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ABSTRACT
Silicification of microfossils is an important taphonomic process that provides a record of microbial life across a range of envi-
ronments throughout Earth history. However, questions remain regarding the mechanism(s) by which silica precipitated and 
preserved delicate organic material and detailed cellular morphologies. Constraining the different mechanisms of silica precipi-
tation and identifying the common factors that allow for microfossil preservation is the key to understanding ancient microbial 
communities and fossil-preserving mechanisms. Here, we use synchrotron ptychographic X-ray computed tomography (PXCT) 
as a novel technique to analyze microfossils from the Cretaceous Barra Velha Formation and better characterize their diverse 
morphologies and preservation styles. Through this technique, we generate 2D and 3D reconstructions that illustrate the micro-
fossils and silica-organic textures at nanometer resolution. At this resolution, we identify previously uncharacterized silica tex-
tures and organic-silica relationships that help us relate findings from modern silicifying environments and experimental work 
to the fossil record. Additionally, we identify primary morphological differences among the microfossils as well as preservational 
variability that may have been driven by physiological and/or biochemical differences between the different organisms that in-
habited the Cretaceous pre-salt basin. These findings help us to better characterize the diversity and complexity of the microbiota 
in this ancient basin as well as taphonomic processes and biases that may have driven microfossil preservation in this and other 
silicifying environments throughout Earth history.

1   |   Introduction

Early diagenetic or primary chert deposited in shallow environ-
ments preserves an important record of the microbial biosphere 

throughout Earth's history. In addition to preserving kerogen 
and microbial textures, this chert sometimes preserves body fos-
sils of the microbial cells, providing a window into the morphol-
ogies of the microbes and the complexity and diversity of the 
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communities. This exceptional taphonomic window is thought 
to be the result of rapid precipitation of silica from fluids at or 
near the sediment–water interface, allowing for the rapid en-
tombment of the delicate microbial cells and organic matter be-
fore they can be degraded. However, the specific mechanisms of 
chert precipitation, the amorphous or crystalline nature of the 
initial silica phases, their associations with organic matter, and 
the taphonomic biases that accompany preservation by chert are 
poorly understood and in need of further study.

The different possible mechanisms of silicification and tapho-
nomic trends have been studied through petrographic analyses of 
ancient fossiliferous chert (Knoll et al. 2013; Manning-Berg and 
Kah 2017; Manning-Berg et al. 2018, 2019; Nabhan et al. 2021), 
studies of modern silicifying environments (Walter et  al.  1972; 
Ferris et al. 1986; Schultze-Lam et al. 1995; Jones and Renaut 1996; 
Konhauser and Ferris 1996; Jones et al.  1997, 1998, 2001, 2004, 
2005; Konhauser et  al.  2001; Campbell et  al.  2002, 2015; Cady 
and Farmer  1996; Aubrecht et  al.  2008; Sauro et  al.  2018; 
Slagter et al. 2019; Gong et al. 2020; Suchý et al. 2021; Wilmeth 
et  al.  2021), and experimental work that allowed for direct ob-
servation of silica precipitation and cell preservation (Francis, 
Barghoorn, et al. 1978; Francis, Margulis, et al. 1978; Urrutia and 
Beveridge 1993, 1994; Westall 1995; Phoenix et al. 2000; Toporski 
et al. 2002; Yee et al. 2003; Benning et al. 2004; Lalonde et al. 2005; 
Orange et  al.  2009; Moore et  al.  2020, 2021; Slagter et  al.  2021, 
2022). Together, these studies have revealed multiple mechanisms 
by which silicification may occur under a range of conditions with 
different concentrations of silica, temperatures, pH, alkalinity, and 
salinity. Additionally, these collective studies have highlighted 
the potential for silicification to be either abiotically driven (e.g., 
Konhauser et al. 2001; Oehler 1976) or microbially influenced (e.g., 
Benning et al. 2004; Ferris et al. 1988, 1986; Jones and Renaut 2003; 
Moore et al. 2021, 2020; Orange et al. 2009), depending on the con-
ditions and the microbial communities present.

Although multiple different mechanisms may explain the preser-
vation of microbial body fossils in various environments through-
out Earth's history, these mechanisms—whether abiotically 
driven or microbially influenced—share some important features. 
Both environmental studies and laboratory experiments have re-
vealed that the initial silica phases that tend to form in association 
with microbial cells are amorphous to nanocrystalline, typically 
characterized by colloidal silica particles (Walter et al. 1972; Ferris 
et  al.  1986; Schultze-Lam et  al.  1995; Jones and Renaut  1996; 
Konhauser and Ferris 1996; Jones et al. 1997, 1998, 2001, 2004, 2005; 
Konhauser and Urrutia  1999; Konhauser et  al.  2001; Campbell 
et al. 2002, 2015; Cady and Farmer 1996; Gong et al. 2020; Moore 
et al. 2020, 2021; Wilmeth et al. 2021). Additionally, many of these 
studies suggest that the nucleation point for the silica under both 
saturated (Francis, Barghoorn, et  al.  1978; Francis, Margulis, 
et al. 1978; Westall 1995; Toporski et al. 2002; Benning et al. 2004; 
Orange et al. 2009; Slagter et al. 2021, 2022) and undersaturated 
(Urrutia and Beveridge 1993, 1994; Moore et al. 2020, 2021) condi-
tions is the exopolymeric substances (EPS) around the cells, a key 
factor that relates to the preservation of the EPS and cells. Indeed, 
some studies even suggest that certain organic compounds and 
microbes may more readily nucleate silica than others (Francis, 
Barghoorn, et  al.  1978; Francis, Margulis, et  al.  1978; Urrutia 
and Beveridge  1993, 1994; Westall  1995; Phoenix et  al.  2000; 
Yee et  al.  2003; Lalonde et  al.  2005; Orange et  al.  2009; Moore 

et al. 2020, 2021). If true, this would suggest certain taphonomic 
biases in the chert-hosted microbial fossil record as well as some 
key organic-silica interactions that facilitate the initial stages of 
silica nucleation and organic preservation. However, further char-
acterization of chert-hosted microfossils and organic matter is 
needed in order to fully assess the relevance of these mechanisms 
for ancient environments and their implications for the past micro-
bial communities.

Chert from the Cretaceous Barra Velha Formation (Santos Basin, 
offshore southeastern Brazil) provides an opportunity to assess 
these key components—nanocrystalline to amorphous silica 
phases and silica-EPS interactions—as well as nuanced differ-
ences in organism-specific silicification in the rock record. The 
Barra Velha Formation is one of the Cretaceous “pre-salt” depos-
its, a group of deposits that formed in the pre-Atlantic rift basin 
during the rifting of Gondwana (Moreira et al. 2007; Carminatti 
et al. 2008; Nakano et al. 2009). Rare authigenic chert from the 
Barra Velha Formation is thought to have precipitated rapidly 
from saturated fluids that were introduced sporadically into this 
ancient, alkaline lake (Moore et al. 2024). As a result, the chert 
preserved a range of microfossil morphotypes that likely repre-
sent a diverse community of bacteria and simple eukaryotes that 
inhabited the ancient rift basin. Though chert precipitation was 
likely abiotic, the style and degree of preservation of the different 
microfossils point to potential taphonomic differences across dif-
ferent organisms. These taphonomic differences are an important 
component of our understanding of the pre-salt basin and other 
ancient environments broadly because they may relate to differ-
ences in organic-silica interactions that drive silica nucleation and 
organic preservation across complex communities.

