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Early diagenetic chert serves as a critical archive of life on Earth, yet the mechanisms of chert formation and diagenesis remain uncertain. The present research deciphers chert formation and recrystallization through petrographic observations of Proterozoic microfossiliferous chert and explores its relationship to microfossil preservation. Petrographic analyses reveal that the primary chert fabric consists of a network of spherules that consist of chalcedony fibers that radiate outward from a central nucleation point. Original spherules then undergo neomorphic recrystallization that results in systematic grain coarsening and a range of distinctive textures. Subsequent recrystallization can largely erase evidence of primary spherules, but often maintains distinct internal domains within crystals that exhibit sweeping extinction consistent with initial spherulitic growth. We attribute the range of neomorphic features described here to a combination of 1) growth of initial chalcedony spherules within a silica gel that permeates the primary substrate, 2) the degree of alignment of the chalcedony fibers within and between adjacent spherules, 3) the behavior of the amorphous silica component within and external to chalcedony spherules during early neomorphic recrystallization, and 4) coalescence of adjacent grains with similar lattice orientation. Notably, in nearly all cases, remarkable fidelity is maintained in the preservation of microfossil morphology and primary sedimentary fabrics. These observations lead us to a refined model for microfossil silicification and emphasizes both the complex role of neomorphism in chert formation and the low levels of water-rock interaction required for the neomorphic process.
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1 INTRODUCTION
Chert is a fine-grained chemically precipitated sedimentary rock composed of silicon dioxide (>95% SiO2). The silica that comprises chert can consist of a variety of polymorphs and classification of these polymorphs is complex because distinct crystallographic forms are often referred to by different names (Table 1). Chert is most commonly described by crystal size (e.g., cryptocrystalline or microcrystalline, with the macrocrystalline form is generally referred to as mesoquartz or megaquartz; Hesse, 1989; Hendry and Trewin, 1995), or by crystal habit (e.g., fibrous, bladed, or equant). In turn, crystal habit is commonly linked to additional terms, wherein fibrous crystals are generally termed chalcedony, which is then subdivided as either parabolic fiber bundles or radiating spherulites (Heaney, 1993; 1995; Graetsch et al., 1994; Cady et al., 1998; Cady and Farmer, 2007; Moxon et al., 2006), and equant crystals are more generically referred to simply as chert or quartz. More explicitly, terminology for chert can also recognize variation in lattice structure, with opal-A, opal-C, opal-CT, and quartz recording, respectively, greater lattice organization. (Flörke et al., 1991; Graetsch et al., 1994; Lynne and Campbell, 2004). Finally, additional names are given to chert that shows specific variation of lattice structure with respect to crystal morphology, wherein microcrystalline quartz is commonly subdivided into chalcedony (length-fast), and quartzine or moganite (length-slow) (Heaney, 1995).
TABLE 1 | Nomenclature and characteristics of selected silica phases (adapted from Flörke et al., 1991).
[image: Table 1]Precipitation of chert commonly occurs near the Earth’s surface as both a void-filling cement, and as a replacement of a precursor organic or mineral phases during early diagenesis. Primary precipitation of chert commonly consists of both metastable and stable silica phases, and diagenetic recrystallization of these phases typically results in higher quartz-to-opal ratio with increasing geologic age (Laschet, 1984).
Early diagenetic chert is perhaps most well-known for containing fossilized microorganisms that offer a unique glimpse into early life on Earth (Barghoorn and Tyler, 1965; Schopf, 1968; Schopf, 1993; Brasier et al., 2004; Brasier et al., 2005; Wacey et al., 2006; Schopf and Kudryavtsev, 2012). Microscopic remains of benthic microbial mats and their specific associations of coccoidal and filamentous bacteria provide tangible evidence of early biological communities and interactions with their environment (Hofmann, 1975; Knoll and Golubic, 1979; Kah and Knoll, 1996; Knoll et al., 2013). Perhaps more importantly, mimetic preservation of microbial mats and their associated geologic substrates also places valuable constraints on the synsedimentary processes responsible for their preservation. Thus far, however, a limited number of studies have addressed chert microfabrics associated with microorganisms. Rather, most studies focus primarily on determining the biogenicity of microfossil remains (Buick, 1990; Brasier et al., 2004; 2005; Wacey et al., 2006; De Gregorio et al., 2009; Schopf and Kudryavtsev, 2012; Dodd et al., 2017), the taxonomic variety of microfossils (Schopf, 1968; Knoll et al., 2013; Knoll, 1985; Hofmann and Jackson, 1991; Peng et al., 2016), or the quality of microbe preservation and taphonomic processes associated with the fossilization processes (Knoll and Sergeev, 1995; Guo et al., 2018; Manning-Berg et al., 2019; Luo and Zhu, 2025).
Despite substantial research on geologic chert fabrics (Maliva and Siever, 1989; 2005), experimental silicification (Westall, 1995; Lalonde et al., 2005; Moore et al., 2020; Osorio-Rodriquez et al., 2023), and the potential chemical environments of silicification (Manning-Berg and Kah, 2017; Moore et al., 2021), the primary mechanisms controlling silicification and the preservation of microbial communities remain poorly defined. What is certain, however, is that silicification likely occurred at or near the sediment-water interface, peneconteporaneously with mat growth (Manning-Berg and Kah, 2017; Moore et al., 2020; Osorio-Rodriquez et al., 2023). Exquisite preservation of Precambrian microbial mats, primary void space, and associated fabrics provide evidence that silicification was clearly rapid, as the taphonomic state of preserved microbial matter suggests a time frame of days to weeks (Bartley, 1996; Manning-Berg et al., 2019). The persistence of delicate microbial structures encapsulated within early diagenetic chert may therefore also place a critical constraint on the diagenetic history of chert.
