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ABSTRACT

A three-dimensional tubular fabric known as ‘vermiform microstructure’ in Phanerozoic

and Neoproterozoic carbonate microbialites has been hypothesized to represent the body fossil of

nonspicular keratose demosponges. If correct, this interpretation extends the sponge body fossil
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record and origin of animals to ~890 Ma. However, the veracity of the keratose sponge
interpretation for vermiform microstructure remains in question and the origin of the tubular
fabric is enigmatic. Here we compare exceptionally well-preserved microbialite textures from the
Upper Triassic to channel networks created by modern microbial biofilms. We demonstrate that
anastomosing channel networks of similar size and geometries are produced by microbial
biofilms in the absence of sponges, suggesting the origin for vermiform microstructure in ancient
carbonates is not unique to sponges and perhaps best interpreted conservatively as likely
microbial in origin. We present a taphonomic model of early biofilm lithification in seawater
with anomalously high carbonate saturation necessary to preserve delicate microbial textures.
This work has implications for the understanding of three-dimensional biofilm architecture that
goes beyond the current micro-scale observations available from living biofilm experiments, and
suggests that biofilm channel networks have an extensive fossil record.
1 INTRODUCTION

Characterization of morphologic attributes of fossilized organisms remains one of the
most common methods of assigning taxonomic affinities to ancient and extinct organisms
(Hopkins & Gerber, 2020). However, taphonomic biases and morphologic similarities among
fossil groups often complicate accurate taxonomic identification (Brasier ef al., 2011; Anderson
et al., 2023). In instances when fossil or fossil-like remains contain parts resembling multiple
taxonomic groups, assigning taxonomic affinities can be particularly challenging, especially for
organisms whose body parts or community structure lack symmetry, like sponges and microbial
constructions (Mehra et al., 2020).

An anastomosing meshwork of microspar-filled tubules of varied diameter known as

‘vermiform microstructure’, found in ancient microbialites and once considered microbial in
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origin (Walter, 1972), has more recently been interpreted to represent keratose (non-spicular)
sponges (Lee et al., 2014; Luo & Reitner, 2014). This work has led to new reports of interpreted
sponge body fossils in ancient carbonate microbialites including vermiform microstructure in
reefs from ~890 Ma (Turner, 2021), thus potentially predating the oldest uncontroversial sponge
body fossils (Antcliffe et al., 2014) by ~350 million years. The lack of scientific consensus on
methodologies to distinguish between keratose sponge fossils and microbial textures remains
problematic in their use to reconstruct past environments and reflect accurate evolutionary
transitions (Kershaw et al., 2021; Neuweiler ef al., 2023). Furthermore, recent experiments with
extant microbial biofilms reveal similar vermiform geometries in the absence of sponges
(Wilking et al., 2013; Zhang et al., 2018). Here, we use an exceptionally well-preserved
microbialite from the rock record as a morphologic analog for a range of vermiform geometries
increasingly attributed to keratose sponge body fossils, and suggest an alternative interpretation
for the origin and taphonomy of vermiform microstructure.
2 THE COTHAM MARBLE AS A MORPHOLOGIC ANALOG FOR VERMIFORM
MICROSTRUCTURE

The Upper Triassic Cotham Member of the Lilstock Formation of the southwestern
United Kingdom contains laterally extensive stromatolitic and dendrolitic carbonate microbialite
mounds (~20 cm thick, decimeters to meters in diameter) known as the Cotham Marble (CM)
(Hamilton, 1961; Wright & Mayall, 1981). The CM microbialites were deposited in the shallow
Tethys sea between Gondwana and Laurasia during a marine transgression on a shallow storm-
dominated carbonate ramp that alternated between periods of restriction and connection to open
marine waters (Hesselbo et al., 2004). The CM coincides with the end-Triassic mass extinction

interval (Ibarra et al., 2016) and led to the oldest non-skeletal marine seasonal temperature
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record (Petryshyn et al., 2020). Traceable laminated and dendrolitic phases of the CM across
individual microbialite mounds indicate a strong environmental control on microscopic microbial
features (Ibarra et al., 2015; Ibarra & Corsetti, 2016). The microbialites are associated with an
inter-mound, channel, flat-pebble conglomerate facies that formed from current reworking before
lithification (Hamilton, 1961).