Here, we utilize ptychographic X-ray computed tomography 
(PXCT) as a novel method to analyze microfossils preserved in 
chert from the Cretaceous Barra Velha Formation (Figure 1) and 
better characterize the organic textures and the silica-organic 
associations. We identify key chemical and textural features 
that relate the style of preservation of the ancient microfossils to 
findings from modern environmental and experimental work. In 
particular, we compare these textures and relationships to stud-
ies that point to the importance of EPS-silica interactions in silica 
nucleation and organic preservation as well as the importance of 
nanocrystalline to amorphous phases in microfossil preservation. 
Through this technique, we characterize the kerogen and mi-
crofossils in three-dimensions (3D) at nanometer resolution and 
identify the differences and similarities in the degree and nature 
of organic preservation across fossil morphotypes. Through this 
work, we gain a better understanding of the mechanisms of silicifi-
cation in ancient environments as well as the role of organic-silica 
interactions in fossil preservation. Additionally, we identify possi-
ble differences in the preservation potential of different organisms 
that may relate to cell physiology even under conditions that allow 
for abiotic silica precipitation.

2   |   Geologic Setting

The Aptian Barra Velha Formation is one of the “pre-salt” de-
posits that together record the Cretaceous rifting of Gondwana 
(Moreira et al. 2007; Carminatti et al. 2008; Nakano et al. 2009). 
The Barra Velha Formation was deposited during the post-rift to 



3 of 17

sag phase of rifting in the proto-Atlantic basin. Previous studies 
of the Barra Velha Formation and other pre-salt deposits have 
suggested, based on mineralogical and geochemical data, that 
the proto-Atlantic basin was a series of massive alkaline lakes 
(Wright  2020). While the majority of the pre-salt deposits are 
dominated by carbonate facies, including the enigmatic and 
well-studied carbonate spherulite and shrub facies and associ-
ated Mg-silicate clays (Wright 2012; Wright and Barnett 2015; 
Pietzsch et  al.  2018, 2020; Mercedes-Martín et  al.  2019; 
Carramal et  al.  2022), the Barra Velha Formation also con-
tains rare, microfossiliferous chert among the carbonate facies 
(Moore et al. 2024). Recent studies investigated these chert-rich 
facies and interpreted that the microfossiliferous chert repre-
sented a synsedimentary, authigenic silica that precipitated as 
a result of changing water chemistry in the basin after the for-
mation of the carbonates and dissolution due to karstification 
(Moore et al. 2024; Wood et al. 2024). The microfossils preserved 
in the chert (Figure 1) represent a unique window into the mi-
crobiota that inhabited either the karsted environments in the 
basin, newly introduced river-water, or a combination of these. 
However, the diversity and preservation mechanisms of the 

microfossils remain in question. The samples analyzed in this 
study come from two samples of microfossiliferous chert from 
drill cores of the Barra Velha Formation. The samples were ex-
tracted from drill cores from a well c. 20 km to the north of the 
Iracema Field. They were taken at 39.5 m (sample S4) and 71 m 
(sample S8) below the base of salt in an interval immediately 
underlying the informally named “Lula's Fingers” (cf. Wood 
et al. 2024). Unlike the carbonate facies typically described from 
the pre-salt deposits, these samples are from rare microfossilif-
erous chert boundstone facies that contain carbonate intraclasts 
as well as organic matter, microbial textures, and microfossils.

3   |   Methods

3.1   |   Sample Preparation

Two microfossiliferous samples of the Barra Velha Formation 
were prepared as round, 1-in. diameter, 100 μm thick sections by 
Wagner Petrographic. Each of the two thick section rounds was 
imaged and mapped using scanning electron microscopy (SEM) 

FIGURE 1    |    Transmitted light photomicrographs of the six microfossil morphotypes analyzed in this study and previously described in Moore 
et al. 2024 (A = 1, B = 2, C = 4, D = 7, E = 10, F = 11). Transmitted light images allow for a direct comparison of the morphological and textural features 
visible through classic petrographic techniques alongside those visible in axial tomographic slices (Figures 2 and 4) and 3D renderings (Figure 6).
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and transmitted and reflected light microscopy. Uncoated 
thick sections were mapped on a Hitachi SU3500 variable pres-
sure scanning electron microscope (VP-SEM) with an Oxford 
Instruments X-MaxN 150 mm2 silicon drift energy dispersive 
spectroscopy (EDS) system. Samples were mapped under 30 Pa 
pressure at 15 keV with a 10 mm working distance at a magni-
fication of 150× using the mosaic mode with AZtec software 
(Oxford Instruments) to generate a mosaic BSE map of each 
entire 1-in. diameter thick section round. Thick section rounds 
were then mapped using a Leica DM6000B microscope with a 
motorized stage and Leica Application Suite (LAS) software at 
20× magnification to generate full area mosaic transmitted and 
reflected light maps of each thick section.

Regions of interest were identified using all three full area maps 
of each sample based on the abundance and diversity of micro-
fossils present within a 60 μm diameter circle. Two 60 μm diame-
ter and 60 μm tall FIB-milled cylinders were prepared from each 
sample at the Scientific Center for Optical Microscopy (ScopeM) 
facility at ETH Zurich. Cylinders were prepared using a carbon 
target on a Helios 5UX FIB-SEM and mounted onto OMNY to-
mographic pins (Holler et al. 2017; Maldanis et al. 2020) to be 
analyzed using PXCT (Dierolf et al. 2010; Holler et al. 2017).

3.2   |   PXCT Analysis

The mounted, FIB-milled cylinders were analyzed by PXCT 
on the coherent small-angle X-ray scattering (cSAXS) beam-
line at the Swiss Light Source (SLS), Paul Scherrer Institute, 
Switzerland, over the course of two beam time sessions. In the 
first session, two samples (S4_1 and S8_1) were analyzed using 
the flOMNI setup (Holler et al. 2012, 2017; Maldanis et al. 2020) 
with a photon energy of 6.2 keV. The beam was focused using a 
Fresnel zone plate of 60 nm outermost zone width and 200 μm 

