05 to 0.5 micrometers (Wise, 
Kelts, 1972; Jurkowska, Świerczewska-Gładysz, 2020a). 
Opal-cTM differs significantly from opal-CTLF (length-
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slow fibers) (Flörke et al., 1991; Smith, 1998), which 
consists of fibrous and parallel plates, also known as 
lussatine (Flörke et al., 1991).

The lepispheric structure of opal-СТМ, composed 
of lepispheres, has been observed in cretaceous and 
Paleogene opoka across various regions, including 
Poland, the Volga region, Western Siberia, and the Trans-
Urals. A similar microtexture has also been identified in 
the Miocene Monterey Formation in california, USA 
(Bramlette, 1946; Oehler, 1975). Depending on the 
degree of maturity (increasing order), opal-cTM forms 
barely distinguishable macrostructures of lepispheres 
(Williams, crerar, 1985; Lynne et al., 2007; Jones, 2021). 
In samples from Trans-Ural opoka, poorly developed 
lepispheres of opal-cT and magnesium-rich clay 
minerals have been observed. Similar poorly developed 
lepispheres have also been noted in cretaceous marl 
complexes in Poland (Jurkowska, Świerczewska-
Gładysz, 2020b), likely representing a primary or early 
diagenetic form of opal-cTM (Kastner et al., 1977; 
Kastner, clark, 1982; Minde et al., 2018). Additionally, 
Polish opoka have revealed lepispheres with distinctive 
cross-hatched structures, indicating mature phases 
(Jurkowska, Świerczewska-Gładysz, 2020a), which 
indicatе mature phases of opal-CT/C (Lynne et al., 
2007). In the Trans-Ural opoka, instead of a lepispheric 
framework, one may also observe homogeneous, 
vaguely lepispheric, cryptocrystalline silica masses, 
where the evolution of silica phases has led to the 
merging of lepispheres into a continuous surface, making 
the boundaries between particles indistinguishable. In 
such samples, opal-cTМ lepispheres are identifiable 
only within the cavities of bioclasts (e.g., in the relics 
or replicas of diatom frustules) (Nesterov et al., 2021).

terminology, Nomenclature, and Synonymy
In scientific practice, numerous examples of 

terminological and conceptual discrepancies exist 
between different scientific schools in the identification 
of opoka. The reasons for such discrepancies, as noted 
earlier, are closely linked to the history of studying 
these rocks and the inherent geological and tectonic 
differences in the positioning of opoka formations across 
various regions of the world. However, the presence 
of a siliceous lepispheric framework, where the opal-
cT/c lepispheres are tightly packed, should likely be 
considered the primary distinguishing feature of opoka 
(Wise, Kelts, 1972; Jurkowska et al., 2019a; Jurkowska, 
Świerczewska-Gładysz, 2020a,b; Nesterov et al., 2021).

From the perspective of Polish researchers, opoka 
should be defined as a rock composed of calcite (38–
90%) and an insoluble residue, the main component 
of which is authigenic opal-cT (40–46%), forming 
the siliceous matrix of the rocks made up of adjoining 
lepispheres (definition by A. Jurkowska). The presence 

of a characteristic framework of opal-cT and a minimal 
amount of terrigenous components distinguish this rock 
from others (for example, from chalk or siliceous marl) 
(Jurkowska et al., 2019a; Jurkowska, 2022). In a series 
of works led by A. Jurkowska, which included analysis 
of data from opoka samples collected in Europe, it 
is asserted that opoka was a widespread facies in the 
European basin during the Late cretaceous. The studies 
suggest the appropriateness of using the term for all 
carbonate rocks from this time interval that contain 
opal-CT as a major component (Jurkowska et al., 
2019a). In Russian scientific literature, the term opoka 
refers to lightweight, finely porous (3–5 nm) siliceous 
rocks composed predominantly of opal-cT (up to 
98%) with admixtures of clays, detrital, or authigenic 
minerals (quartz, feldspars, clay minerals) (Distanov 
et al., 1976; Senkovsky, 1977; Nesterov et al., 2021). 
In the Russian literature, color-based classification 
has been used to distinguish subtypes of opoka. For 
instance, a classification system identifies three color 
types: white, cream-white, gray-white, and yellow-gray 
(“light opoka”); gray and dark gray (“gray opoka”); 
and black-gray (“dark opoka”) (Distanov et al., 1976) 
(Figure 2). It should be noticed that opoka with different 
color characteristics and structural-textural parameters 
are often found at the same depth levels and frequently 
form cohesive aggregates (Figures 2e–f). Additionally, 
in Russian scientific practice, dark gray and black opoka 
are generally considered to be of the same type.

In Central European scientific literature, some of the 
most commonly used synonyms for Upper cretaceous 
opoka are “siliceous chalk” (Machalski, Malchyk, 2016) 
and “siliceous limestone” (Jurkowska, 2016; Remin, 
2018). From a mineralogical perspective, siliceous 
chalk is defined as a type of chalk (i.e., a carbonate rock 
containing more than 95% calcium carbonate in the 
form of coccoliths) (Fabricius, 2007) with aggregates of 
chalcedony (Faÿ-Gomord et al., 2016) and authigenic 
nano-α-quartz (Jakobsen et al., 2000). This definition 
clearly indicates that opoka and siliceous chalk are 
entirely different rocks, as reflected in the mineralogical 
composition of their polymorphic modifications.

Unlike chalk, opoka has a different microstructure 
that includes a framework of opal-cT lepispheres, 
which provides the rock with a high degree of cohesion. 
This cohesion prevents opoka from disintegrating after 
treatment with Hcl, as its framework is siliceous, 
formed by opal-CT particles (Jurkowska, Świerczewska-
Gładysz, 2020a, b). The second term, “siliceous 
limestone,” implies that the rock is a siliceous-carbonate 
formation primarily composed of crystalline aggregates 
of calcite/aragonite and silica minerals. In this sense, 
according to Jurkowska and colleagues (2019b, 2021, 
2022), both chalk and opoka represent a distinct type 
of limestone, in which calcite is mainly derived from 
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coccolith skeletons.
However, the term “siliceous limestone” does not 

reflect the significant features of “Polish” opoka – 
namely, the microstructure of polymorphic silica 
forms. It is generally acceptable only if the carbonate 
component in the rock retains an organogenic texture. 
clearly, in Russian terminology practice, opoka is not 
associated with siliceous limestones. Such naming or 
comparative practices have not been used in Russia, 
even in cases where carbonate minerals are present 
in significant quantities (e.g., in sections of European 
Russia, Belarus, and Ukraine).

The French term “gaize”, often used in the context 
of studying opoka, typically denotes carbonate-siliceous 
rocks with a significant amount (up to a quarter of the 
total composition) of fragmental quartz (cayeux, 1929; 
Jurkowska, Świerczewska-Gładysz, 2022). As evident 
from the mentioned mineralogical characteristics, the 
presence of detrital quartz allows for easy distinction 
between gaizes and opoka. The use of this term in 

relation to opoka by some authors is only associated 
with previous incorrect practices of applying the term. 
Summary information on the group of siliceous rocks 
is presented in Table 1.