Petrographic observations of the CM microbialites reveal vermiform geometries that are
strikingly similar to the texture and fabric of vermiform microstructure from Phanerozoic and
Neoproterozoic microbialites (Figure 1). Figure 1a compares the vermiform microstructure of
Madiganites mawsoni (Figure 1a; Walter, 1972) to textures in the first laminated layer (L1 in
Ibarra et al., 2014) of the CM microbialites (Figures 1b-c). The bright, narrow, sinuous areas are
composed of microsparitic calcite, while the darker regions are composed of micrite (Figure 1c¢).
Figures 1d-k illustrate similarities in texture between the CM and textures from the geologic
record where the vermiform geometries are interpreted as the spongin network of keratose
sponges. Basal stromatolitic laminations that comprise the lowermost laminated layer of the CM
contain a tubular fabric (Figures 1d-e) that resembles the texture, size, and branching nature of
vermiform geometries in Cambrian Cryptozoon stromatolites (compare Figure 1d to Figure 1f;
Lee & Riding, 2021) and in Upper Cambrian maze-like reefs (compare Figure le to Figure 1g;
Lee et al., 2014). The tubular fabric is also present in the interdendrolite fill of the dendrolitic
phases of the CM (Figure 1h) as well as within the dendrolites (see arrows in Figure 11).
Comparable tubular fabrics to Figures 1h-i of the CM have been described from Upper
Ordovician micritic limestones (compare Figure 1h to Figure 1j; Park et al., 2015) and
Neoproterozoic reefs (compare Figure 1i to Figure 1k; Turner, 2021). Given the petrographic

similarities (Figure 1) between the tubular fabric in the CM and vermiform microstructures from
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the geologic record—interpreted as the permineralized spongin skeletal structure of keratose
sponges (Lee et al., 2014; Luo & Reitner, 2014; Park et al., 2015; Lee & Riding, 2021),—we
present a detailed description of the scales and variability of vermiform geometries in the CM
and its associated facies (e.g., flat-pebble conglomerate) to provide clarity on the origin and
taphonomy of seemingly identical enigmatic microstructures (Figure 1).
3 MATERIALS AND METHODS
3.1 Ancient and modern geologic samples

This work primarily focuses on detailed descriptions of petrographic fabrics containing
different scales of vermiform geometries of Triassic CM samples from Bristol, Manor Farm,
Stowey Quarry, and Lower Woods (see Appendix S1 Figure S1 for map of sites). We then
compare the textures in the CM to similar geometries created in modern biofilms from the
literature. Finally, we present a novel taphonomic model for the creation of vermiform
microstructure using Recent freshwater carbonates from the Spring Mountains of Nevada, and
examples from the geologic record (Ordovician mudmounds and microbialites of the
Neoproterozoic Noonday Dolomite).
3.2 Definition and significance of tubule diameter

Vermiform microstructure is defined as a type of laminar architecture that consists of
narrow, sinuous, pale-colored areas (usually sparry carbonate) surrounded by darker, usually
fine-grained areas (usually micrite) (Walter, 1972; Grey & Awramik, 2020). In this text, we refer
to the narrow, sinuous, sparry regions as ‘tubules’ for their cylindrical morphology that in many
instances, display round-cross-sections (Figure 1h), thus revealing their cylindrical (i.e.,) three-
dimensional morphology. Vermiform microstructure can be distinguished from similarly

preserved ‘rectilinear’ network fabrics composed of mostly criss-crossing straight lines of sparite
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with nodes interpreted as spiculate sponges (see Figures 3 and 5 in Neuweiler ef al., 2023). In
this study, tubule diameter refers to the width of the sparry tubule. We note that the tubule
diameter can vary slightly for a single tubule and thus use the terms ‘nearly-uniform’ or ‘nearly
consistent’ diameter in reference to slight deviations from tubule uniformity.

While tubule diameter in the CM is variable, it is important to note that keratose spongin
fibers—the rigid skeleton part of keratose sponges that has been attributed to vermiform
microstructure—also exhibit diameter variability and size variability (Jesionowski et al., 2018;
Stocchino ef al., 2021). Nonetheless, the relative tubule uniformity between CM vermiform
structures, biofilm channels (discussed in section 5.2), and known sponge fossils is notable.
Although tubule diameter is a criteria used to attribute vermiform microfabric to a sponge origin,
it is not diagnostic and other lines of evidence (such as macrostructure shape, tubule
arrangement) must be used to ascertain biologic affinities (Luo et al., 2022; Neuweiler et al.,
2023). In this text, we use measurements of tubule diameters as a means of comparing to other
reports of vermiform microstructure from the literature.