Here, we provide a detailed petrographic analysis of microfossiliferous chert spanning both Precambrian space and time. Specifically, we aim (1) to determine whether a common silicification pathway occurs across microfossiliferous cherts, (2) to better understand the pathways of recrystallization that occurred from primary precipitation as hydrated silica phase to the current hydration-poor quartz phase, and (3) to explore the extent to which silica neomorphism affects microfossil preservation.
2 GEOLOGICAL SETTING OF PROTEROZOIC MICROFOSSILIFEROUS CHERT
Here, we provide detailed petrography of early diagenetic, microfossiliferous from a range of Paleoproterozoic, Mesoproterozoic, and Neoproterozoic units (Figure 1; Table 2). Our investigation began with initial observations from the Mesoproterozoic Angmaat Formation (Dunham, 2018; Kah and Knoll, 1996; Manning-Berg and Kah, 2017). Dr. Andrew Knoll graciously provided materials from the Mesoproterozoic Billyakh Group and Neoproterozoic Bitter Springs and Draken Formations; and Dr. Keyron Hickman-Lewis provided material from the Paleoproterozoic Gunflint Formation. These units all exhibit remarkably well-preserved microbial remains, including intricate morphological details of filamentous and coccoidal microorganisms, thereby permitting exploration of how neomorphic processes associated with chert maturation affect microfossil preservation.
[image: Figure 1]FIGURE 1 | Proterozoic Sample localities. (A) Angmaat Formation, (B) Kotuikan Formation (C) Draken Formation (D) Bitter Springs Formation, (E) Gunflint Formation.
TABLE 2 | Proterozoic microfossiliferous chert examined for this study.
[image: Table 2]2.1 Angmaat Formation, Bylot Supergroup (arctic Canada)
The late Mesoproterozoic Angmaat Formation (formerly the upper Society Cliffs Formation; Turner, 2009) consists of ∼520 m of peritidal carbonate strata that is exposed in the Borden basins of northern Baffin Island, Nunavut. Re-Os dating of black shale from the underlying Arctic Bay and overlying Victor Bay formations constrain the depositional age of the Angmaat to between 1.048 ± 0.012 Ga and 1.046 ± 0.016 Ga (Gibson et al., 2018). This shallow, locally restricted carbonate platform consists of nested meter- and decameter-scale cycles that grade from subtidal irregularly laminated dolostone to well-laminated microbial dolostone. Microbial dolostone is regionally intermixed with ooids, seafloor precipitates capped by tepee cracks, and other desiccation features (Kah, 2000). Varicolored chert facies occurs throughout the Angmaat Formation (Hofmann and Jackson, 1991; Turner, 2009). Black chert that preserves a rich microfossil assemblage (Figure 2A) appears confined to intermittently restricted facies comprising stratiform microbial laminae, tufted microbial mats, and isopachously laminated seafloor precipitate facies (Figure 2B) (Kah and Knoll, 1996; Knoll et al., 2013; Manning-Berg and Kah, 2017).
[image: Figure 2]FIGURE 2 | Common microfacies preserved in Mesoproterozoic chert. (A,C) Mat fabrics dominated by coccoidal microfossils in the Mesoproterozoic Angmaat and Kotuikan formations, respectively. (B,D) Aragonitic seafloor precipitates mimetically replaced by chert in the Angmaat and Kotuikan formations, respectively. Scale bars are 50 μm in each image.
2.2 Kotuikan Formation, Billyakh Group (Russia)
In Northern Siberia, the Anabar uplift exposes more than 1,000 m of marine sandstone, shale, and carbonate strata of the Mesoproterozoic Billyakh Group (Vorob’eva et al., 2015; Sergeev et al., 2017). The ∼500 m thick Kotuikan Formation is constrained in age to be older than 1,502 ± 6 Ma based on U-Pb dates on dolerite sills that intrude the lowermost part of the section (Ernst et al., 2016), which is consistent with Pb-Pb dates on dolomite of 1,513 ± 35 Ma for the Kotuikan and overlying Yusmastakh formations (Gorokhov et al., 2019). Within this formation, open marine shale of the lower Kotuikan Formation (Vorob’eva et al., 2015) gives way to dominantly restricted peritidal facies. Chert, and the best-preserved microfossils (Figure 2C), are predominantly confined to the Upper Kotuikan Formation in association with well-developed seafloor precipitates (Figure 2D) (Bartley et al., 2000; Sharma and Sergeev, 2004).