diameter, which is illuminated coherently by using a slit with 
a horizontal opening of 20 μm, which functions as a secondary 
source. The lens is fabricated with engineered wavefront distor-
tions that improve the quality and resolution of the ptychogra-
phy reconstructions (Odstrčil, Lebugle, et al. 2019). The sample 
was located 1.6 mm downstream of the focus where the beam 
diameter is 5.3 μm. Scans were conducted with a field of view 
of 80 μm × 83 μm for sample S4_1 and 80 μm × 45 μm for sample 
S8_1 with a step size of 2.5 μm and following a Fermat spiral 
pattern (Huang et al. 2014). At each point of the scan, a far-field 
diffraction pattern was measured using an in-vacuum Eiger 
1.5 M detector (Guizar-Sicairos et al. 2014) located 5 mm down-
stream from the sample with an exposure time of 0.05 s for both 
samples. Ptychographic reconstructions were carried out using 
the PtychoShelves package (Wakonig et al. 2020) with 1000 iter-
ations of the difference map (Thibault and Guizar-Sicairos 2012) 
followed by 500 iterations of refinement using maximum likeli-
hood (Thibault and Guizar-Sicairos 2012). For the reconstruc-
tions, 400 × 400 pixels of the detector were utilized, yielding a 
pixel size of 39.71 nm. A total of 640 ptychographic projections 
were measured for each sample. The angular distribution in 
sample S4_1 followed a nested binary acquisition with base 8 
(Kaestner et  al.  2011) which allows for obtaining the data in 
portions of faster intermediate overviews during the acquisi-
tion; those intermediate overviews allow verifying that there 
is no radiation damage, and upon combination provide a fully 
angularly sampled set of tomographic projections that is then 
used to compute the tomogram at the best resolution using all 
the data. The projections of sample S8_1 were acquired equally 
spaced with an angular spacing of 8°, and the starting angles 
were following a golden ratio distribution. Tomographic projec-
tions were unwrapped and a linear phase component removed 
(Guizar-Sicairos et al. 2011) before an iterative algorithm based 
on tomographic consistency was used to align them to sub-pixel 
precision (Odstrčil, Holler, et al. 2019). Resolution was estimated 

FIGURE 2    |    Example 2D axial tomographic slice (left) and corresponding pixel intensity histograms with normal (top right) and log (bottom right) 
scale intensity from sample S4. The axial tomographic slice and corresponding pixel intensity histograms illustrate the major and minor material 
classes which are distinguished by their pixel intensity and related electron density and material density. Material classes include void space (A: Dark 
grey), kerogen (B: Mid-tone grey), chert (C: Light grey) and rare high density material (D: Lightest grey/white). The axial tomographic slice highlights 
the chert matrix and the circular wall shapes composed of kerogen and void space preserved in the chert.
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by the intersection of the Fourier shell correlation (FSC) curve 
with the ½-bit threshold (van Heel and Schatz 2005). Resulting 
half-pitch resolutions were 164.28 nm for S4_1 and 120.20 nm 
for S8_1. In the second session, samples S4_2 and S8_2 were an-
alyzed using similar parameters except with a detector distance 
to the sample of 5.23 m and a resulting pixel size of 35 nm.

3.3   |   Data Processing

PXCT analyses yielded 2D axial tomographic slices of all four 
samples. 3D renderings were generated using Matlab. In addi-
tion to the visualization of the 3D structures of the microfossils, 
data were analyzed using ImageJ to characterize the materials 
and the textural and morphological characteristics of the micro-
fossils and the surrounding chert. Representative axial tomo-
graphic slices were selected from each of the four data sets to 
encompass each of the different microfossil morphotypes pre-
served across the samples. Within each axial tomographic slice 
and full 3D rendering, the gray values provide the local quanti-
tative electron density (Diaz et al. 2015) which can be used to 
determine material density and material identity. Using both 
ImageJ and Matlab, histograms were generated for axial tomo-
graphic slices and full tomograms, which showed three main 
peaks and one additional peak that appears rarely in some re-
gions of the samples. These peaks correspond to the dominant 
“material classes” that are present in the samples.

To fit the distribution of electron densities using Matlab, the 
data were randomly subsampled to 1 million data points, and 
electron densities lower than 0.2 e−/Å3, representing pore space, 
were excluded. A Gaussian Mixture Model (GMM) was fit to the 
distribution of the subsampled, pore-excluded electron density 
data with a convergence tolerance of −6 on the log-likelihood 
function. Three components were used in fitting, as voxels that 
were nanoscale mixtures of materials cannot be fit by a sum 
of gaussian distributions (Pedersen et  al.  2015). An additional 
high-density phase was observed in sample S4_2 and fit with an 
additional component (Video S1–S5), and two components were 
needed to fit the largest (quartz) peak in that sample as well. 
Three-dimensional visualizations of the kerogen component 
were generated using Matlab's Image Processing Toolbox from 
the Gaussian component corresponding to the kerogen phase. 
The electron density volume was displayed with a transparency 
map set using a piecewise linear function of the electron density 
in which the kerogen was rendered opaque at the kerogen com-
ponent's mean density, and alpha values decreased linearly to a 
small value one standard deviation above and below the mean. 
Above one standard deviation, the alpha was set to the small 
value, making denser chert voxels translucent and white, and 
below one standard deviation, voxels representing pore spaces 
were transparent.

Using electron densities, material densities were calculated for 
each of the materials using the formula ρ = neA/(NAZ) where ρ is 
the material density, ne is the electron density, NA is Avogadro's 
number, and A and Z are the molar mass and number of elec-
trons, respectively, of a given material. Based on previous work 
that identified both chert and kerogen in these materials (Moore 
et al. 2024), we assumed values for quartz and organic material 
with A/Z of 2 and 1.92 g/mol/e−, respectively.

4   |   Results

4.1   |   Density and Classification of Materials

The 2D axial tomographic slices and 3D renderings from all sam-
ples analyzed revealed three dominant components in the sam-
ples (Figure  2A–C) and one additional minor component that 
corresponds to a rare high-density material (Figure 2D). These 
materials are distinguishable based on shades of grey that com-
prise the samples—dark (Figure 2A), mid-tone (Figure 2B), and 
light gray (Figure 2C)—where the shade of the voxels correlates 
to the electron density of the material. Histograms and Gaussian 
fits generated from the 3D renderings reveal minor variabil-
ity in the peak centers (Figure 3), but the density distributions 
overlap. Colorized versions of representative axial tomographic 
slices highlight the three dominant components as teal, purple, 
and orange (Figure 4). The matrix of the cylinders is composed 
of material represented by the light grey or orange regions and 
is surrounded by a dark grey or teal region. This darkest grey or 
teal corresponds to void space and is, therefore, essentially an 
absence of mass and provides a baseline of zero electron density. 
The mid-tone grey or purple material forms specific shapes or 
morphotypes and is present to varying degrees throughout the 
light grey or orange matrix depending on the sample (Figures 2 
and 4). Histograms of the pixel shades from tomograms show 
three main peaks which correspond to the two dominant com-
ponents and the void space (Figure 3). Using the pixel shade, the 
electron densities and the material densities were calculated and 
used to identify the two dominant, non-void space components 
as well as the rare, high-density component that appears rarely 
in some regions of the matrix (Table 1).

The lightest grey material has an electron density of 0.77 ± 0.02 
e−/Å3 (average and 1 SD of four samples), which corresponds 
to a density of 2.57 ± 0.05 g/cm3, similar to the mineral quartz, 
which has a density of 2.66 g/cm3. The lower density of the chert 
in our samples compared to quartz may be due to differences 
in crystallinity and/or porosity that are below the resolution of 
the measurement. The composition of the matrix is unsurpris-
ing given previous studies that used light microscopy and SEM 
with energy dispersive X-ray spectroscopy (EDS) to identify this 
material as chert, a microcrystalline SiO2 (Moore et  al.  2024). 
The density of this microcrystalline chert is quite uniform even 
across the two samples, indicating that the chert is homogenous 
and does not contain an abundance of accessory minerals. Rare 
exceptions are occasional white spots < 1 μm across that are 
present within the chert in some regions. These have electron 
densities of 2.14 ± 0.34 e−/Å3, corresponding to very high mate-
rial densities of more than 7 g/cm3; this rare nanophase may be 
Fe metal (A/Z = 2.15, with a material density of 7.9 g/cm3).