3.3 Tubule diameter measurements
Tubule diameter measurements were produced using image processing software (ImageJ;

http://imagej.nih.gov/ (Appendix S1 Figures S2-S6 and Tables S1-S3). Photomicrographs

containing vermiform microstructure were binarized to highlight pixel intensity differences
between dark (micritic) pixels and light (sparitic vermiform) pixels. The average tubule
diameters were estimated using the Otsu thresholding method (Otsu et al., 1979), which finds the
optimal threshold based on the grayscale intensity values of the image pixels. The number of
tubules, and the minor-axis of a best-fit ellipse for each tubule was quantified using the particle

counting feature in ImageJ software with a particle size limit between 100 um? and 10,000 pm?.
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4 RESULTS
4.1 Description of different scales of vermiform microstructure in the CM microbialites

The basal layer of the CM microbialites is comprised of micritic laminae (labeled “L1” in
Ibarra et al., 2014). Vermiform fabrics occur along laminar bands ~5 mm thick (Figures 2a-c)
and are microstratigraphically succeeded by fenestral fabrics typical of laminoid fenestrae
(Tebbutt et al., 1965; Choquette & Pray, 1970; Figure 2d) and fenestral pores that form the axial
zones of conical lamina (Ibarra et al., 2014; Figure 2¢). The tubules display an anastomosing
pattern (Figures 2f-g) and share similar microspar-filling cements with adjacent fenestral fabrics
(compare Figures 2d, e, and g). Measurements of tubule diameters in the CM resembling
examples from the literature (e.g., Figure 1) are variable across all facies examined, with an
average diameter of approximately 40 um (36.5 + 22 um, n=374; Figure S2 and Table S1) and
are composed of microspar separated by peloidal micritic aggregates that are ~50-100 pm in
diameter (Figures 2c, f-g).

Dendrolitic layers of the CM microbialites (labeled “D1” and “D2” in Ibarra et al., 2014)
exhibit remarkably evenly spaced (~150 pm in diameter) microbial branching patterns (Ibarra et
al., 2014, 2015) resulting in inter-dendrolite spacing that is filled with sparry cement or micrite
(“f” in Figure 3a). Bedding plane cross sections of the dendrolitic regions (“d”) further highlight
the bifurcating nature and diameter uniformity of the spacing between the dendrolite ‘branches’
(Figure 3b). In other instances, oblique cross-sections of polished slabs reveal the same
branching tubular and semi-round cross-sections of inter-dendrolite spaces with an average
diameter of approximately 150 um (149.32 + 73.16 um, n=104; Figure 3c-d and Figures S3-S4).
These round to elliptical fenestrae are interpreted to result from early-lithified, evenly spaced,

three-dimensional (3D) branching in microbial mats that result in round to elliptical voids when
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represented in two dimensions (Ibarra et al., 2014). High-resolution scans of the dendrolites
reveal a network of submillimeter-scale branching tubules that prominently cap the upper regions
of the dendrolites (Figures 3e-h). Detail of the internal structure of the dendrolites is shown in
Figure 4, revealing the petrographic features of the network of branching tubules.

Many of the upper regions of the dendrolite branches are composed of what have been
described as peloidal micritic fabrics (Ibarra et al., 2014), where the micritic aggregates are
separated by microspar-filled anastomosing tubules (Figures 4b-d). While most dendrolites
exhibit a laminated micritic texture (Ibarra et al., 2014), some are composed of peloidal micrite
that is separated by an evenly spaced, microsparitic, tubular network (Figure 4). The tubules
anastomose within the dendrolitic structures (Figure 4b-f), and strongly resemble the shape, size,
and texture of vermiform geometries found in the basal laminated layers (Figure 2¢). However,
the preservation of the tubule structures is highly variable, such that some dendrolitic regions
contain vermiform geometries where the tubules exhibit smaller-than-average diameters with
distinct circular cross-sections (~10 um in diameter), somewhat resembling a 3D stitch pattern
(Figures 4e-f). Micritic intra-dendrolite regions contain conspicuous pyrite-coated filamentous
structures (black specs in Figure 4b) interpreted as possible microfossils whose pyrite
composition was confirmed using a scanning electron microscope (SEM) coupled with energy
dispersive spectroscopy (EDS) (Ibarra et al., 2014). Figure 4g summarizes the tubule diameter
estimates for L1 and D1 facies of the CM microbialites and for the larger inter-dendrolite
fenestra (Appendix S1 Figures S2, S3, and S4).