2.3 Draken Formation, Akademikerbreen Group (Spitsbergen)
In northeastern Spitsbergen, the Neoproterozoic Draken Formation represents an approximately 150–250 m-thick carbonate sequence deposited within an extensive intertidal to supratidal tidal flat and lagoon complex (Knoll and Swett, 1990; Fairchild et al., 1991). Although radiometric dates are absent from the Akademikerbreen Group, chemostratigraphic correlation to Re–Os dated carbon isotope anomalies of related Neoproterozoic strata help bracket the Draken Formation depositional age between approximately 737 and 800 Ma. Statistical chronological methods suggest deposition of the Draken Formation occurred over a 10-million year old period ending at 782 + 3.0/-3.2 Ma (Halverson et al., 2018). Both carbonate and shale facies host microfossils, with the best preservation occurring in early diagenetic chert (Fairchild et al., 1991; Knoll, 1982; Knoll and Swett, 1990; Knoll et al., 1991; Fadel et al., 2024). Chert commonly manifests as mm-to cm-scale clasts within intraformational breccias where both micritic and cherty clasts are embedded in a silty, microsparitic matrix. Chert clasts host a range of microbial populations consisting of complex assemblages that include both mat dwellers and allochthonous elements (Figure 3A) or uniform communities of tightly interwoven filaments (Figure 3B).
[image: Figure 3]FIGURE 3 | Common microbial facies preserved in Neoproterozoic and Paleoproterozoic chert. (A,B) Microbial constituents within a silicified clast of the Neoproterozoic Draken Formation. (C,D) More poorly preserved coccoidal and filamentous mat fabrics from the Neoproterozoic Bitter Springs Formation. (E,F) Variously degraded coccoids and filaments within the Paleoproterozoic Gunflint Formation. Scale bar is 50 μm in (A–C), and 100 μm in (D–F).
2.4 Bitter Springs Formation (Australia)
In central Australia, the Amadeus Basin preserves nearly 1,000 m of Neoproterozoic strata predominantly deposited in shallow water environments (Hill et al., 2000; Southgate, 1986). The Bitter Springs Formation is considered to be approximately 800 Ma based on Sm-Nd mineral isochrons (Zhao et al., 1994) and a U-Pb baddeleyite age of 824 ± 4 Ma (Glikson, 1996) from contemporary volcanic rocks. Within the Bitter Springs, stromatolite assemblages are similar to that in the adjacent Officer Basin, with a maximum age date of 802 ± 10 (Grey et al., 2005). The Bitter Springs Formation initiated with sandstone, siltstone and limestone deposition along with extensive interbedding of sulfate and halite evaporite facies, interpreted to have been deposited in a stagnant, hypersaline marine lagoon (Schmid et al., 2017) or supratidal salt flat (Hill et al., 2000). Overlying strata represent regional flooding and deposition of carbonate that preserves a diverse range of stromatolitic morphologies deposited in hypersaline lacustrine to marine peritidal environments (Schmid et al., 2017; Southgate, 1986). Black chert nodules commonly occur within stromatolitic facies, with microfossils restricted to finely laminated chert nodules (Figures 3C,D) (Southgate, 1986; 1989).
2.5 Gunflint Iron Formation, Animikie Group (USA-Canada)
The Paleoproterozoic Gunflint Formation was deposited in the Animikie Basin, which developed as a subsiding back-arc basin along the southern margin of the Superior Province (Schulz and Cannon, 2007). The depositional sequence reflects a transition from shallow marine conditions in the lower member, through a transgressive deepening phase, returning to shallower conditions in the upper member (Petrash et al., 2016). The age of the Gunflint Formation is constrained to 1,878 Ma [image: image] 1.3 Ma by U-Pb dating of zircon within ash beds and reworked volcaniclastic strata (Fralick et al., 2002). Chert occurs within the lower member as discrete chert nodules and lamina within evaporative lagoonal facies (Shapiro and Konhauser, 2015; Lepot et al., 2017). The most exceptionally preserved microfossils occur within discontinuous dark black chert lamina within stromatolitic facies (Figures 3E,F) (Shapiro and Konhauser, 2015; Alleon et al., 2016; Petrash et al., 2016; Lepot et al., 2017).
3 MATERIALS AND METHODS
Traditional light microscopy was conducted at the University of Tennessee on an Olympus BX60 compound optical microscope with a Q-imaging Micropublisher 5.0 color camera. Petrographic analyses were done on standard polished thin sections (30 μm thickness). To more easily identify microfossils and primary fabrics, observations were made under plane polarized light with the microscope condenser, which lessens the intensity of light refraction along grain boundaries. The condenser was then removed, and observations were made under both plane and cross polarized light to more easily identify individual grain boundaries within the chert fabrics. The gypsum (λ) plate was used to identify variations in crystal lattice orientation (cf. Miehe et al., 1984; Schmidt et al., 2013) and to readily highlight crystal orientations.
4 PETROGRAPHIC RESULTS AND INTERPRETATION
4.1 Primary chert fabric
Chert samples examined in this study consist of a mosaic of variably-sized quartz crystals (typically 20–100 μm) that mimetically preserve primary depositional constituents. Primary constituents vary between samples, and include a complex array of silicified microbial elements (i.e., irregularly distributed microbal elements such as coccoids and filament sheaths, as well as extrapolymeric substances; EPS) that occur in a range of taphonomic states (cf. Figures 2, 3); silicified carbonate precipitates that occurs as isopachous layers and as individual crystal fans (Figure 2, Figure 4A); and silicified carbonate microspar that occurs both as draping elements within layered microbial mats and as microbreccia horizons containing submillimeter clasts of silicified microspar and microbial fragments (Figure 4C). Some samples also contain mm-scale irregular nodules that displace primary lamination within the mat—potentially representing a pocket of EPS or synsedimentary precipitation of a precursor mineral phase—and mm-scale primary void spaces within the mat (Figure 4E).