The mid-toned grey component shows more variability across 
the samples and even across morphotypes. These regions 
have electron densities of 0.39 ± 0.04 e−/Å3 (average and 1 SD 
of four samples), which corresponds to material densities of 
1.26 ± 0.11 g/cm3, values that are consistent with densities 
reported for kerogen which can have densities between 1.19 
and 1.77 g/cm3 (Bousige et  al.  2016; Jagadisan et  al.  2017; 
Maldanis et  al.  2020; Okiongbo et  al.  2005; Vandenbroucke 
and Largeau  2007). This is also consistent with light mi-
croscopy and SEM/EDS analyses which have identified 
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carbonaceous spherical structures interpreted as microfossils 
in these samples (Moore et al. 2024). The difference in density 
across morphotypes suggests greater heterogeneity in the ma-
terial composition as compared to the chert. However, these 
values—although variable—all still fall within the broad 
ranges of kerogen. Void space is also present within the chert 
samples in association with some of the kerogenous material 
(Figures 2 and 4). Interestingly, the amount and distribution 
of void space is variable depending on the sample as well as 
the morphology of the structure, with some morphotypes 

having a greater percentage of associated void space than oth-
ers (Figure 4).

4.2   |   Silica-Organic Textures

PXCT reveals striking nanoscale textural relationships be-
tween silica and kerogen within the microfossils that are 
not seen with conventional microscopic techniques. While 
all morphotypes appear to have continuous walls and dense, 

FIGURE 3    |    Histograms of electron densities in 1 million randomly sampled voxels from each specimen (solid lines). Dashed lines are Gaussian 
mixture model fits to sampled electron densities, composed of three or four endmember components (dotted lines). Material densities of kerogen and 
chert are calculated using A/Z ratios of 1.92 and 2.00, respectively.
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uniformly organic matrices under transmitted light (Figure 1), 
the 2D axial tomographic slices (Figure 4) and 3D renderings 
(Figures  5 and 6) reveal that these structures are, in fact, a 
meshwork of organic matter and silica. Most of the chert in 
these samples consists of equant microcrystalline (< 5 μm) 
crystals that are often anhedral or subhedral. However, the sil-
ica that is intimately interwoven with the amorphous organic 
material is comprised of significantly smaller nanoparticle 
sizes (Figures 4 and 5). Rather than surrounding and encom-
passing the organic structures, the silica is intergrown with 
the kerogen, creating a reticulate web of kerogen embedded 
with silica nanoparticles between 500 nm and 1 μm (Figures 4 

and 5). Silica nanoparticles may be isolated within the web of 
kerogen and also connected to other crystals and to the sur-
rounding matrix (Figures 4 and 5). Also noteworthy is the lack 
of other accessory minerals associated with the microfossils. 
Although some small minerals with high densities are occa-
sionally present in the chert matrix (e.g., Figure 2), the kero-
gen is only associated with silica (Figures 4 and 5). Depending 
on the sample and the microfossil morphotype, void space 
may also be associated with the kerogen-silica meshwork as 
isolated patches (Figures 4 and 5). In most cases, void space 
comprises only a small fraction of the microfossil walls and 
interiors, with one notable exception discussed below.

FIGURE 4    |    Colorized illustrations of example axial tomographic slices distinguishing the 6 microfossil morphotypes (A = 1, B = 2, C = 4, D = 7, 
E = 10, F = 11) preserved within and across chert samples. Teal = void space, purple = kerogen, orange = chert.
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The predominant organic nanostructures are ovoid balls approx-
imately 100 nm in diameter, which are often hollow (Figure 5A). 
These typically form popcorn-textured aggregates up to several 
microns across. Sometimes, the ovoids have protruding arms 
or tubules. Other nanostructures are larger irregularly shaped 
sacs 300–1000 nm across their largest dimension, which are gen-
erally equant or amoeboid in shape (Figure  5B). Especially at 
the outer boundary of some microfossils, loose concentric cor-
texes formed from sacs organized into chains of flattened, sinu-
ous, chambers (Figure 5C) or reticulate networks of filled clots 
(Figure 5D). Finally, some kerogen lines subhedral chert crys-
tallites (Figure 5E), which may represent aggrading neomorphic 
recrystallization of kerogen-chert aggregates.

4.3   |   Microfossil Morphologies

The organic-rich structures analyzed in this study are among 
those previously characterized through petrographic analyses 
in Moore et  al.  (2024). Across chert samples from the Barra 
Velha Formation, 13 microfossil morphotypes were previously 
identified. The samples analyzed here contain 6 of these mor-
photypes (Figures 1 and 6 and Supp. videos S1–S5). In thin sec-
tion, these morphotypes are distinguishable by their size ranges 
as well as some defining surface features and internal structures 
(Figure 1). Morphotype 1 fossils are ~5–10 μm diameter spheres 
that have a distinct dark, organic-rich wall. Morphotype 2 fossils 
also have a distinct outer wall, but their sizes range between ~10 
and 20 μm in diameter. Both morphotypes 1 and 2 tend to occur 
in clusters in the microcrystalline chert distributed near carbon-
ate intraclasts and throughout the chert matrix. Morphotype 
4 fossils are also found abundantly distributed throughout the 

microcrystalline chert matrix and are often found in clusters. 
These microfossils are ~10–15 μm in diameter but, unlike types 
1 and 2, have dense opaque rather than chert-filled interiors and 
are surrounded by a thin organic halo with microcrystalline 
chert between the “halo” and the opaque interior. Morphotype 7 
fossils are large structures with two concentric organic-rich en-
velopes with chert between the outer envelope and inside of the 
inner envelope, filling the structure's interior. Morphotypes 10 
and 11 are dense, organic-rich structures, though with different 
size ranges. Morphotype 10 is abundant throughout sample S8 
and is found alongside many other morphotypes. These struc-
tures are typically found in clusters and are ~5–10 μm in diam-
eter. Morphotype 11, on the other hand, is ~20–30 μm diameter 
and these structures are often surrounded by a rim of silica.

In 2D axial tomographic slices and 3D renderings, these 6 mor-
photypes were identifiable as distinct shapes composed of the 
mid-toned or false-colored purple kerogen material (Figures 4 
and 6). To highlight the shapes of the organic material, 3D ren-
derings were also generated of kerogen alone without chert, 
depicting the kerogen (and microfossils) in gold alongside the 
grey-scale reconstructions (Figures  5 and 6). In addition to 
patches of non-fossil kerogen—organic material preserved in 
the matrix that lacked distinct morphology—each of the dis-
tinct morphotypes described above was identified based on the 
size classes, presence or absence of organic walls, and presence 
or absence of organic matter in the interior of the structures 
(Figures 4–6). In addition to these general characteristics, tomo-
grams revealed more nuanced textural and morphological dif-
ferences across the morphotypes that were not previously visible 
through light microscopy alone. In particular, the amount of or-
ganic matter preserved, the thickness of the walls, the amount of 

TABLE 1    |    Electron densities, volumetric proportion (excluding voids), interpreted phase and associated ratio of molar mass to electron content 
(A/Z), and resultant material density of modal phases in each specimen. Voxels that were nanoscale mixtures of multiple phases required their own 
Gaussian component, and fitting the chert phase in specimen S4_2 required two Gaussian components (see data processing methods).