Vermiform geometries from the dendrolitic phases of the CM predominantly occur
within the dendrolites, but there are rare examples where vermiform microstructures occur in

micritic regions between the dendrolites (Figure 5). This inter-dendrolite micrite develops on and
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adjacent to the dendrolites (Figures 5b-d), suggesting a less-dense continuation of growth from
the dendrolite structures as is evidenced by the rounded protrusions that resemble the dendrolite
morphology (Figure 5d) and the presence of bridging structures (sensu Marenco et al., 2002;
Corsetti & Grotzinger, 2005) that connect adjacent dendrolite ‘branches’ (Figure 5b). Vermiform
microstructures of variable geometries that display distinct circular cross-sections (small arrows
near bottom of Figure 5d) occur in the inter-dendrolite micrite and are excluded from the
microspar fill regions (Figure 5b-d). In a rare example, an isolated dendrolitic ‘branch’ with a
sharp linear boundary on one side was detected in the fill region (Figure Se-f). The dendrolitic
structure displays a well-preserved network of vermiform fabric as well as an internal larger
(~150 pm diameter) ovoid cross-section denoted by the central arrows (Figure 5f).

The CM microbialites are remarkably laterally extensive, whereby millimeter-scale
features can be traced across their respective meter-scale mounds at different locations and up to
~100 km away from one another (Ibarra and Corsetti, 2016). Here we demonstrate that the
vermiform fabric associated with the dendrolitic phases can similarly be traced from site to site
(Figure 6), suggesting an element of regional control on its development.

We also examined a flat-pebble conglomerate unit associated with the CM microbialites
that resulted from current reworking in channels that separated the meter-scale mounds
(Hamilton, 1961). The low sphericity flat-pebble clasts (“p”’) can be up to ~8 cm long and are
composed of fine-grained carbonate (Figures 7a-c). Previous studies demonstrated that some of
the clasts act as nucleation surfaces for dendrolitic structures (Hamilton, 1961). Indeed,
petrographic analyses of flat-pebble clasts reveal millimeter-scale micritic growths that develop
on, and in some cases form fringes around the pebble, somewhat resembling the dendrolitic

phases of the CM in their micritic nature and domed morphology (see arrows in Figure 7a and
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protrusion petrographic detail in Figures 7b-c). The domical microdigitate protrusions have a
semi-layered microstructure (Figure 7d), but are better classified as having a clotted (Shapiro,
2000) micritic internal texture separated by microsparitic tubules that anastomose in the micritic
framework, resembling the vermiform fabric described in the laminated and dendrolitic phases of
the CM (Figures 2 and 4). In addition to the microsparitic bifurcating tubule structures (~40 pm
in diameter), larger sparry features resembling the inter-dendrolite spacing (~150 pm in
diameter) from Figures 3b-c are also present in the flat-pebble facies (arrows in Figure 7c).
5 DISCUSSION
5.1 Assessing the possibility of sponges in the CM microbialites

Here we have demonstrated that the CM microbialites contain a diverse array of
vermiform geometries from dendrolite, stromatolite, interdendrolite regions, and flat-pebble
conglomerate facies that are remarkably similar in size (~40 micron diameter), shape (tubular
with round cross-sections), branching nature (three-dimensional), and textural composition
(microsparitic) to reported vermiform microstructures from the rock record increasingly
interpreted as the remnants of keratose sponge bodies. Below we consider observations from this
study to evaluate the possibility that vermiform geometries of the CM represent sponge body
fossils.

5.1.1 Microfossil distribution

It is well-known that microbes inhabit sponge tissues (Taylor ef al., 2007), thus raising
the possibility that the interpreted pyritic microfossils found in the micritic textures of the CM
could be inhabitants of putative sponges. However, the pyritic fossil distribution is (1) restricted
to micritic regions of the dendrolitic and laminated phases of the CM, and (2) does not scale to

sponge morphologies (e.g., Botting, 2005). In order for keratose sponges to be preserved through
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permineralization, at least somewhat of a mesoscopic body fossil should be produced that
preserves the shape of the relic sponge (Neuweiler et al., 2023) as has been demonstrated for
accepted examples of “sponge mummies” in lithisthids (Froget, 1976), hexactinellids, (Brachert
et al., 1987) and non-lithistid demosponges (Ritterbush et al., 2015). The distribution of pyrite
filaments within the micritic regions (Figure 4 and Ibarra et al., 2014) together with previously
reported elevated total organic carbon (TOC) for the dendrolites versus the inter-dendrolite fill
(Ibarra et al., 2014), indicates the pyrite structures are more likely microbial remnants associated
with the creation and/or degradation of the dendrolitic and micritic regions (Ibarra et al., 2014),
as opposed to lithified sponge tissue inhabitants.
5.1.2 Lateral continuity of mm-scale features