Another term from the nomenclature of siliceous 
rocks that has been used as a synonym for opoka 
is “porcellanite”. In European geological practice, 
porcellanites often refer to siliceous concretions that 
consist of more than 50% opal-cT and can be considered 
analogous to opoka (known as “kremni” in Russian 
literature) (Bramlette, 1946; calvert, 1975, 1977; 
Jeans, 1978; Riech, von Rad, 1979; clayton, 1984; 
Hesse, Schacht, 2011; Maliva, Siever, 1989; Behl, 
2011; Jurkowska, Świerczewska-Gładysz, 2020b). 
Moreover, scanning electron microscopy data of deep-
water porcellanites has revealed the development of 
these textures from individual plates to large coagulated 
aggregates (Muraviev, 1983), which differ from those 
observed in the lepispheric (formed by lepispheres) 
texture of opoka.

Fig. 2. The external appearance of opoka from the Reutinskoye site exhibits notable variation. Section 3. The locality is situated 
in the Kamyshlov District of the Sverdlovsk Region, which is located in the Trans-Urals. The line length is 1 cm. The transition 
from light-colored opoka to gray and black is clearly evident in e and f
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In studies of the Miocene Monterey Formation in 
california, high-resolution electron microscopy revealed 
differences between opoka (> 90 wt. % SiO2) and 
porcellanites (50–90 wt. % SiO2) in terms of the degree 
of structural disorder and the coherence of lamellar 
intergrowths of microcrystalline opal (cady et al., 1996; 
Il’icheva, 2013).

Let’s consider another example of terminological 
confusion, which is perhaps the most problematic in the 
context of studying opoka: the identification of rocks as 
chert and flint. Some authors equate chert (often referred 
to as “кремень” in Russian) with flint, since the latter 
was originally understood merely as a local Danish term 
for chert. It was believed that mineralogically, flint is 
essentially the same type of rock as chert, predominantly 
composed of quartz. However, other researchers view 
chert and flint as mineralogically distinct sedimentary 
formations: chert being formed from opal-CT and flint 
from quartz (see, for example, Jeans, 1978; clayton, 
1984; Maliva, Siever, 1987; Behl, 2011; Jurkowska, 
Świerczewska-Gładysz, 2020b). In this nomenclature 
system, chert, according to Behl (2011), becomes 
synonymous with a rock that would predominantly 
be diagnosed as opoka in the Paleogene sedimentary 
sections of the Trans-Urals region (with a similar 
dominance of opal-cT in its mineral composition) 
and, from a mineralogical perspective, though without 
considering microstructure, could even be classified as 
porcellanite. This discrepancy arises from the fact that 
“Polish” opoka is a two-component system in which 
the carbonate component quantitatively exceeds or 
is comparable to the siliceous opal-cT (Jurkowska, 
Świerczewska-Gładysz, 2022). In contrast, in the 
Trans-Ural sections, opoka refers to rocks where silica 
in the form of opal-cT overwhelmingly dominates over 
all other components, such as clay minerals, zeolites, 

carbonates, and others. The distribution of the main 
phases in the mineral composition of opoka, compared 
to other siliceous and carbonate-siliceous opoka, is 
presented in the diagrams shown in Figures 3 and 4. 
For constructing the diagrams, our unpublished data 
were used, as well as the results of determining the 
mineral composition of opoka and the corresponding 
systematics of Polish geologists (Jurkowska et al., 
2019a; Jurkowska, Świerczewska-Gładysz, 2020a; 
Jurkowska, Świerczewska-Gładysz, 2020b; Jurkowska, 
2022).

It is also common to distinguish various types of 
opoka based on macroscopic field observations: “pure” 
(high-silica, also known as “resonant”) opoka, as well 
as marl, clayey opoka, and others (Walaszczyk, 2004; 
Leszczyński, 2010; Jurkowska et al., 2019a; Nesterov et 
al., 2021, etc.). While this “color-based” classification is 
certainly not without merit and can be quite useful in the 
initial study of rocks, it cannot be considered reliable, as 
it does not reflect the typical mineralogical characteristics 
of opoka. The parameters used for description are “non-
petrographic”, as they do not account for microtexture 
and mineral composition. Therefore, such a classification 
at a minimum requires substantial support from chemical 
and mineralogical data.

It is important to note that in contemporary 
Russian scientific practice, the term “opoka” has been 
unjustifiably and repeatedly used in the diagnosis of 
rocks forming the cretaceous horizons productive for 
hydrocarbon resources in Western Siberia (Karymova, 
2020). In the cretaceous rocks she studied, silica is 
mainly (up to 70%) represented not by opal-cT, but by 
quartz (authigenic and detrital), which makes the initial 
application of the term “opoka” to such sedimentary 
formations incorrect.

 Gaize Chert  Flint Opoka Porcellanite 

General 
characterization 

Carbonate-siliceous 
rocks with  
significant amounts 
of clastic quartz 

Carbonate-free 
siliceous rock 
with prevalence 
of opal-CT 

Carbonate-free 
siliceous rock 
with quartz\ 
chalcedony  
predominance 

Siliceous rocks 
with opal-СТM 
frame 

Siliceous rock 

Microtexture Clastic, granular Granular Granular Lepispheric, 
cryptocristalline 

lamellar, 
coagulative 

Mineral 
composition, % 

Quartz (18–20), 
opal-CT (14–26), 
clays (1–18), 
zeolites (0–4) 

Opal-CT (> 50)  Quartz, 
chalcedony 
(up to 90–100%) 

 

Opal-CT (> 20)* 
Opal-CT (> 50)** 

Opal-CT (> 50) 

SiO2 content, % 30–45 65–99 87–99 up to 50* 
up to 90–95** 

50–90 

Table 1. Comparison of the main parameters of the siliceous rocks. * – according to Jurkowska et al., 2019a,b; ** – according to 
Russian practice
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Fig. 3. Simplified diagram of the mineral composition of opoka is based on our unpublished data and the published findings of 
(Jurkowska, 2016; Jurkowska, Świerczewska-Gładysz, 2022). 1. Highly carbonate opoka, comprising up to 90% calcite and up 
to 10% opal-CT. 2. Opoka with opal-CT content of 20–35%. 3. Opoka with opal-CT content of 43–48%. In these samples, opal-
CT quantitatively dominates over calcite. 4. Carbonate-free opoka, in which opal-CT is the dominant component, are referred to 
as “Trans-Ural opoka.” 5. Opoka that exhibit a dominance of carbonate minerals (73–78%) and a content of clay minerals (up 
to 10–12%) are also observed

Fig. 4. Mineral composition of the opoka and adjacent carbonate-siliceous rocks. The data presented here are based on our 
own unpublished findings and those of Jurkowska et al. (2019a) and Świerczewska-Gładysz (2022). In particular, the diagrams 
take into account the content of zeolites, quartz, and feldspars. 1. High carbonate rock (up to 90% CaCO3, opal-CT content up 
to 10%); 2. Rock with opal-CT content of 20–35%; 3. Rock with opal-CT content of 43–48%; opal-CT quantitatively dominates 
over carbonate minerals; 4. Rock dominated by carbonate minerals (73–78%) and containing clay minerals (up to 10–12%); 5. 
Gaize; 6. Marls
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Sources of Silica in the Formation of Opoka 
rocks

Let’s examine the sources of silica involved in the 
formation of opoka rocks, as this is directly connected 
to the role of opoka in the global silicon cycle. Three 
well-known sources of silica in the marine environment 
are: (1) the skeletons of siliceous organisms, such as 
diatoms, siliceous sponges, and radiolarians (Yool, 
Tyrrell, 2003); (2) extensive weathering crusts on 
adjacent landmasses; and (3) volcanogenic-hydrothermal 
processes driven by global tectonic shifts (Racki, cordey, 
2000; Penman, 2016; Jurkowska, Świerczewska-
Gładysz, 2020a; Tréguer et al., 2021). In the context of 
the global silica cycle, the significance of each source 
has varied throughout Earth’s history, influenced by 
both the biological evolution of silicification and major 
paleogeographic transformations. These factors have 
impacted the scale and intensity of terrestrial weathering 
and submarine volcanogenic-hydrothermal activity 
(Kitchell, clark, 1982; Siever, 1991; Racki, cordey, 
2000; conley et al., 2017; Gao et al., 2020). 