[e−/Angstrom3] [%] [g/cm3]

Mean 1 SD Proportion Phase A/Z ρ Color label in Figure 2

S4_1 0.352 0.077 2.3 Kerogen 1.92 1.12 B

0.669 0.113 10. Mixture

0.756 0.039 88 Chert 2.00 2.51 C

S4_2 0.407 0.070 20. Kerogen 1.92 1.30 B

0.675 0.100 17 Mixture

0.782 0.045 33 Chert (a) 2.00 2.60 C

0.788 0.045 30 Chert (b) 2.00 2.62 C

2.136 0.341 0.03 Fe (?) 2.15 7.61 D

S8_1 0.384 0.082 11 Kerogen 1.92 1.22 B

0.656 0.104 18 Mixture

0.762 0.057 72 Chert 2.00 2.53 C

S8_2 0.435 0.094 9.9 Kerogen 1.92 1.39 B

0.719 0.077 15 Mixture

0.786 0.042 75 Chert 2.00 2.61 C
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void space associated with the organic material and structures, 
and the cross-sectional shapes of the structures were different 
across the morphotypes. Thus, this new technique allowed for 
significantly more detailed characterization of the structures, 
the microfossil diversity, and taphonomic variability than was 
previously possible.

Morphotype 1 and 2 microfossils, although characterized by dif-
ferent size ranges, have broadly similar morphologies and pres-
ervation styles. Both morphotypes have a thin organic wall with 
chert infilling the structure interior. In 2D axial tomographic 
slices and 3D renderings, it is apparent that the organic wall 
of these structures is thin (1–4 μm) and contains relatively lit-
tle total organic matter (Figures 4A,B and 6A,B). The walls are 
comprised of roughly half organic matter and half silica with 
rare nanoscopic patches of void space. The structure interiors, 
on the other hand, are entirely composed of microcrystalline 

chert. Even at the high resolution of the tomograms, both mor-
photypes 1 and 2 demonstrate a uniform circular cross-sectional 
morphology.

Morphotype 4 is quite different from 1 and 2 and is the major ex-
ception regarding void space. Morphotype 4 structures are sub-
rounded with somewhat irregular shapes both in transmitted 
light (Figure 1) and in 2D axial tomographic slices (Figure 4C) 
and 3D renderings (Figure 6C). The outermost wall of morpho-
type 4 structures is a semi-continuous wall of a < 1 μm thick 
layer of kerogen broken occasionally by silica nanoparticles. 
Between this thin outer layer, a thicker (~1 μm) layer of silica 
nanoparticles separates the wall from the structure interior. 
The innermost region of morphotype 4 structures shows some 
intergrowth of kerogen and silica. However, void space occupies 
the architecture of the inner space in morphotype 4, comprising 
~75% of the structure interior and disrupted by nanoscopic silica 

FIGURE 5    |    Nanoscale kerogen microtextures. (A) Popcorn texture with hollow vesicles, S4-1. 500 nm scale bar. (B) Irregular sacs with scalloped 
and teardrop-shaped margins, S8-1. 500 nm scale bar. (C) Sinuous chain of pancake-shaped vesicles, S4-1. 1000 nm scale bar. (D) Reticulate pattern 
of open and filled clots, which are arranged in loose concentric sheets at the microfossil boundary, S8-2. 1000 nm scale bar. (E) Kerogen accumulated 
along euhedral quartz microcrystallites, S8-2. 500 nm scale bar.
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grains and kerogen patches. This distinct feature was not appar-
ent from light microscopy alone but is clearly visible in 2D axial 
tomographic slices and 3D renderings (Figures 4C and 6C) and 
sets morphotype 4 structures apart from all other morphotypes.

Morphotype 7 represents the largest microfossils preserved in 
chert from the Barra Velha Formation. Like morphotypes 1 and 
2, these are organic-walled structures, though they show some 
distinct features in addition to their size. First, rather than a 
single organic wall, these fossils have two concentric organic-
rich walls and are filled with silica inside the inner-most organic 
wall. In thin section, these structures appeared to have a pre-
dominantly silica-rich layer between the two organic walls, but 
2D axial tomographic slices and 3D renderings reveal that the 
space between the two densely organic walls is in fact an inter-
growth of organic matter and silica nanoparticles (Figures 4D 
and 6D), similar to the silica-organic mesh in the other micro-
fossils. However, the double walls and inter-wall space in mor-
photype 7 fossils contain more total organic matter compared to 

morphotypes 1, 2, and 4. Like morphotypes 1 and 2, morphotype 
7 structures have a uniform circular cross section and spherical 
3D shape.

Morphotypes 10 and 11 are typically spatially associated with 
each other in thin section. Morphotype 10 appears to be quite 
abundant, and the individual structures are typically clus-
tered in patches or chains (Figures 4E and 6E). These micro-
fossils are small (~5–10 μm) like morphotype 1, and they also 
have a thin, organic-rich wall that is < 1 μm thick. However, 
unlike morphotype 1, morphotype 10 fossils have an organic-
rich interior and are separated from the outer wall by a thin, 
< 1 μm layer of silica nanoparticles (Figures 4E and 6E). The 
innermost portion of the structure displays the same organic-
silica mesh texture as the other microfossils. Morphotype 
11 fossils are similar to 10 in that they are characterized by 
a < 1 μm thick organic-rich outer wall, an organic-rich inte-
rior, and a < 1 μm thick layer of silica nanoparticles between 
the two (Figures  4F and 6F). However, these microfossils 

FIGURE 6    |    3D renderings depicting examples of the six microfossil morphotypes (A = 1, B = 2, C = 4, D = 7, E = 10, F = 11). For each morphotype, 
3D renderings are depicted in grey-scale (left panels) illustrating the different materials (void space, kerogen, and chert) and in gold (right panels) 
illustrating the kerogen alone with chert and void-space removed to highlight the microfossil morphologies.
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are much larger than morphotype 10 (~20–30 μm diameter), 
and they occur as isolated structures surrounded by chert. 
Additionally, the innermost portion of morphotype 10 fossils 
is more organic-rich than any of the other microfossils and ap-
pears more as an organic sphere with heterogeneously distrib-
uted silica nanoparticles rather than the meshwork of silica 
and organic matter that characterized the other microfossils 
(Figures  4F and 6F). These fossils sometimes have a single, 
small sphere of chert within the organic interior, generally 
slightly off from center (Figure 6F).