[image: Figure 4]FIGURE 4 | Relationships between host rock and chert fabrics. (A) Finely laminated seafloor precipitates from the Mesoproterozoic Kotuikan Formation; brighter areas reflect a combination of larger primary crystal size and an absence of organic staining and are reflected in larger crystal sizes in replacement chert (B) when observed under crossed-polars. (C) Compacted filamentous mat from the Neoproterozoic Bitter Springs Formation, interlaminated with detrital carbonate; brighter areas (arrows) reflect an absence of organic staining and are reflected in larger crystal sizes in replacement chert (D) when observed under crossed polars. (E, F) Primary void within a host microbial substrate that records multiple stages of fibrous to bladed to blocky chert. Scale bar is 200 μm in all images.
Under crossed polars, quartz crystals show distinct differences of size and orientation. Within most of the host materials, the size of quartz crystals appears to covary with the density of organic staining, wherein finer crystals occur in regions of more abundant organic staining and coarser crystals occur within regions that lack organic staining (Figures 4B,D,F). When mimetically replacing a primary carbonate fabric, the observed difference in quartz crystal size may also represent a difference in crystal size of the primary carbonate. Unlike precursor host materials, primary voids within the mat typically preserve a succession of chert fabrics from wall-lining chalcedony (± bladed quartz) to equant megaquartz crystals in the void interior (Figures 4E,F).
A more detailed examination of the chert shows a strong degree of alignment of the optic axes of quartz crystals within most of the primary host phases. Although late-stage quartz crystals within primary void spaces lack a clear relationship between adjacent crystals (cf. Figure 4F), the vast majority of chert displays a prominent rectilinear or gridwork pattern (Figure 5). This rectilinear pattern is characterized by wedge-shaped regions that display extinction that alternates between mutually perpendicular directions. Use of the gypsum (550 nm) plate enhances regions of alternating extinction and aids in the recognition of this rectilinear pattern. Such rectilinear texture occurs independently of the cut of the thin section through any given sample, suggesting that the texture is largely homogeneous in three dimensions. Variation in the rectilinear pattern correlates to differences in overall crystal size, suggesting patches of distinct crystal size distributed through the samples, A similar rectilinear pattern is observed both when the chert is the primary mineral phase (i.e., replacing primary microbial elements and EPS; Figure 5), or when it is replacing a primary carbonate phase (Figure 6).
[image: Figure 5]FIGURE 5 | Rectilinear fabric in microfossiliferous early diagenetic chert. (A) Under crossed-polars, a rectilinear fabric—here from in the Mesoproterozoic Angmaat Formation—is observed as the dominant chert fabric within all samples investigated in this study. This fabric arises from the juxtaposition of wedge-shaped regions of similarly aligned fibrous crystals and occurs at a variety of different scales. (B) The rectilinear nature of this chert is often highlighted by insertion of the gypsum (λ) plate, which permits ready identification of the fabric at a variety of grain scales. Images are of a filamentous, tufted mat wherein smaller crystals represent distinct filamentous laminae (cf. Figure 9B in Knoll et al., 2013). Scale bar is 100 μm in both images.
[image: Figure 6]FIGURE 6 | Rectilinear fabric in carbonate-replacing early diagenetic chert. (A) Rectilinear fabric of chert that replaces seafloor aragonitic seafloor precipitate of the Angmaat Formation (cf. Figure 1B), highlighted by insertion of the gypsum plate. (B) Rectilinear fabric of chert that replaces synsedimentary seafloor precipitate of the Kotuikan Formation (cf. Figure 1D), highlighted by insertion of the gypsum plate. Arrows show directionality of rectilinear fabric. Scale bar is 100 μm in both images.
Within this rectilinear fabric, a variety of distinct growth terminations are observed. In rare cases where radiating fibrous growth terminates without interference, it is apparent that growth proceeded as the crystallization of individual spheroids, with rounded edges readily identifiable (Figures 7A,B). More commonly, radiating growth continues until all space between adjacent nucleation points is filled, resulting in competitive growth between adjacent nucleation centers, forming a more discrete rectilinear fabric (Figure 7C). Secondary silica growth is also observed and can result in either increase in size of original radiating spherules, or filling of interstices between primary spherules (Figure 7B). Secondary growth is typically syntaxial and in the same lattice structure as precursor growth, and only rarely shows alternation in lattice orientation. Changes in orientation of lattice structure, however, is most common in fibrous chert that lines primary void spaces. More typically, however, identification of discrete boundaries between radiating components is difficult, and the rectilinear fabric appears primarily as intersecting wedges of opposing orientation (Figure 7D).
[image: Figure 7]FIGURE 7 | Patterns in radiating crystallites. (A) Spheroidal rounded edges, (arrows) showing termination of large spherules. (B) A rare example of radiating crystallites that show clear spheroidal growth (arrows); additional growth occurs as expansion of spherules and, ultimately, as syntaxial growth (arrows) filling interstices between individual elements. (C) Radiating crystallites showing rectilinear compromise boundaries (arrows) with growth from adjacent nucleation sites. (C) Rarely, growth of crystallites shows a change in lattice orientation, here identified by a switch from orange-red to blue color (arrow) when observed under the gypsum plate. (D) Most commonly, termination of radiating bundles is difficult to discern, resulting in the standard rectilinear fabric composed of discrete wedges in opposing orientation. Scale bar is 50 μm in all images.