The presence of numerous remains of siliceous 
sponges (Hurcewicz, 1968; Świerczewska-Gładysz, 
2006; 2012) and voids formed by the dissolution of 
spicules in Cretaceous opoka (Sujkowski, 1926; 1931; 
Pożaryska, 1952; Pożaryski, 1960; Jurkowska et al., 
2019a), as well as the stratigraphic distribution of these 
rocks during periods of significant siliceous sponge 
development (Jurkowska, Świerczewska-Gładysz, 
2020a), provide compelling evidence for the biogenic 
origin of silica (Sujkowski, 1931; Pożaryska, 1952; 
Rutkowski, 1965; Maliva, Sievier, 1989). Similarly, 
for Paleogene opoka in the Trans-Urals sections, the 
combined presence of diatom frustules with numerous 
spicules of siliceous sponges (Distanov et al., 1976; 
Aleksandrova et al., 2012) has been interpreted as an 
indication of a biogenic source of silica. A key concept 
in these studies is that after the decomposition of organic 
opal-A membranes, the silica from the siliceous biota 
dissolved and, in the form of DSi saturated the pore 
waters to levels sufficient for the early precipitation of 
opal-CT during diagenesis (Jurkowska, Świerczewska-
Gładysz, 2020a).

In the proposed concept, there must be a biogenic 
source of silica supplying significant amounts of DSi 
to the pore water. Microstructural studies of cretaceous 
opoka have shown that the varying microstructure of 
opal-cT lepispheres observed in opoka deposits and 
silica-rich horizons (opoka) is likely related to different 
mechanisms of Si condensation and diffusion in pore 
waters of sedimentary layers (Jurkowska, Świerczewska-
Gładysz, 2020b). The presence of densely packed large 
(up to 300 µm) opal-cT lepispheres found in cretaceous 
chert nodules indicates rapid opal-cT precipitation, 
which is characteristic of high DSi concentrations over 

a short period (Kastner et al., 1977). The presence of 
elevated Si can be caused by temporal events (e.g., 
oceanic influxes of DSi of volcanogenic-hydrothermal 
origin). In this concept, the biogenic source of silica 
plays a subordinate role in the formation of chert 
horizons (Jurkowska, Świerczewska-Gładysz, 2020b). 

According to laboratory experiments (Kastner et 
al., 1977), loosely packed small (1–10 µm) lepispheres 
found in cretaceous opoka are characteristic of 
conditions where DSi is continuously present at levels 
sufficient to precipitate opal-cT. Such conditions 
could have been maintained by a constant influx of 
siliceous sponge spicules into the sediment, which 
would have occurred during the ongoing formation of 
opoka deposits. However, these hypotheses should be 
approached with caution, as other environmental factors 
(such as the presence of detrital clays or diagenetic 
processes) could also influence the microstructure of 
lepispheres (Kastner et al., 1977).

In the younger (Paleocene-Eocene) opoka deposits 
of the Russian Platform, biogenic sources of DSi, 
such as diatoms and siliceous sponges, have also been 
identified (Kidder, Erwin, 2001). N.M. Strakhov (1963, 
1965) believed that the formation of siliceous rocks was 
driven biogenically through the dissolution of the shells 
of silicifying organisms. S.I. Shumenko (1978), who 
studied the composition, texture features of opoka using 
scanning electron microscopy, proved their planktonic 
nature. The hypothesis developed by Y.V. Samoylov 
and E.V. Rozhkova (1925) and N.M. Strakhov (1965) 
suggests secondary redistribution of biogenic silica 
during diagenesis. Relics of organic material within 
the cryptocrystalline siliceous mass were interpreted 
as evidence of opoka formation from diatomites 
(Strakhov, 1965). The co-occurrence of opoka and 
diatomite in a single stratigraphic section, noted by M. 
Bramlette (1946) in the Miocene Monterey Formation 
in california, V.P. Kazarinov et al. (Kazarinov, 1958; 
Kazarinov et al., 1969) in Paleogene sections of Western 
Siberia, N.G. Brodskaya (1966) in Miocene Sakhalin, 
V.I. Grechin (1971) in Miocene Western Kamchatka, and 
V.I. Muraviev (1983) in Paleogene sections of the Pre-
Mugodzharskaya Uplift, further supports the presence 
of a genetic link between these rocks.

Another hypothesis attributed the primary role of 
DSi in the genesis of opoka to continental weathering. 
This idea was first presented by A.D. Arkhangelsky 
(1936) and later elaborated upon by Kazarinov et al. 
(1969). Arkhangelsky was among the first to notice the 
synchronicity between the accumulation of siliceous 
rocks in platform basins and periods of peneplane 
and the formation of weathering crusts on land. This 
observation led to the identification of two key factors 
that contributed to the accumulation of siliceous clays: 
(1) the scale of chemical weathering on the adjacent 
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land, which supplied the necessary silicic acid through 
river waters, and (2) the minimal influx of detrital 
particles from the land, which prevented the “dilution” 
of sediments (Volokhin, 2013; Smirnov, Konstantinov, 
2017; Amon, 2018). The authors of the study (Kazarinov 
et al., 1969) indicated that massive weathering within 
the Ural region, and to a lesser extent the Kazakhstan 
and Altai orogenic structures, served as a source of 
silica for the Trans-Ural Basin. According to this 
work, during periods of significant terrestrial input of 
DSi, marine silicifiers could not assimilate the entire 
amount. consequently, biogenic silica deposition was 
quantitatively overshadowed by abiotic (chemical) 
processes on the seafloor, which is why Kazarinov 
interpreted opoka as a chemical rock. In the subsequent 
and final stages of such a transfer of silica from land, 
the development and abundance of siliceous organisms 
reached such a scale as to allow the deposition of excess 
silica mass by biogenic means, giving rise to diatomites.

V.P. Kazarinov (1969) specifically emphasized 
the stratigraphic asynchrony between diatomites and 
opoka – highlighting the association of diatomites and 
radiolarites with higher stratigraphic levels, while opoka 
were concentrated in the lower parts of the sequences. 
currently, this theory is actively challenged by Agata 
Jurkowska’s body of work. According to her, a terrestrial 
source of DSi is unlikely for the cretaceous opoka 
of Poland due to the rising sea levels and significant 
reduction in land area/islands during that time in 
central Europe, which led to a considerable decrease 
in terrestrial weathering (Jurkowska et al., 2019b). 
However, this assertion requires further clarification, 
as increased sediment transfer could have occurred due 
to the erosional encroachment of marine waters onto 
the land during transgressions. Petrographic studies of 
cretaceous opoka from coastal regions indicate that the 
skeletons of siliceous sponges, transported from pelagic 
zones, were a primary source of silica for areas adjacent 
to the land (Jurkowska et al., 2019b). When analysing 
the stratigraphic non-synchrony of diatomites and opoka, 
it is worth noting that in the Trans-Urals sections this 
regularity is also often violated and “atypical” sections 
are recorded, where opokаs occur on diatomites or 
are interlayered with them (sections near the villages 
of Shipitsyna and Shilkina, Kamyshlovsky District, 
Sverdlovsk Region). 