5   |   Discussion

5.1   |   Silica-Organic Textures and Implications 
for Taphonomic Mechanisms

Silica may precipitate in a variety of environments through 
different mechanisms depending on the water chemistry as 
well as, in some cases, the contributions of microbes and as-
sociated organic compounds in nucleating silica. Modern en-
vironmental and experimental studies have highlighted some 
of these mechanisms. However, it is often difficult to inter-
pret the mechanisms, chemical conditions, and microbial-
environmental interactions that may have been at play in past 
environments based on the rock and microfossil record alone. 
The results of this study provide exceptional nanoscale reso-
lution imaging of fossiliferous chert that may help us bridge 
the gap between mechanisms observed in modern environ-
ments and experimental studies and potential mechanisms 
in ancient environments. In the rock record, microfossils pre-
served in chert have been documented in rock formations that 
sample different environments that likely experienced differ-
ent chemical conditions and, as a result, followed different 
mechanisms of silicification (e.g., Demoulin et al. 2019; Moore 
et al. 2023; Schopf and Klein 1992; Sergeev and Sharma 2012 
and references therein). For example, microfossiliferous chert 
from the Proterozoic is frequently found in shallow marine 
deposits (Schopf and Klein  1992; Sergeev and Sharma  2012; 
Butterfield 2015; Demoulin et al. 2019; Moore et al. 2023) while 
younger deposits like the Devonian Rhynie Chert formed in 
restricted terrestrial environments associated with hydrother-
mal activity (Rice et al. 2002; Edwards et al. 2018; Garwood 
et  al.  2019; Strullu-Derrien et  al.  2019). Silica has also been 
documented in  recent and modern environments, includ-
ing opal speleothems and microbialites that form  in caves 
in Venezuela and the Czech Republic (Aubrecht et  al.  2008; 
Sauro et  al.  2018; Suchý et  al.  2021) and silica phases asso-
ciated with recent hydrothermal systems in the Andes (e.g., 
Slagter et al. 2019; Gong et al. 2020). In these cases, the silica 
that preserves microbes and microfossils is a microcrystal-
line chert or (in the case of recent deposits) amorphous silica 
or opal.

Although the conditions and mechanisms of chert formation 
in Proterozoic marine environments, modern and ancient ter-
restrial hydrothermal environments, or freshwater systems 
are very different, they share some important features. Across 
these environments, the silica must have precipitated rapidly 
from solution to preserve the organic material and the mor-
phology of the delicate microbial cells before they could be 

degraded. This is evidenced by the preservation of the fossils 
and kerogen (Schopf and Klein 1992; Rice et al. 2002; Sergeev 
and Sharma  2012; Butterfield  2015; Edwards et  al.  2018; 
Demoulin et  al.  2019; Garwood et  al.  2019; Strullu-Derrien 
et  al.  2019; Moore et  al.  2023) and further corroborated by 
modern experimental studies that investigate rates of organic 
decay in microbial communities (e.g., Stout et al. 2014). These 
experiments reveal that organic degradation can take place on 
the order of hours or days (Stout et al. 2014). Under the right 
conditions, though, silica precipitation could outpace organic 
degradation and facilitate preservation of microfossil mor-
phologies and kerogen. Analysis of microfossils preserved in 
the Barra Velha Formation reveals that (1) both kerogen and 
body fossil morphologies are preserved in the form of organic-
rich wall and (2) some degree of diversity is apparent in the 
structures at the micro- to nanoscale. This indicates that the 
mechanism of silicification in the pre-salt basin must have 
been a rapid process, similar to the mechanisms that charac-
terized Proterozoic shallow marine environments and hydro-
thermal environments like the Rhynie Chert. To preserve this 
type of cellular detail that allows for distinction of different 
fossil groups, cells must have been preserved on the order of 
hours or days, pointing to rapid silica polymerization prior to 
degradation.

In addition to the rapid rate of silica precipitation, the microcrys-
talline nature of the chert is a key feature related to preserva-
tion potential. Microorganisms preserved by chert are typically 
< 200 μm and may include a range of bacteria and simple eu-
karyotes (e.g., Koch and Ehrenfeld 1968; Knoll 2014; Demoulin 
et al.  2019 and references therein). It is well documented that 
the fossiliferous rocks that we see today are characterized by mi-
crocrystalline chert matrices with crystals < 5 μm. However, the 
primary silica phases from which the fossil-preserving micro-
crystalline chert developed, the compositions and crystalline-
to-amorphous nature of these primary silica phases, and the 
mechanisms by which they formed and preserved kerogen and 
microfossils remain poorly constrained. Furthermore, although 
the matrix chert is well characterized in many fossiliferous chert 
deposits, the structural relationship between organic matter and 
silica is difficult to characterize at the nanoscale immediately 
around the microfossils, further complicating evaluation of the 
mechanism(s) of preservation.

Modern environments and experimental work provide some 
insights into potential ancient mechanisms of organic pres-
ervation by chert. In most modern aqueous environments, 
silica does not polymerize and precipitate abiotically because 
silica concentrations are generally low compared to ancient 
environments (μM concentrations compared to the ~1 mM sil-
ica estimated for Proterozoic seawater; Siever  1992; Tréguer 
et al. 1995; Maliva et al. 2005; Knoll 2008; Conley et al. 2017). 
However, some rare environments and experimental studies 
provide a window through which to study silica precipitation 
and microbial preservation. One type of modern silicification 
occurs in hydrothermal environments such as the hot springs 
of Yellowstone (Walter et al. 1972; Ferris et al. 1986; Cady and 
Farmer  1996), New Zealand (Jones and Renaut  1996; Jones 
et al. 1997, 1998, 2001, 2004, 2005; Campbell et al. 2002, 2015), 
Iceland (Schultze-Lam et al. 1995; Konhauser and Ferris 1996; 
Konhauser and Urrutia 1999; Konhauser et al. 2001), and the 
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Andes (Gong et  al.  2020; Wilmeth et  al.  2021), among oth-
ers. The silica in these environments is sourced from hydro-
thermal fluids that contain elevated concentrations of silica 
(> 2 mM) as a result of water-rock interactions between the hy-
drothermal fluid and the silica-rich basement rocks through 
which it flows. At these elevated temperatures, silica solu-
bility is elevated, allowing for exceptionally high concentra-
tions of dissolved silica in the fluid. When the fluid reaches 
the surface, it cools as it flows away from the source, lower-
ing silica solubility and resulting in rapid, abiotic silica pre-
cipitation. The silica that precipitates in these environments 
is typically opal-A, a hydrated, amorphous silica phase that 
often precipitates in the form of silica nanospheres or col-
loids < 1 μm in diameter (Walter et al. 1972; Ferris et al. 1986; 
Schultze-Lam et al. 1995; Jones and Renaut 1996; Konhauser 
and Ferris  1996; Jones et  al.  1997, 1998, 2001, 2004, 2005; 
Konhauser and Urrutia 1999; Konhauser et al. 2001; Campbell 
et  al.  2002, 2015; Cady and Farmer  1996; Gong et  al.  2020; 
Wilmeth et  al.  2021). Silica has also been observed in some 
modern and recent cave systems where it is suggested that 
the formation of silica speleothems is driven by microbially 
mediated dissolution and reprecipitation of silica; this process 
also results in the formation of amorphous silica or opal that 
preserves microbial structures and cells (Aubrecht et al. 2008; 
Sauro et al. 2018; Suchý et al. 2021).