4.1.1 Interpretation of primary chert fabric
Sweeping extinction observed within individual spherules and wedge-shaped quadrants demonstrates that the initial fabric is composed of aggregates of fibers, or crystallites, that each radiate outward from a central point. Radiating fibers show that crystallization proceeded primarily as growth of three-dimensional spherules, emanating from individual nucleation points. Furthermore, when the gypsum ([image: image]) plate is inserted, individual quadrants consistently exhibit an orange-red hue in the NE-SW direction and a blue hue in the NW-SE direction relative to the field of view. The retardation of light is observed in fibers that are elongate perpendicular to the direction of the gypsum plate insertion, thereby aligning with the slow direction of the gypsum plate. Combined, these features indicate that the dominant chert phase within these samples consists of length-fast, radial-fibrous spheroidal chalcedony.
The widespread observation of a rectilinear fabric is consistent an apparent alignment of crystalline fibers across adjacent spherules. As noted above, heterogeneity of spherule size appears to correlate with density of preserved organic matter, suggesting that the presence of organic matter may have affected initial nucleation of chalcedony spherules. Whereas the continuity of spherules between regions of different crystal sizes suggests that silicification of the substrate occurred simultaneously, the similarity of spherule size within distinct regions of the host substrate suggests that compositional differences in the host (e.g., the presence and density of diffuse organic staining) may have played a critical role in the nucleation of chalcedony spherules, for instance by providing metallic ions from degrading organic material (cf. Dupraz et al., 2009; Moore et al., 2021). Unlike experimental work (cf., Moore et al., 2020), however, spherules do not appear to nucleate directly on organisms or their sheaths, instead permeating through individual fossils.
4.2 Variation in spherulitic fabric
Despite observation of a pervasive rectilinear fabric in early diagenetic chert, here interpreted as originating from a three-dimensional network of length-fast chalcedony spherules, we recognize that there is substantial variation in this fabric, even within single thin sections. Fine-scale variation in degree of extinction (or color, when viewed with the gypsum plate inserted) is interpreted to reflect slight variation in the orientation of the individual chalcedony fibers that comprise the spherule (Figure 8A). Such fine-scale variation, however, is not the most common expression of this fabric. More commonly, distinct grain boundaries—as identified by increased light refraction and, sometimes, an increased concentration of microimpurities—divide spherules into a cross section containing four wedge-shaped crystals with indistinct intercrystalline domains (Figure 8B). In the most common case (cf. Figure 7D), spherule perimeters are poorly preserved and such fabrics are observed as individual wedges or linear crystal regions oriented in two mutually perpendicular orientations.
[image: Figure 8]FIGURE 8 | Neomorphism of chalcedony spherules. (A) Angmaat Formation spherule that retains fine-scale preservation of individual crystallites, suggesting little neomorphic recrystallization. (B) Angmaat Formation spherules in that show grain boundaries between quadrants of distinct crystallographic orientation, suggesting neomorphic coarsening of crystallites. (C) Cross-hatched fabric within Bitter Spring Formation chert that mimics form of primary spherules (circle). (D) Bitter Springs Formation chert in which spherules (circle) and broader-scale regions (arrow) are largely represented by a single crystallographic domain that contains micro-domains of different orientation (cf. poikilitic texture). Scale bar is 50 μm in each image.
Several other scenarios occur in which a rectilinear fabric is apparent even without clear identification of individual, discrete spherules. This fabric is expressed by a cross-hatch pattern that reflect discrete regions—consistent with spherule quadrants—that are composed of sub-parallel, similarly oriented blades separated by microscale regions of the opposite orientation (Figure 8C). In a final scenario, rectilinear fabric can consist of diffuse regions that are composed primarily of chert with a single crystallographic orientation (i.e., a region that is primarily orange, or primarily blue, under the gypsum plate) but which contains microdomains of the opposite orientation (Figure 8D), suggesting a poikilitic fabric. Interestingly, each of the latter scenarios have only been observed when the primary host materials consist primarily of micritic carbonate.
A final endmember is commonly observed in the Draken Formation, which lacks the abundance of rectilinear fabric observed in chert from other localities. Here, the most common fabric is a more traditional neomorphic chert fabric consisting of amoeboid-shaped interlocking crystals (Figures 9A,C). Several observations suggest that this more traditional fabric represents an end-member of rectilinear fabric. First, many of the larger amoeboid-shaped crystals show intercrystalline domains of sweeping extinction when viewed under crossed polars or with insertion of the gypsum plate. Additionally, larger amoeboid-shaped crystals commonly contain micro-domains of the opposite orientation, similar to that observed in poikilitic rectilinear fabric (cf. Figure 8D). Finally, discrete regions within this more traditional neomorphic fabric often records distinct, wedge-shaped regions (Figures 9B,D), which are a hallmark of rectilinear fabric.
[image: Figure 9]FIGURE 9 | End-member neomorphism within microfossiliferous chert. (A,C) Draken Formation microfossiliferous chert showing amoeboid-shaped interlocking crystals. Larger crystals, such as highlighted by the ovals, commonly host microdomains of differing orientation. Faint evidence of the primary filamentous microbial fabric is visible in both (A,C). (B,D) Magnified images of regions noted by dotted rectangles within (A,C). Individual neomorphic crystals appear to be constructed of wedge-shaped regions (arrows) that mimic spherulitic quadrants. Scale bar is 100 μm in all images.