In fact, the two-part model of “bio-chemical + 
biogenic silicite” (Kazarinov et al., 1969) has proven 
valid in explaining mechanisms of alternative abiogenic 
hypotheses, where the primary role in the transfer of silica 
to marine basins was attributed not to weathering crusts 
but to various volcanic ash and pyroclastic materials and 
hydrothermal processes. Volcanogenic-hydrothermal 
processes indeed represent an alternative abiotic source 

of silica in marine environments. These processes 
include the transfer of DSi, the dissolution of silica-rich 
volcanic pyroclastic material, and underwater weathering 
of volcanic rocks (Maliva, Siever, 1989; Siever, 1992; 
Racki, Cordey, 2000). Such processes supply sufficient 
amounts of DSi to seawater to initiate the spontaneous 
precipitation of silica (Akhlestina, Ivanov, 2002; 
Tsekhovsky, 2015a,b, 2017a,b), and pyroclastic material, 
capable of being dispersed over long distances, served as 
an additional source of silica (Krasny et al., 1962). The 
hypothesis regarding the key role of volcanic origins of 
silica was actively supported by V.I. Muraviev (1983), 
based on his research of siliceous Paleogene rocks in 
the European part of Russia. He argued that, in addition 
to the relatively close proximity of volcanic centers, 
the scale and intensity of volcanic activity were also 
significant factors in the formation of opoka over the vast 
territories of the Siberian and Russian platforms. This 
idea was further supported by the analysis of “masked” 
pyroclastic material in cretaceous-Palaeogenic rocks of 
the Volga region (Zorina et al., 2012; Zorina, Afanas’eva, 
2015). According to these studies, during diagenesis, 
pyroclastic material transformed into more stable 
minerals, including associations of opal-cT with zeolites 
and clays. This transformation is widely regarded as a 
reliable proxy indicator of volcanic processes (Strelichik, 
2004; Tsekhovsky, 2017a, 2017b; Zorina et al., 2012; 
Akhlestina, Ivanov, 2000; Akhlestina, Ivanov, 2002; 
Berger, von Rad, 1972; Pomerol, Aubry, 1977; Kastner 
et al., 1977).

This view is opposed by Jurkowska et al. (2019b), 
who note that in coastal environments, the association 
of biogenic silica (spicules of siliceous sponges) with 
terrigenous aluminum input can initiate diagenetic 
formation of zeolites and opal-cT without any 
connection to volcanic processes. However, this does 
not exclude that such a mineral association is indeed 
quite typical of volcanic deposits.

Examining genetic types of siliceous rocks (tuffaceous 
siliceous rocks, phthanites, and biogenic siliceous rocks) 
and their localization, N.G. Brodskaya (1966) used 
biostratigraphic data from complexes in Kamchatka and 
Georgia to establish that volcanic rocks are typically 
overlain by opoka and diatomites. She found that periods 
of intense volcanic activity correlate with the presence of 
siliceous rocks. A similar observation was made for late 
cretaceous horizons of siliceous concretions containing 
quartz and opal-cT. The characteristic microtexture of 
authigenic quartz and opal-cT lepispheres is associated 
with the presence of silica (in quartz and opal-cT 
sediments, respectively) over short time intervals and 
likely reflects a significant oceanic influx of volcanic-
hydrothermal silica (Jurkowska, Świerczewska-Gładysz, 
2020b).
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Mechanisms of Silica Polymorph 
Crystallization in Opoka

To date, two main theories have gained significant 
support in explaining the mechanisms of diagenetic 
silica precipitation. These theories have been developed 
through the study of the origins of siliceous concretions 
and sediments from the cretaceous and Paleogene 
periods (Bromley, 1975; calvert, 1975, 1977; Riech, 
von Rad, 1979; clayton, 1984, 1986; Maliva, Siever, 
1989; Wise, Weaver, 1974; Kastner et al., 1977; Madsen, 
Stemmerik, 2010; Hesse, Schacht, 2011; Lindgreen, 
Jakobsen, 2012). The first theory is the maturation 
theory of silica polymorphs (Barton, 1918; Bramlette, 
1946), and the second is the direct precipitation theory 
(Lancelot, 1973). Key differences between these 
theories lie in their explanations of the physical and 
chemical mechanisms and the rates of precipitation. The 
maturation theory suggests that opoka forms through 
multiple phase transformations during late diagenetic 
processes. In contrast, the direct precipitation theory 
argues for the early diagenetic origin of opoka.

The previously predominant maturation theory 
(Barton, 1918; Bramlette, 1946) is based on observations 
of the diagenetic transformation of silica. According to 
this theory, silica undergoes a series of transformations 
from opal-A to opal-cT and eventually to quartz through 
processes of dissolution and re-precipitation (Wise, 
Weaver, 1974; Williams et al., 1985; Maliva, Siever, 
1989). In the classic interpretation of the Monterey 
Formation (Bramlette, 1946), factors controlling the 
maturation sequence of silica include temperature, 
which increases with depth, and time (Keller, Isaacs, 
1985; Wise, Weaver, 1974; Williams et al., 1985; 
Maliva, Siever, 1989). The maturation theory was 
developed based on observations that quartz-bearing 
siliceous concretions are typically found in older 
Upper Cretaceous deposits subjected to higher burial 
temperatures, whereas opal-cT concretions are more 
commonly found in younger Eocene to Pliocene layers 
(Bramlette, 1946). Temperature estimates for the 
transformation of opal-cT to quartz in the Monterey 
Formation vary widely. Studies have reported a range 
from 55–110 °c (Murata, Larson, 1975; Murata et al., 
1977) to 35–61 °c (Pisciotto, 1981). Some studies have 
also postulated lower transformation temperatures of 
opal-cT to quartz (17–48 °c) (e.g. Behl, 1992; Madsen, 
Stemmerik, 2010).