The nanoscopic size of precipitates from these modern and 
recent environments (both hot spring systems and caves) and 
their amorphous nature allows them to preserve the shapes 
of microbial cells exceptionally well because the size of the 
precipitates is much smaller than the size of the cell. This al-
lows for the preservation of nanoscopic features and delicate 
organic material without overprinting or destroying the cells. 
The preservation of the cellular morphology demonstrates 
the importance of the nanoscopic size of silica precipitates in 
microfossil preservation. Indeed, many of these studies sug-
gest that, even when silica concentrations are high enough to 
facilitate abiotic silica polymerization, the cell surfaces and 
organic compounds may act as nucleation sites to promote 
silica precipitation (e.g., Schultze-Lam et al. 1995; Jones and 
Renaut 2003).

Experimental studies have uncovered additional key contrib-
uting factors to the preservation of microfossils and kerogen 
that may explain microfossil preservation in ancient envi-
ronments. Like the silica that precipitates in modern hydro-
thermal environments and cave systems, the silica that has 
been observed in laboratory experiments is typically an amor-
phous phase that precipitates as nanoscopic colloidal particles 
(Francis, Barghoorn, et al. 1978; Francis, Margulis, et al. 1978; 
Westall  1995; Toporski et  al.  2002; Benning et  al.  2004; 
Orange et al. 2009; Moore et al. 2020, 2021, 2022). Again, as 
a result of the amorphous and nanoscopic nature of the pre-
cipitates, these precipitates preserve cellular features and 
sometimes the delicate organic material exceptionally well 
(Francis, Barghoorn, et al. 1978; Francis, Margulis, et al. 1978; 
Westall 1995; Toporski et al. 2002; Benning et al. 2004; Moore 
et al. 2020, 2021; Wilmeth et al. 2021). In addition to the size 
and amorphous nature of the precipitates, some experimen-
tal studies also demonstrate the importance of silica nucle-
ation on the cell surfaces. As has been suggested in some hot 

spring environments (e.g., Schultze-Lam et  al.  1995; Jones 
and Renaut  2003), experimental studies have revealed that 
certain microbes can facilitate the nucleation of amorphous, 
nanoscopic silica colloids directly on the cell surfaces through 
organic-ion interactions (Francis, Barghoorn, et  al.  1978; 
Francis, Margulis, et  al.  1978; Urrutia and Beveridge  1993, 
1994; Westall 1995; Konhauser et al. 2004; Lalonde et al. 2005; 
Moore et  al.  2020). Importantly, when silica concentrations 
are below saturation and silica cannot precipitate abiotically, 
these organic nucleation sites become even more essential in 
facilitating silica precipitation (e.g., Moore et al. 2021, 2020).

These various modern environments and experimental studies 
have highlighted key features of different silica-precipitating 
mechanisms that may relate to microfossil preservation in an-
cient environments. However, it has been difficult to directly 
link these modern observations to ancient environments and 
silica-precipitation mechanisms for several reasons. First, al-
though the silica that precipitates in modern environments 
and experiments is an amorphous phase, the fossil preserving 
chert that we see today is likely the product of a sequence of 
recrystallization processes that transform an originally amor-
phous phase into microcrystalline quartz (e.g., Saminpanya 
and Sutherland 2013 and references therein). This recrystalli-
zation process makes it difficult to assess the primary organic-
silica fabrics. Second, the techniques that are typically used 
to characterize microfossils (e.g., light microscopy or SEM) 
do not allow for imaging of the organic-silica fabrics at high 
enough resolution to fully characterize these fabrics and the 
relationships of these phases in the areas immediately within 
and around the microfossils. Analysis of the microfossils pre-
served in chert from the Barra Velha Formation using PXCT 
furthers our understanding of silica-organic interactions pre-
served in the fossil record by generating nanoscale resolution 
imaging of microfossils that provide a novel perspective on 
their taphonomy.

Both the 2D axial tomographic slices and 3D renderings reveal 
key textural characteristics that help to link silica-organic in-
teractions in modern environments and experiments to the 
fossil record. Although petrographic analyses typically char-
acterize the microcrystalline nature of chert matrices that host 
microfossils, the nanoscale resolution achieved through PXCT 
reveals that the silica that surrounds and encases (and even 
permeates) the microfossils is, in fact, rounded silica nanopar-
ticles. These key results shed light on the mechanisms that 
allowed for detailed sub-cellular and organic preservation be-
cause they demonstrate that, like the silica that precipitates in 
modern hydrothermal environments and experimental stud-
ies, the silica that drove initial preservation of the kerogen and 
microfossils was nanocrystalline to amorphous. Importantly, 
although the silica in the matrix likely underwent recrystalli-
zation from an amorphous precursor to the microcrystalline 
quartz that we see today, the silica associated with kerogen 
and microfossils retained a nanoscopic size (either nanocrys-
talline or amorphous). This suggests that preservation of mi-
crofossils in at least some environments likely began with the 
precipitation of an amorphous, nanoparticulate silica phase 
that stabilized the organic material and preserved the shapes 
of the cells. Such a mechanism has been hypothesized in the 
past, and our results here provide evidence to corroborate 
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these hypotheses. Additionally, the textural relationships be-
tween the kerogen and the silica in the walls of the micro-
fossils suggest that, as observed in experimental studies, the 
silica that preserved the microfossils may have nucleated di-
rectly onto the organic matter, allowing for preservation of 
both the shapes of the cells and of the kerogen.

5.2   |   Morphological Differences and Implications 
for Taxonomy and Taphonomy

Morphological differences among microfossils may be related to 
primary physiological differences among different soft-bodied 
organisms from ancient microbial communities. For example, 
bacterial and eukaryotic organisms may exhibit different size 
ranges, degrees of morphological complexity, and compositional 
differences in their cell membranes and walls (e.g., Javaux 2007; 
Knoll 2014 and references therein). It is also possible that mor-
phological differences may relate to differences in the post-
mortem processes that fossilized the soft-bodied organisms, 
or to a combination of primary and taphonomic processes. As 
such, it is critical to understand the processes and mechanisms 
that preserved a microfossil or microfossil community in order 
to accurately assess the contributions of primary and diagenetic 
morphological differences. Our PXCT analysis of microfossils 
in the Barra Velha Formation provides novel and unparalleled 
compositional and textural insight into the taphonomy and 
morphological variability across different microfossils within a 
given assemblage.

Petrographic analyses with light microscopy and SEM/EDS 
demonstrated that microfossils within and across chert-rich 
facies in the Barra Velha Formation show variability in size 
and some other morphological features (Moore et  al.  2024). 
For example, some microfossils are characterized as hollow, 
organic-walled spheres while others have dense organic inte-
riors or layers of concentric walls. Using PXCT, we gain fur-
ther insight into these textural and compositional differences 
at greater resolution. First, 2D axial tomographic slices and 
3D renderings reveal that although all microfossils appeared 
uniformly round in thin section, there is variability in the 
smoothness of the microfossils. The tomograms show that 
while morphotypes 1, 2, 7, and 11 are uniformly round, mor-
photypes 4 and 10 are quite irregularly shaped. Additionally, 
the tomograms of sample S8 reveal that morphotype 4, which 
appeared to be composed of densely packed organic material 
under transmitted light, is, in fact, hollow with void space in 
the center and surrounded by an organo-silica wall. These and 
other morphological and compositional differences, like the 
amount of organic matter preserved in 1, 2, and 4 versus 7, 10, 
and 11, may relate to (1) true morphological variability across 
different organisms, (2) taphonomic differences, or (3) a com-
bination of taxonomic and taphonomic differences driven by 
primary morphological, physiological, or chemical differences 
across different organisms. Here, we consider all of these fac-
tors and their contributions to textural and chemical variabil-
ity across fossil morphotypes.