4.2.1 Interpretation of fabric variation
A rectilinear fabric comprised of precipitation of a three-dimensional network of chalcedony spherules comprises the primary fabric of microfossiliferous chert investigated for this study. This fabric, however, contains substantial variation. Observed petrographic variation is consistent, for the most part, with a primary origin as chalcedony spherules followed by neomorphic modification. Best-preserved spherulitic elements show minimal evidence for neomorphic modification preserve fine scale sweeping extinction and show clear grain boundaries (i.e., discontinuities of lattice structure) only at the interface between adjacent spherules (cf. Figure 7A, Figure 10A). By contrast, polycrystalline spherules—the most commonly observed fabric—record clear grain boundaries that divide spherules into distinct wedge-shaped quadrants with distinct lattice orientations. Although small variation in lattice orientation is recorded in these wedge-shaped quadrants by slight variation in extinction (or color, when viewed with the gypsum plate), the vast majority show orthogonal orientations, suggesting only slight modification of crystal lattice structure during neomorphism (cf. Figure 7D, Figure 10B).
[image: Figure 10]FIGURE 10 | Cartoon illustration model of spherule neomorphism. (A) Primary radial-fibrous chalcedony spherule. (B) Chalcedony spherule neomorphosed into distinct wedge-shaped quadrants. (C) Chalcedony spherule and adjacent syntaxial overgrowth neomorphosed into irregular wedge-shaped quadrants. (D) Cross-hatched chalcedony spherule. (E) Amoeboid-shaped neomorphic crystal consisting of multiple coalesced spherules.
More extreme neomorphism is represented by traditional microsparitic chert fabrics that consist of amoeboid-shaped interlocking crystals (cf. Figures 9A–D, Figures 10D,E). Such fabrics, however, still contain domains of sweeping extinction or discrete wedge-shaped elements that suggest a primary spherulitic origin. Highly irregular crystal boundaries and incorporation of isolated patches of orthogonal orientation (“dissection microstructure” of Urai et al., 1986) suggest grain coarsening via migration of grain boundaries that result in coalescence of regions of similar lattice orientation.
The most unusual modifications (cf. Figure 8C,D, Figure 10C) occur with silicification of a microcrystalline carbonate precursor phase. Here, broad-scale fabric shows division into distinct quadrants that mimic spherulitic fabric. Quadrants, however, are defined by a dominant orientation of linear parallel elements interspersed with (recessive, less dominant) linear elements of orthogonal lattice orientations. Such fabrics may represent an interaction between silica nucleation templated by precursor phase and spheroidal growth intergrain regions.
5 DISCUSSION
5.1 Model for spherulitic growth and neomorphism
Detailed petrographic analysis defines precipitation of chalcedony spherules as the primary fabric of microfossiliferous chert from across Proterozoic time and space. Similar spherulitic chalcedony has been recognized, as well, from other examples of Proterozoic (Simonson, 1987; Maliva et al., 2005) and Archean-aged (Corpolongo, 2024; Sugitani et al., 1998) chert. The resulting rectilinear fabric is similar (although of a much larger scale) to that observed in a variety of lacustrine environments which has been interpreted as the pseudomorphic replacement of magadiite by chert (Schubel and Simonson, 1990; Hattori et al., 1996; cf. Moraishi, 1989).
Our study follows earlier arguments (Moore et al., 2021; Manning-Berg and Kah, 2017), that microfossil preservation by silicification is an early diagenetic phenomenon that occurred at or near the sedimentary substrate, penecontemporaneous with mat growth and decay. Fundamental to the model presented here are the observations that chalcedony spherules 1) comprise the vast majority of the chert matrix, 2) mimetically preserve precursor microbial and associated carbonate fabrics, and 3) crosscut microbial elements (primarily filamentous sheaths) without disruption. These observations demand that the precursor constituents to spherule precipitation (e.g., sufficient silica) were in abundance at or near the sedimentary substrate. Nucleation points of spherules are also distributed through the substrate, and not specifically on microbial substrates (cf. Moore et al., 2021) or within microbial sheaths (cf. Foucher and Westall, 2013; Guo et al., 2018). This observation, combined with the observation that the density of nucleation points co-varies with the density of organic staining (cf. Figure 5), suggests a precursor phase that permeated the microbial substrate. Prior measurement of the crystal size distribution of spherules within regions of visually distinct size, found similar lognormal distributions (Dunham, 2018). Such distributions suggest a decay-rate nucleation within a closed, nutrient-limited system (Kile et al., 2000; Kile and Eberl, 2003). Conbined, these lined of evidence suggest that the precursor phase was a silica gel that permeated the microbial substrate. Such silica gels have been previously linked to microfossil preservation (Oehler, 1976a; Benning et al., 2004; Kremer et al., 2012).
Silica gels consist of discrete colloidal particles linked together into a three-dimensional network of branched chains (Iler, 1979). Silica-rich fluids consist of largely monomers and dimers of silicic acid. Colloidal silica, on the other hand, consists of discrete particles, <1,000 nm in size, that remain in suspension within the fluid. These particles consist of polymerized cores, wherein oxygen bridging of silicic acid polymerizes to form siloxane ([image: image] Si–O–Si [image: image]) ejecting water. Particles of colloidal silica are then coated with silanol ([image: image] Si–OH) groups (Matinfar and Nychka, 2023). Under elevated silica concentrations, colloidal particles undergo Oswald ripening and ultimately aggregate into a branching network or gel (Iler, 1979).