The diagenetic polymerization of silica and its phase 
transitions are interpreted as being governed by the 
Ostwald process. Ostwald ripening, or recondensation, 
occurs when larger particles grow at the expense of 
smaller ones. This process drives the growth of silica 
polymers from solution and the increase in size of 
newly precipitated forms (Williams, crerar, 1985). 
The phase transitions of silica – from the amorphous 

opal-A (an unstable phase) through the intermediate 
opal-cT to quartz (a crystalline and stable phase) – are 
seen as examples of the Ostwald’s step rule (Williams, 
crerar, 1985; Hesse, Schacht, 2011). According to the 
maturation theory, after the dissolution of opal-A, opal-
cT begins to precipitate as the concentration of DSi in the 
pore water drops to a level that inhibits the precipitation 
of opal-A. Once all the opal-A has dissolved, opal-cT 
reprecipitates in more ordered forms, either as opal-cT 
or quartz. Finally, when all the opal-cT has dissolved, 
the DSi concentration drops to a level where only 
quartz can precipitate (Williams et al., 1985; Williams, 
crerar, 1985; Madsen, Stemmerik, 2010). Studies of the 
Monterey Formation in california, cretaceous horizons 
in Europe, and deep-sea cores consistently show that 
at shallow burial depths, opal-A is found together with 
opal-cT. In the underlying horizons, opal-cT is found 
alongside quartz, while at even greater depths, opal-cT 
is entirely absent due to its phase transition into quartz. 
The theory of diagenetic maturation of silica polymorphs 
has been employed to explain the coexistence of opoka 
and diatomite, including in Paleogene sedimentary 
sequences of the Volga region and Trans-Urals, where 
opoka is considered a diagenetic product of diatomite 
(Ushatinsky, Gavrilova, 1985; Zorina et al., 2012; 
Nesterov et al., 2021). According to Jurkowska and 
Świerczewska-Gładysz (2020b), the maturation theory 
contradicts observations of sedimentary sections 
where opoka coexists with Late cretaceous siliceous 
concretions. Under ideal conditions, these studied 
deposits should contain only authigenic quartz, not the 
metastable opal-cT. 

Additionally, petrographic analysis of Late 
cretaceous siliceous concretions and opoka revealed 
the lack of microtextural evidence for the transformation 
of silica polymorph (such as co-occurrence of remnants 
of primary textures, intermediate phases, weakly 
developed phases and outgrowths), which should be 
established during phase transitions the phase transitions 
from opal-A to opal-cT to quartz (Lynne et al., 2007; 
Jurkowska, Świerczewska-Gładysz, 2020b). In the 
Trans-Urals region, this pattern is sometimes disrupted, 
with “atypical” sequences observed where opoka are 
found on diatomites or interlayered with them. Moreover, 
different color variations of opoka are found within the 
same aggregate (Fig. 2e–f). The observation that opoka 
of varying colors exhibit different distributions of 
silica polymorphs suggests that other factors might be 
influencing the processes governing the genesis of these 
opoka, necessitating further investigation.

Another concept is the quartz precipitation theory 
(Tarr, 1917; Lancelot, 1973) (see also the discussion 
in (Jurkowska, Świerczewska-Gładysz, 2020a)). 
This hypothesis suggests that both silica polymorphs, 
opal-cT and quartz, can precipitate during early 
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diagenesis, depending on the geochemical conditions 
of sedimentation, such as the concentration of DSi in 
pore water (Kastner et al., 1977). Unlike the maturation 
theory, Lancelot’s research (1973) questioned the 
dominant role of temperature and time during deep 
diagenesis, thereby rejecting the maturation pathway 
of silica controlled by dissolution and reprecipitation 
processes. In the classical interpretation of Lancelot’s 
quartz precipitation theory (1973), the lithology of the 
inclosing deposits was the key factor determining the 
precipitation of silica polymorphs. This assumption 
was based on the observation that horizons containing 
siliceous (opal-cT) concretions are exclusively found in 
layers of zeolitic clays and marly tuffaceous limestones, 
while quartz-bearing siliceous concretions occur in 
chalks and limestones.

The process of direct precipitation of opal-cT from 
a DSi-saturated solution at room temperature was 
experimentally confirmed by Kastner et al. (1977), 
while the direct crystallization of quartz from seawater 
at room temperature was demonstrated by Mackenzie 
and Gees (1971). Moreover, the direct precipitation of 
quartz without an intermediate opal-cT stage is also 
indicated by Meister et al. (2014) in Miocene deposits. 
The occurrence of direct precipitation of opal-cT and 
quartz during early diagenesis, without the involvement 
of dissolution-recrystallization processes, has also 
been observed in the sedimentary sections of siliceous 
concretions and opoka within Late cretaceous strata 
(Lindgreen, Jakobsen, 2012; Jurkowska, Świerczewska-
Gładysz, 2020b).

In the maturation theory, Ostwald’s step rule was 
employed to explain the phase transformation of 
silica, where the sequence of maturation involves the 
precipitation of less stable polymorphs (opal-cT) and 
their subsequent transformation into stable quartz (Wise, 
Weaver, 1974; clayton, 1984; Williams et al., 1985; 
Maliva, Siever, 1989). In the quartz precipitation theory, 
Ostwald’s step rule can also be applied to explain the 
crystallization mechanisms of silica polymorphs, with 
the caveat that supersaturation with a metastable phase 
may inhibit the formation of a stable phase (Meister 
et al., 2014). In other words, opal-cT will precipitate 
directly from pore water saturated with opal-cT.

The precipitation mechanism of early diagenetic silica 
polymorphs requires clarification of the mobilization 
and migration dynamics of DSi in aqueous solutions. 
The chemical mechanism that facilitates the mobility 
and condensation of DSi – resulting in the formation 
of concretions and silica-rich layers – is described by 
Landmesser’s diffusion process (Landmesser, 1995). 
This process occurs between two objects connected 
by a water film and possessing different chemical 
potentials (e.g., silica phases with varying solubility or 
degrees of crystalline imperfection). One object acts as 

the source of DSi (such as siliceous skeletal remains 
containing opal-A), while the other serves as a sink 
area where a silica “nucleus” of opal-cT forms. Unlike 
Ostwald’s maturation process, Landmesser diffusion can 
operate over greater distances between different silica 
polymorph phases without limiting the size of the final 
product (Rodgers et al., 2004).

The quartz precipitation hypothesis (Lancelot, 
1973) provides an explanation for the occurrence of 
different silica polymorphs within the same stratigraphic 
intervals. This theory suggests that the variation is due to 
differences in the geochemistry of pore waters rather than 
the transformation of one silica polymorph into another.

Recent studies of the microtexture and mineralogical 
parameters of Late cretaceous opoka and siliceous 
concretions indicate that the direct precipitation of silica 
from pore waters occurred during the early diagenesis of 
these rocks (Jurkowska, Świerczewska-Gładysz, 2020b). 
Furthermore, this direct silica precipitation did not 
follow the Ostwald’s step rule, as previously suggested 
in many studies (clayton, 1984, 1986; Maliva, Siever, 
1989; Madsen, Stemmerik, 2010), but occurred through 
the Landmesser diffusion process (1995).

Structural and textural parameters of 
opoka and their relation to genesis 

The structural parameters of opoka have been 
described at different times by scientific groups, 
which have produced very substantial reports for 
specific regions of the world: for Western and Central 
Europe, these are (Jurkowska et al., 2019a, Jurkowska, 
Świerczewska-Gładysz, 2022); for the Volga region – 
(Akhlestina, Ivanov, 2002; Zorina et al., 2012; Zorina, 
Afanas’eva, 2015); for the Trans-Urals and Western 
Siberia – (Generalov, Drozhashchikh, 1987; Sidorenkov 
et al., 1989; Smirnov, 2017; Nesterov et al., 2021), etc.