Although the absolute size of a microfossil may not accurately 
reflect the size of the original organism (Francis, Barghoorn, 
et al. 1978; Francis, Margulis, et al. 1978; Jones and Renaut 1996; 

Jones et al. 1997, 2001, 2005; Konhauser et al. 2004), the rela-
tive sizes of the microfossils in the Barra Velha Formation may 
represent size variability across different organisms. This is 
because all microfossils within a given sample were preserved 
in the same environment under the same conditions (Moore 
et al.  2024). As such, even if the structures were shrunken or 
enlarged by the fossilization process, they all would have been 
altered by similar factors meaning that they would retain—to 
some degree—the relative differences in size. By the same logic, 
the variability in smoothness of the microfossils may also be 
a true representation of variability in the shapes of the organ-
isms. In these cases, the morphological variability in both size 
and shape of the microfossils represents a taxonomic end mem-
ber explanation (explanation 1). Alternatively, the variability in 
size and morphology may be entirely the result of taphonomic 
variability (explanation 2). In this case, the different microfossil 
morphotypes may all represent the same type of organism but 
at different stages of degradation relative to silica precipitation. 
For example, the irregular shape of morphotype 4 alongside the 
hollow interiors that are not filled with silica may be due to col-
lapse of the cell wall in cells that were partially degraded at the 
time of silica precipitation.

The third possibility is that the morphological and textural dif-
ferences across morphotypes arise from a combination of taxo-
nomic and taphonomic differences (explanation 3). In this case, 
the variability in preservation of different morphotypes may 
have been driven by differences in surface chemistry or phys-
iology across different organisms which fostered variability in 
the organic-silica interactions as well as the rates of degrada-
tion relative to preservation. For example, organisms with more 
recalcitrant cell walls or envelopes may be preserved with a 
greater amount of organic matter compared to those with cell 
envelopes composed of highly labile organic compounds (e.g., 
Butterfield 1990). Alternatively, the specific organic compounds 
in the cell walls or envelopes of different organisms may have 
had different binding capacity or affinity for silica. For exam-
ple, experimental studies and observations from modern hot 
spring environments have suggested that certain functional 
groups of classes of organic compounds more readily bind sil-
ica than others, leading to preferential preservation of cer-
tain organisms by silica (e.g., Francis, Barghoorn, et  al.  1978; 
Francis, Margulis, et al. 1978; Urrutia and Beveridge 1994, 1993; 
Westall  1995; Phoenix et  al.  2000; Yee et  al.  2003; Konhauser 
et  al.  2004; Lalonde et  al.  2005; Orange et  al.  2009; Moore 
et  al.  2021). Whether related to recalcitrance or silica-binding 
capacity, variability in cell chemistry and organism physiology 
could explain, for example, the variability in the wall thickness 
of different morphotypes or why some morphotypes have hol-
low interiors and others are infilled with silica. Similarly, these 
factors could explain the differences in the amount of organic 
material preserved in the cell walls of 1, 2, and 4 versus 7, 10, and 
11 or the preservation of a single outer wall versus multiple lay-
ers of walls or dense organic interiors. Thus, the morphological 
differences observed could reflect a combination of taxonomic 
and taphonomic variability. Based on the diversity in morphol-
ogy, composition, textures, and degree of preservation, we favor 
this combined explanation and suggest that this assemblage 
represents at least some degree of true diversity with multiple 
different types of organisms preserved, but likely also reflects 
organism-specific taphonomic variability.
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6   |   Conclusions

High resolution, 3D characterization of chert-hosted microfos-
sils from the Barra Velha Formation provides new insight into 
the mechanisms and organic-environmental interactions that 
facilitated biosignature preservation by silica in ancient envi-
ronments, including the ancient alkaline lake of the pre-salt 
basin. Using PXCT to generate 2D axial tomographic slices and 
3D renderings at nanoscale resolution, we present detailed visu-
alizations of silica-organic relationships, microfossil morpholo-
gies, and taphonomic variability that clarify mechanisms of 
ancient microfossil preservation. At this resolution, both 2D and 
3D visualizations reveal that microfossils are comprised of inter-
grown webs of kerogen and nanoscopic, subrounded silica parti-
cles that differ in size, shape, and texture from the surrounding 
matrix, which is composed of microcrystalline chert.

Previous studies investigating silicification through laboratory 
experiments and in modern environments have long suggested 
that silicification in ancient environments involved amorphous, 
colloidal silica precipitation and may have involved nucleation 
of these earliest silica phases on cell surfaces and organic com-
pounds. However, connecting these modern insights to the past 
has been difficult due to resolution limitations and uncertainty 
surrounding the phase transitions between opaline and crystal-
line silica phases. The nanoscopic shapes, sizes, and textures 
of the silica and silica-organic fabrics observed using PXCT are 
consistent with colloidal silica precipitates that have been ob-
served in association with cells and organic material in mod-
ern silica-rich environments and laboratory experiments. These 
observations allow for direct comparison between organo-silica 
textures in modern and fossil organisms and help to support the 
link between modern observations and ancient taphonomic pro-
cesses in environments like the pre-salt basin. We suggest that 
silicification in the pre-salt basin occurred through a similar 
mechanism of colloidal, amorphous silica precipitation. Within 
this mechanism, the key to the preservation of organic matter 
and cellular morphologies was rapid nucleation of silica on or-
ganic compounds and cell surfaces.

In addition to insights into organo-silica textures and fabrics, 
the 3D visualizations obtained through PXCT illustrate the dif-
ferent fossil morphotypes in a way that would not have been 
otherwise detected through traditional petrographic analyses. 
Some morphological and textural variability may be the result 
of taphonomic variability in which the relative amounts of silica, 
kerogen, and void space as well as the degree of fossil “round-
ness” relates to the timing of silica nucleation relative to organic 
degradation. However, the variability in size, microfossil wall 
thickness, and internal and wall composition apparent across 
microfossils preserved within a given sample points to additional 
variability reflective of primary differences across different or-
ganisms. We therefore suggest that the microfossil assemblage 
preserved within the Barra Velha Formation chert represents a 
diverse group of microbial organisms that exhibit morphologi-
cal, physiological, and taphonomic variability. Importantly, the 
combination of taxonomic and taphonomic variability apparent 
in these samples points to potential differences in the chemistry 
and physiology of the different microbes and, as a result, differ-
ences in silica-organic interactions. Further experimental work 
and microfossil analyses that investigate if and how different 

organisms and organic compounds interact with dissolved silica 
and facilitate silica precipitation may shed light on the relation-
ships between taxonomy and taphonomy of microbial organ-
isms. These constraints will allow us to better characterize 
ancient fossil assemblages like the microfossils preserved in the 
Barra Velha Formation as well as those preserved in chert from 
different environments throughout Earth history.
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