In nature, polymerization of a silica gel may be enhanced by metallic bonding (Dove and Craven, 2005) associated with EPS degredation (Moore et al., 2021) or geochemical reactions involving Na (Dove et al., 2019) or a variety of silica minerals (Behr, 2002). Because polymerization equilibria, however, is strongly affected by solution concentration, pH, silica to metal cation ratio (e.g., K, Na, Ca, Mg, Al), resulting in heterogeneity even at small length scales (Matinfar and Nychka, 2023). For instance, most early diagenetic chert contains micrometer-scale or larger voids that are identified by the occurrence of void-lining chalcedony followed by megaquartz (cf. Figure 4E; cf. Simonson, 1987; Schubel and Simonson, 1990; Sugitani et al., 1998; Maliva et al., 2005; Gabriel et al., 2021; Jing et al., 2022). The presence of voids, whether formed by shrinkage during conversion from magadiite to chert (Behr, 2002; Schubel and Simonson, 1990) or via gas release during microbial metabolism (Bosak et al., 2010; Knoll et al., 2013; Manning-Berg and Kah, 2017), may reflect heterogeneity of the underlying gel phase. Different distributions of spherule nucleation in regions of weaker and stronger organic staining (cf. Figure 5) may also reflect heterogeneity in gel behavior.
A key element in the behavior of silica gels is synaeresis; once a branched network is formed, polymerization of surface silanol continues, resulting in the condensation of the network, reduction of gel volume, and expulsion of water (Matinfar and Nychka, 2023). The presence of metallic cations increases both the rate and extent of synaeresis due to metallic bridging (Hamouda and Amiri, 2014), with divalent cations abundant within microbial EPS (Dupraz et al., 2009; Moore et al., 2021). Extent of synaeresis is also dependent on temperature, with ∼25% reduction of total volume at 20°C occurring in <100 h (Wilhelm and Kind, 2015), which is consistent with timescales of microbial degradation (Bartley, 1996; Manning-Berg et al., 2022). We suggest that crystallization of chalcedony spherules proceeded from this condensed gel phase, and condensation may be reflected in differential compaction of thin- and thick-walled filamentous sheaths (Manning-Berg et al., 2019).
Precipitation from a precursor gel phase likely reflects pH changes during degradation of microbial matter (Eugster and Jones, 1968; Leet et al., 2021). In siliceous deposits, the diversity of crystal form is attributed to the pH conditions present during mineral formation (Folk and Pittman, 1971; Iler, 1979; Heaney, 1993). In alkaline conditions (pH > 7), silica forms discrete silica tetrahedra [SiO4] that attach directly to the growing surface, producing fibers with c-axes aligned parallel to the direction of elongation (i.e., length-slow; Folk and Pittman, 1971; Hesse, 1989). Conversely, in acidic environments (pH < 7), silica occurs primarily as silanol groups. Silanol groups attach tangentially to the growth surface, resulting in c-axes oriented parallel to the surface but perpendicular to the direction of fiber growth (i.e., length-fast; Folk and Pittman, 1971; Iler, 1979). Acidic conditions that are inferred from the dominantly length-fast growth observed here can arise from influx of fresh waters (Hesse, 1989; Knauth et al., 1994; Manning-Berg and Kah, 2017) or the presence of organic acids within microbial mats (Konhauser et al., 2004; Lalonde et al., 2005).
At present, the driver of spherule nucleation remains uncertain, but may have been regulated by the distribution of divalent cations in the gel. The presence of cation impurities may promote nucleation and growth by influencing charge balance and growth kinetics and by modifying surface energies during nucleation (Wang and Merino, 1990; Merino et al., 1994). Fiber growth then appears to have proceeded by syntaxial addition. Fibers commonly penetrate microfossil sheaths without apparent disruption suggesting that sheath-forming EPS was permeated by the silica gel network and syntaxial crystal growth simply incorporated EPS as inclusions. In cases where there was a precursor carbonate phase, such as seafloor precipitates of Angmaat and Kotuikan formations (e.g., Figure 6), silica gel likely permeated pore space around acicular carbonate. Mimetic preservation of primary precipitates suggest that dissolution of the primary phase proceeded via force of crystallization of chalcedony (Maliva et al., 2005). Unusual behavior of chalcedony spherulites during silicification of precursor micrite (cf. Figures 8C,D) suggests a potentially complex interaction between primary and secondary mineral phases.
Silica gel may have also temporarily stabilized the EPS (cf. Moore et al., 2020). In rare cases in the Draken formation (i.e., Figures 9A,C), distinct orientations of chalcedony are observed inside and outside of thick-walled filmentous sheaths, suggesting that sheaths can occasionally serve as barriers to syntaxial growth. This observation is consistent with Raman analysis of rare Proterozoic microfossils that record signals of opaline silica within some sheath and cell wall material (Foucher and Westall, 2013; Guo et al., 2018).