The light-colored Paleogene opoka of the Trans-Urals 
region exhibit various cryptocrystalline textures, where 
lepispheric silica is the primary structural component 
(Figure 5). The most common structural patterns include: 

1) lepispheric; 
2) clastic-lepispheric; 
3) organogenic(biomorphic)-lepispheric; 
4) biomorphic-lepispheric; 
5) flake-lepispheric; 
6) clastic-flake-biomorphic-lepispheric; 
7) clastic-(clastogenic)-lepispheric and other 

combinations of these microtextures. 
In fact, this variability reflects the distribution of 

specific mineral components with distinct morphologies: 
lepispheres of opal-cT form lepispheric textures; 
biomorphic textures indicate the presence of numerous 
opal-cT replicas of siliceous biota fragments (sponge 
spicules are easily identified by narrow, elongated voids 
on the rock surface, while replicas of diatom algae 
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correspond to the morphology of diatoms and exhibit 
rounded, triangular, barrel-shaped, and other forms); 
clay minerals predominantly form flake-like, leafy, or 
platy aggregates; quartz fragments, and less frequently 
feldspar, create clastic textures, and so on. Despite 
this diversity, the textures observed in the studied 
Paleogene opoka can be categorized into three main 
types: biomorphic-lepispheric, (clastic)-organogenic-
lepispheric, and indistinct lepispheric/cryptocrystalline.

The “organogenic-lepispheric” texture of opoka is 
relatively rare. It is characterized by lepispheric textures 
containing well-preserved large siliceous microfossils 
(Fig. 4a), notably diatom valves that show no signs of 
degradation or loss of their original biogenic texture. 
Lepispheric textures with clearly discernible replicas of 
siliceous skeletal fossils are typical of light-colored opoka 
(Fig. 4b–d) and are interpreted as biomorphic-lepispheric. 
This means they replicate the morphology of bioclasts and 
create “replicas” of bioclasts even in their actual absence.

In the opoka of the Trans-Urals region, instead of a 
lepispheric framework, one can observe homogeneous, 
cryptocrystalline, glassy silica masses, where the 
poorly defined lepispheric/cryptocrystalline opal-CT 
is prevalent, and the boundaries between particles 
are indistinguishable within the overall homogeneous 
matrix. In such samples, opal-cT lepispheres are only 
identifiable within the cavities of bioclasts (e.g., in 
replicas of diatom frustules). Macroscopically, these 
opoka are almost always dark-colored; however, 
according to foreign rock classifications, they might 
be described differently from opoka, often classified as 
porcelanites (see above).

Recent studies of cretaceous opoka from European 
areas have revealed that the distinctive microtexture, 
composed of opal-cTM lepispheres, is characteristic 
of early diagenetic silica precipitation, which occurred 
directly from silica-saturated pore waters (Lancelot, 
1973). There is no microstructural evidence to 

Fig. 5. Typical microtextures of opoka in the Trans-Urals from different sites. a – organogenic-lepispheric (Ozhgikha); b – 
biomorphic-lepispheric (Ipatova 5,6); с – clastic-biomorphic-lepispheric (Ipatova 5,6); d – biomorphic-lepispheric (in the 
center of the mass of lepispheric silica, replicas of spiculae from sponges and diatoms can be easily distinguished (Ipatova 2.3-
2.4); e – cryptocrystalline (Reutinskoye 3-2,8); f – biomorphic- cryptocrystalline (Reutinskoye 3-2,8)
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suggest that opal-cT lepispheres form as a result of 
maturation and serve as a precursor to quartz-rich 
opoka (Jurkowska, Świerczewska-Gładysz, 2020b). A 
similar conclusion was reached in the work of Oehler 
(1975) based on studies of opal-cT lepispheres in the 
Monterey Formation. Moreover, Kastner et al. (1977) 
demonstrated in laboratory experiments that opal-cT 
lepispheres could precipitate directly from carbonate 
ooze containing diatoms under marine conditions. 
he second microstructure of opal-cTМ, consisting of 
a homogeneous silica matrix and cavities filled with 
opal-cT lepispheres, may have formed as a result of 
prolonged early diagenetic silica crystallization. This 
process causes the opal-cT lepispheres to accumulate on 
top of one another, leading to the formation of a uniform 
mass. In close microenvironments, such as within 
the shells of diatoms, opal-cT lepispheres precipitate 
more slowly, thereby preserving their original texture. 
A similar pattern is observed in cretaceous opoka, where 
opal-cT lepispheres that precipitate in close proximity 
to the chambers of foraminifera are significantly larger 
(200–300 µm) and more developed compared to the 
surrounding opal-CT matrix (Jurkowska, Świerczewska-
Gładysz, 2020a). Another interpretation of the genesis 
of this homogeneous opal-cTM microstructure is that it 
forms as a result of secondary lepisphere precipitation 
following the dissolution of the initial homogeneous 
silica matrix at a later stage of diagenesis (Oehler, 1975).

Genetic Models of Opoka
The collective data we have gathered suggests that 

the rocks in question are predominantly formed through 
early diagenetic processes with limited post-diagenetic 
alterations.

For the crystallization of polymorphic modifications 
of silica, three factors are important (Williams et al., 
1985; Kastner et al., 1977): 

1) concentration of soluble silica; 
2) high alkalinity and pH; 
3) Mg2+ ions. 
The concentration of DSi determines which type of 

silica polymorphs will precipitate: quartz predominantly 
crystallizes at low DSi concentrations (below 20 ppm) 
(Mackenzie, Gees, 1971; Lindgreen, Jakobsen, 2012; 
Meister et al., 2014), while opal-cT tends to precipitate 
at higher DSi concentrations (20–60 ppm) (Mackenzie, 
Gees, 1971).

For the polymerization of silica, a high level of 
alkalinity is required (here alkalinity refers to the 
capacity of water to buffer changes in acidity, essentially 
its ability to neutralize acids. This is distinct from pH, 
which measures the acidity or basicity of a solution 
based on the concentration of H+ and OH– ions formed 
during water dissociation). Additionally, Mg2+ ions are 
essential for the crystallization of silica polymorphs in 

the form of lepispheres (Iler, 1979; William, crerar, 
1985; Kastner et al., 1977).

The model of opoka formation through early 
diagenetic silica precipitation, reconstructed from the 
study of cretaceous formations in Poland, suggests that 
the source of silica in pore waters is the dissolution of 
biogenic silica (in the form of opal-A) from the skeletons 
of siliceous sponges. A critical aspect of this process is 
that during diagenesis, the concentrations of dissolved 
silica (DSi) in the pore water reach levels sufficient to 
enable the crystallization of opal-cT/c. The geochemical 
conditions necessary for this precipitation are achieved 
in the sulfate-reducing zone of the sediment (clayton, 
1984, 1986; Zijlstra, 1987, 1994; Jurkowska et al., 
2019b; Jurkowska, Świerczewska-Gładysz, 2020a). 
Reconstructed from studies of cretaceous formations 
in Poland, the model for opoka formation through 
early diagenetic silica precipitation suggests that the 
dissolution of biogenic silica (in the form of opal-A) 
from the skeletons of siliceous sponges is the source 
of silica in pore waters. A critical factor is that during 
diagenesis, the concentration of DSi in the pore water 
reaches levels sufficient for the crystallization of opal-
cT/c. The geochemical conditions necessary for this 
precipitation are achieved within the sulfate-reducing 
sediment zone (Clayton, 1984, 1986; Zijlstra, 1987, 1994; 
Jurkowska et al., 2019b; Jurkowska, Świerczewska-
Gładysz, 2020a). Geochemical zonation is established 
in the uppermost layer near the seafloor, where oxygen 
is consumed during the aerobic degradation of organic 
matter. In deeper, suboxic zones, Mn and Fe take over 
as electron acceptors in place of oxygen. Further down, 
in the sulfate-reduction zone, similar processes occur 
through the anaerobic decomposition of organic matter. 
Beyond the sulfate reduction zone, the remaining organic 
matter may be converted into cO2 and methane. The 
sequence of geochemical zones in sediments is well-
documented based on the composition of pore water in 
modern deposits (curtis et al., 1986; Balzer et al., 1987; 
Middleton, Nelson, 1996) and is primarily controlled by 
bacterial decomposition of organic material.