5.2 Implications for microfossil preservation
The model for silicification presented here is distinct from models derived from either siliceous sinters or experimental silicification. Siliceous sinters form when hydrothermal waters enriched in silica cool and rapidly become oversaturated with respect to silica (Lynne et al., 2007). Under these conditions, silica rapidly precipitates as nanospheres of opal-A that coat all pre-existing surfaces, including microbial sheaths and their associated extracellular polymeric substances (Cady and Farmer, 2007; Konhauser et al., 2001). These nanospheres initially form a porous network that progressively densifies through continued precipitation, dehydration, and diagenetic maturation, eventually transforming to microcrystalline quartz (Lynne et al., 2007; Jones and Renault, 2007; Lynne, 2015; Campbell et al., 2015). Despite preserving general morphological features, siliceous sinters typically do not exhibit the mimetic preservation of microorganisms observed in the Precambrian microfossiliferous cherts described here. By contrast, experiments on microbial silicification commonly explore organic-mineral interactions with cell walls and associated EPS (Westall, 1995; Konhauser et al., 2004; Benning et al., 2004; Lalonde et al., 2005), or the metabolic role of these microbes (Moore et al., 2020; Osario-Rodriquez, 2023). The latter of these experiments have suggested multiple pathways may favor silica precipitation even in undersaturated solutions. Osario-Rodriguez et al. (2023), however, shows silica spherules interstitial to microbes. By contrast, experiments of Moore et al. (2020) show accumulation of colloidal silica directly on microbe surfaces, wherein cation bridging aids in adhering silica to the microbe surface.
Whereas we agree cation bridging is a critical element in microbial silicification, current models for silicification also require extensive recrystallization to transition from colloidal silica [image: image] opal-A [image: image] opal-CT [image: image] opal-C [image: image] quartz. Exploration of these pathways in siliceous sinter environments show substantial destruction of microbial elements (Campbell et al., 2015), and often result in equant or blocky quartz rather than fibrous chalcedony (Herndianita et al., 2000). Within this context, models such as the recent photosynthetic model by Moore et al. (2021) which requires the timewise addition of colloidal silica to the photosynthetically active portion of the mat, should result in predictable changes in silica fabric and microfossil preservation with depth into the mat. Our examples of Proterozoic microfossiliferous chert, however, do not record any systematic fabric variation. Rather, a similar chert fabric occurs throughout the sample, yet records variable microbial fabric and taphonomy (Manning-Berg et al., 2019). To explain preservation of the full range of microbial mat growth and degradation, we suggest that formation of microfossil-bearing chert requires discrete silicification events that preserved not only the metabolically active portion of the mat, but underlying mat layers, as well. Gel formation and condensation in the shallow sedimentary substrate may, in fact, have been fostered by pH changes driven by microbial decomposition.
If crystallization proceeded directly from a condensed gel, as is proposed here, we also suggest that the initial mineralogical phase may have been a metastable silica phase with greater crystallinity that would have released less water during subsequent phase transformations. Although opal-A may have been present in limited amounts (Fadel et al., 2024; Foucher and Westall, 2013; Guo et al., 2018), we suggest that the primary phase was a more ordered, less hydrated phase, such as a mixture of opal-CT and quartz. Exquisite preservation of microbial elements (cf. Knoll et al., 2013), regardless of their taphonomic state (Manning-Berg et al., 2019) suggests minimal water-rock interaction. Similarly, although we find widespread evidence for neomorphism, most changes appear to reflect modification of grain boundaries. Initial modification may result from syntaxial mineral growth from amorphous silica residing between either adjacent fibers (e.g., Figure 10B) or between adjacent spherules (e.g., Figure 10B). Even recrystallization into amoeboid-like crystals (e.g., Figure 10E) retains slightly misaligned intercrystalline domains, suggesting coalescence of grains and grain boundary migration (Li, 1962; Stipp et al., 2002). Such grain boundary modification requires little water-rock interaction.
Direct recrystallization of a more ordered phase is also consistent with experimental crystallization of silica gels which resulted in the formation of chalcedony spherules but lacked evidence for intermediate phases (Oehler, 1976b). Previous experiments that ran at lower temperature and pressures resulted in a mixture of opal-CT and chalcedony spherules (Oehler, 1976b). We suggest that synaeresis of silica gel is a critical step in the crystallization process as it drives off water while forming a more condensed silica gel network. Under natural conditions, the presence of abundant cations from degrading microbial EPS (Dupraz et al., 2009; Moore et al., 2020) could act as a driver for the synaeresis process (and elevated temperature in experiments of Oehler, 1976b) resulting in minimal hydration of the primary mineral phase to support crystallization. Opal-CT has, in fact, been observed via TEM (cf. Moreau and Sharp, 2004) and Raman (Foucher and Westall, 2013) in Proterozoic chert, but more investigation is required to identify this as a primary, rather than recrystallized silica phase. If primary, initial precipitation of a more crystalline phase will ultimately reduce the potential for water loss during mineralogical stabilization, resulting in greater fidelity of microfossil preservation.
6 CONCLUSION
Our investigation of Proterozoic microfossil-bearing chert shows that early diagenetic chert consist of length-fast, chalcedony spherules. We identify a range of fabrics that are inferred to represent neomorphic recrystallization of the primary spherules. Observed fabrics suggest neomorphism via syntaxial cementation within fiber bundles, or between constituents that are similar in optical orientation. Notably, all samples examined for this study show exceptional ability to preserve intricate details of microfossils and other primary fabrics. We use these petrographic constraints to refine models for microfossil silicification. We suggest that silicification proceeded by formation and condensation of a silica gel followed by direct precipitation of a more ordered, less hydrated phase, such as a mixture of opal-CT and quartz. Additional lattice-scale investigation is required to confirm direct precipitation of an ordered crystalline phase. Precipitation of an initial crystallization phase limits water loss during neomorphic recrystallization, ultimately resulting in greater fidelity of microfossil preservation.
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