The process of the oxidation–reduction cascades 
alters the pH and Eh of pore water, which triggers 
the authigenic precipitation of minerals. In this early 
diagenetic model for opok formation, geochemical 
changes occurring within the first few centimeters 
below the seafloor surface lead to the dissolution of 
calcite, precipitation of polymorphic forms of silica, 
and further recrystallization of calcite into micrite grains 
(Clayton, 1984; Zijlstra, 1987; 1994; Jurkowska et al., 
2019a,b; Jurkowska, Świerczewska-Gladysz, 2020a). 
Due to bacterial decomposition of organic matter in the 
uppermost geochemical zone, hydrogen sulfide (H2S) 
formed in the underlying sulfate-reducing zone diffuses 
upward and oxidizes to sulfuric acid, which acidifies the 
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pore water and affects the pH. As a result, more soluble 
aragonite and high-magnesium calcite skeletons initially 
dissolve, releasing Mg2+ into the solution (Jurkowska et 
al., 2019a).

In the upper zone, the decomposition of the organic 
sheath covering spicules, the complete dissolution of 
metastable biogenic opal (opal-A), and the saturation 
of pore waters with DSi occur. Within the upper 
oxygenated zone, two crucial factors contribute to 
silica crystallization: DSi concentration and Mg2+ ions. 
The final necessary factor, alkalinity, is observed in the 
sulfate-reducing zone, located approximately 25 cm 
below the seafloor surface. Alkalinity in this zone is due 
to sulfate reduction and anaerobic oxidation of methane 
(which diffused from the underlying methanogenic zone) 
(Wetzel, Allia, 2000). The precipitation of polymorphic 
forms of silica began in the upper part of the sulfate-
reducing zone.

considering that only authigenic polymorphous 
modifications of silica – opal-CT/C – are observed in 
the opoka, the DSi concentration in pore waters must 
reach values of 20–40 ppm, which is the level required 

for opal-cT/c crystallization (Mackenzie, Gees, 1971; 
Kastner et al., 1977). As the DSi concentration in pore 
waters decreases due to the precipitation of authigenic 
silica polymorphs and the subsequent reduction in 
alkalinity, calcite recrystallizes into micrite (Bojanowski 
et al., 2016; Jurkowska et al., 2019a). A reduction in 
DSi concentration below the level required for opal-cT 
precipitation (<40 ppm – 8 ppm) (Mackenzie, Gees, 1971) 
could potentially trigger quartz deposition; however, this 
was not observed in the opoka of Europe and Russia. 
This absence might be due to a lack of iron, which is 
necessary to catalyze quartz crystallization (Williams, 
crerar, 1985; Meister et al., 2014). A conceptual model 
of opoka genesis considering the silica cycle is presented 
in Fig. 6.

The formation mechanisms of Paleogene non-
carbonate opoka likely differed somewhat from those 
proposed by Polish geologists for cretaceous opoka 
(Jurkowska et al., 2019a; Jurkowska, Świerczewska-
Gładysz, 2022). The actual absence of a carbonate 
biota in sedimentary processes in the early Paleogene 
epicontinental basin of the Transural region should 

Fig. 6. General conceptual scheme of the opoka genesis with of different microtextures. The following section presents an 
overview of the elements of the silica cycle, as outlined by Frings et al. (2016)
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have influenced the crystallization of polymorphous 
forms of silica due to a reduction in the availability of 
Mg²+ and possibly OH– ions. Typically, these factors, 
combined with high DSi concentrations, would initiate 
the polymerization of silica and the crystallization of 
opal-cT in a form different from lepispheres. Under this 
genetic scenario, the basin would simultaneously exhibit 
high silica content and a deficiency of elements (such as 
Mg²+) that promote lepisphere formation. In the absence 
of carbonate accumulation in this sector of the marine 
basin, other elements ensuring silica polymerization 
and the formation of lepisphere-like structures must be 
present. Potential sources for these elements include 
sulfate reduction and anaerobic methane oxidation, 
which diffuses from the underlying methanogenic zone.

The presence of lepisphere and bioclastic silica in 
opoka with an organogenic-lepisphere texture is feasible 
under conditions where the primary mass of silica was 
introduced into the sedimentary basin in a swell-like 
manner. This process did not involve the transfer of 
the necessary nutrients that would allow silicifying 
organisms (such as diatoms and sponges) to utilize the 
excess silica for active proliferation in the basin. Other 
mechanisms explaining the lack of diatom destruction 
in such opoka, given the overall OcT-lepisphere 
framework, are not evident. Geological settings are more 
likely associated with the swell-like transfer of silica into 
the sedimentary basin during volcanic activity.

When studying opoka that form a single depth 
profile, a general decrease in quartz content is observed, 
rather than in opal-cT, which typically increases. Such 
a distribution of mineral components is possible under 
two conditions: an initial predetermination of this 
polymorphic composition distribution in the rocks and 
throughout the stratigraphic section, or in conditions 
of extremely intensive hydrothermal alteration of such 
rocks, which should be accompanied by corresponding 
mineralogical or geochemical signals.

Our unpublished data on the mineral composition 
of opoka from the Trans-Urals region (Sverdlovsk and 
chelyabinsk Regions) indicate that an increase in the 
overall silica content in opoka with cryptocrystalline 
textures is not accompanied by a rise in the amount 
of crystalline silica phases such as quartz. The quartz 
observed in Trans-Ural opoka primarily originates 
from terrigenous sources (data are from well 15 of the 
Artemovsky profile, drilled by the Ural Comprehensive 
Geological Survey Expedition, Yekaterinburg). Depth 
profiles show changes in the distribution of mineral 
components within the opal-cT phase. For light-
colored opoka with lepispheric textures, the ratio of 
opal to cristobalite to tridymite (O:c:T) varies between 
(36–10) : (46–60) : (18–30). In underlying opoka with 
cryptocrystalline textures, the composition ranges from 
(11–14) : (83–87) : (1–2). However, in all types of opoka, 

the OcT phase remains the predominant component.
For opoka with an organogenic-lepispheric 

texture, which as previously noted, are a specific case 
characterized by a significant presence of bioclasts, the 
ratio of opal to cristobalite to tridymite (O:c:T) falls 
within the range of 58:30:12.

Below, we present a generalized schematic for the 
step formation of opoka deposits, based not only on 
our own data but also on materials from Russian and 
international colleagues. The proposed model views the 
formation of opoka as early-diagenetic processes within 
the context of the recirculation of chemogenic silica from 
biosilica (partially or nearly completely) followed by 
the deposition of lepispheric silica in the bottom zone, 
resulting in the formation of geochemical stratification 
within this layer. This model also accommodates 
progressive phase transitions of silica within substantial 
thicknesses, as observed in the reduction of metastable 
silica phases with depth, while being consistent with the 
overall increase in opal-cT with depth.

To develop a conceptual genetic model for opoka 
formation, key factors influencing the process have 
been identified, including the source of dissolved silica, 
depth, the role of the biosphere in mobilizing dissolved 
silica dSi, the availability of nutrients for biosphere 
development, and the transfer of sedimentary material 
from adjacent land areas. In addition to the existing and 
presented genetic models (from researchers such as A. 
Jurkowska, E. Świerczewska-Gładysz, N.I. Afanas’eva, 
S.O. Zorina et al.), attention should also be given to the 
following aspects.

1. In the Paleogene opoka of the Trans-Urals and 
Western Siberia regions, diatoms have traditionally 
been considered the primary biotic agents responsible 
for mobilizing chemogenic silica. It is well-known 
that diatoms attained a dominant position in these 
epicontinental marine basins. However, the uptake of 
silicic acid and the production of biogenic silica by 
diatoms are confined to the photic layer of the sea, and 
the mobilization of silica by both phototrophic and 
non-phototrophic organisms in deeper water conditions 
occurred differently, depending on the availability of 
other components necessary for this process. Sponges, 
as benthic organisms, naturally remobilize chemogenic 
silica in areas where it is eventually buried. In contrast, 
diatoms, being planktonic organisms, participate in the 
silica cycle within a different bionomic zone. Despite the 
recognized role of diatoms in siliciclastic sedimentation 
in the Trans-Urals and Western Siberia regions during the 
early Paleogene, their contribution to opoka formation 
was likely secondary and far from leading.

2. The occurrence of different types of opoka within 
a single sample is often underrepresented in genetic 
models of opoka formation. Notably, this phenomenon 
was observed during the study of opoka from the Serov 
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Formation, collected by our team in 2019 near the city 
of Kamyshlov, in the outcrops along the Reutinka River 
(Sverdlovsk Region). These samples later became the 
subject of biosedimentological research (Trubin, Yan, 
2020). Within the dark-gray opoka matrix, channel-like 
inclusions of light-gray and cream-colored opoka are 
distinctly visible (see photographs from Trubin, Yan, 
2020, and Figure 2). The light-colored opoka inclusions 
within the darker host opoka matrix were interpreted as 
burrow systems of Thalassinoides (Ehrenberg, 1944), 
most closely resembling the ichnogenus Thalassinoides 
suevicus. These burrows are filled with light opoka 
exhibiting a lepispheric texture, within which relics of 
diatom valves, as well as plate-like and flaky aggregates 
of clay minerals, are observed. 

The enclosing rock surrounding the burrows is a 
“typical” dark opoka composed of a structureless silica 
mass. Evidence presented in clayton (1984) supports the 
connection between the formation of siliceous deposits 
and animal burrows, as these burrows facilitate silica 
precipitation and contribute to elevated concentrations 
of dissolved silica DSi within the channels, creating 
conditions favorable for the formation of opal-cT in 
lepispheric textures. However, this phenomenon has only 
recently been discussed in greater detail. Meysman and 
Montserrat (2017) described it as a “benthic weathering 
engine,” suggesting that organisms can accelerate 
mineral dissolution and act as catalysts for alkalinization. 
According to this approach, the contrasting lithologies 
and colors observed in the opoka layers we studied are 
formed under variable conditions and are also the result 
of intense bioturbation.

Conclusion
This study has thoroughly examined the key 

challenges encountered in the investigation of opoka. 
Addressing the issues raised in this work lies in the 
unification and agreement of methodological approaches 
with international practices, particularly for those 
rock formations for which detailed genetic models 
already exist. The integration of these models with the 
extensive factual data on the mineralogy and structural-
textural characteristics of opoka, gathered by domestic 
researchers, will bring us closer to understanding of 
their genesis and evolution. The validation of existing 
genetic models is particularly recommended for the 
cretaceous deposits of Western Siberia, such as the 
Lower Berezovskaya Formation, where the section 
is composed of siliceous rocks. continued research 
into the relationships, genesis, and other parameters 
of these sedimentary rocks from various interpretative 
perspectives will further enhance our understanding.

The available data indicate both the initial 
determination of many mineral composition parameters 
and the disproportionate contribution of individual 
factors to the evolution of opoka formations. These 
factors include: 

1) the source of silica; 
2) the role of siliceous biota in mobilizing silica for 

further rock formation; 
3) the nature and volume of terrigenous input from 

adjacent landmasses; 
4) the extent of secondary alterations, among others.
Determining the nomenclature of rocks remains 

critical due to uncertainties related to the diverse 
and highly debated synonyms for sedimentary rocks, 
particularly those with negligible carbonate content and 
primarily composed of silica minerals (such as chert, 
flint, and opoka). In the classification system proposed 
by Polish scientists, rocks are still referred to as “opoka” 
if they are predominantly composed of calcite with a 
strongly dominated OcT-phase content. 

In general, addressing the question of the immediate 
source of DSi for the formation of opoka requires 
consideration of the fact that silicifiers absorb DSi 
from seawater enriched with silica of volcanic, 
hydrothermal, and oceanic (upwelling) origins. Existing 
analytical methods for diagnosing biogenic, volcanic, 
or hydrothermal sources of silica are primarily based 
on the analysis of stable oxygen and silicon isotopes, 
as well as the elemental composition of silica. These 
methods are applicable to primary silica polymorphs 
(such as opal-A) but are less effective for opal-cT, 
which undergoes transformation during diagenesis. 
Phase transitions in silica can alter the original isotopic 
composition and the elemental composition of newly 
formed silica polymorphs. Exploring these mechanisms 
to determine the primary nature of silica sources appears 
to be a promising approach.
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iN RUSSiAN

В работе дан комплексный обзор, посвященный акту-
альным вопросам изучения опок – морских осадочных 
кремневых пород мелового-палеогенового возраста. За 
почти двухсотлетнюю историю изучения этих осадочных 
образований сам термин «опока» не получил должного 
признания из-за отсутствия подробного минералогиче-
ского определения и общего несовершенства систематики 
кремневых горных пород. Отличительной чертой опок 
является наличие леписфер опала-CT, которые образуют 
узнаваемый каркас кремниевой породы или формируют 
неясно леписферную/скрытокристаллическую массу. 
Описана история изучения опок, перечислены номенкла-
туры, использующиеся для их классификации, охаракте-
ризованы минералогический состав, микроструктура и 
микротекстура, распространение мел-палеогеновых опок 
и др. Критически рассмотрены этимология генезиса опоки 
и модели ее происхождения на ранней и поздней стадиях 
диагенеза. В обзоре особое внимание уделено недавним 
исследованиям, в результате которых установлены типы 
полиморфных форм кремнезема, встречающихся в опоке, 

а также его характерная микроструктура. Представлена 
модель генезиса опок с учетом взаимосвязи с глобальны-
ми процессами, включая биогеохимический круговорот 
кремния. Различия, фиксируемые в опоках разного воз-
раста и геолого-тектонической позиции, указывают как 
на заданность многих параметров минерального состава 
изначально, так и на несоразмерность вклада отдельных 
факторов в эволюцию опоковых пород, а именно источни-
ка кремнекислоты, роли кремнистого биоса в мобилиза-
ции кремнекислоты для дальнейшего породообразования, 
характера и объема терригенного сноса с прилегающей 
суши, масштаба вторичных изменений и др.

Ключевые слова: опока, силициты, опал-СТ, опал, 
кристобалит, кремниевые породы, цикл кремнезема, 
Зауралье
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