Vermiform microstructure has been shown to be laterally continuous for several meters
and its lateral continuity has been used as an argument against a possible sponge origin (Pratt,
1982). Here we demonstrate the lateral persistence of vermiform microstructure across individual
bioherms for samples collected up to ~50 km away from one another (Figure 6) suggesting a
large-scale control on its development (sensu Ibarra and Corsetti, 2016). While it is possible that
sponges may have been responding to large-scale environmental forcings, it seems unlikely that
some episodes of their development would (1) occur at precise ‘stratigraphic levels’ up to ~50
km apart, (2) be limited to a thickness of ~0.5 mm (e.g., Figure 6), and (3) conform to the bounds
of the preexisting dendritic morphology. On the cm-scale, the dendrolites of the CM are
remarkably consistent in their dendrolitic habit (Ibarra et al., 2014), however, their microfabric is
laminated or clotted (described here as vermiform) (Ibarra et al., 2014). If vermiform
microstructure is indeed reflective of a sponge origin in the CM, then the creation of the

dendrolites would be dependent upon the presence of spongin to give the dendrolites rigidity.
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The absence of vermiform microstructure in many dendrolites and the occurrence of vermiform
microstructure at precise stratigraphic levels (Figure 6), implies it is not integral to the formation
of the dendrolites or in giving them rigidity. Thus, a more parsimonious explanation for the (1)
the lateral continuity of mm-scale fabrics and (2) the presence and absence of vermiform
microstructure in adjacent and within the same dendrolitic structure is that the dendrolites
represent a microbial feature whose fabric (i.e., laminated versus vermiform) reflects a large-
scale forcing.
5.1.3 Vermiform microstructure on flat-pebble clasts

Thus far, most examples of vermiform microstructure have come from observations in
microbialites or reefs from restricted lagoons to open shelf settings (Neuweiler ef al., 2023), and
here we show the occurrence of vermiform geometries of two different diameters (~40 um and
~150 um) in a flat-pebble conglomerate facies representing shallow and possibly evaporative
conditions (Hamilton, 1961). Flat-pebble conglomerates are known to form after the seafloor has
been partially lithified, and subsequent storm events or other high-energy conditions, rip up the
clasts and redeposit the lithified micrite (Sepkoski, 1982). Flat-pebble clasts associated with the
Cotham Marble are interpreted as inter-microbialite mound channel deposits that occasionally
are found in the inter-dendrolite fill of the microbialites (Hamilton, 1961). The fringing nature
(Figure 7a) of the microdigitate structures implies they developed after the pebbles were ripped
up and redeposited. The depositional setting (i.e., channel fill) and mm-scale morphology of the
micrite (i.e., dendrolitic) suggest the micritic structures more likely represent the early
development of microbial dendrolites like those of the CM, as opposed to lithified sponge bodies
that colonized the fringes of flat-pebble clasts (Figure 7).

5.2 A new interpretation for vermiform microstructure: lithified biofilm channels
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A recent review of interpreted keratose spongin preservation in the rock record
summarizes key caveats in the sponge interpretation for vermiform microstructure (Neuweiler, et
al., 2023). Most notably, there is no existing taphonomic pathway or model that can explain the
permineralization of the spongin skeleton of a keratose sponge into microspar cement, while also
mummifying the sponge body transforming it to homogenous fine-grained carbonate—all prior
to compaction. While studies have questioned the spongin origin for vermiform microstructure
(Kershaw et al., 2021), in the absence of a credible alternative hypothesis, the origin and
taphonomy of vermiform microstructure remains an enigma. Below we propose a mechanism for
the creation of vermiform microstructure that has yet to be considered in the vermiform
microstructure debate, based on the diverse vermiform geometries and scale-dependent
observations from the CM (centi-metric to micro-metric), together with observations from the
literature on modern biofilms and Recent carbonate coated grains.

5.2.1 Biofilm channels

Modern biofilm experiments demonstrate the creation of an anastomosing, tubular
geometry by microbial biofilms in the form of intra-biofilm water channels (Lawrence et al.,
1991; Costerton et al., 1994; de Beer et al., 1994; Stoodley et al., 1994). In natural aquatic
environments, surface-associated microbial communities are encased in a self-produced matrix
of extracellular polymeric substances (EPS) that develop pores and interconnected channels
(Lawrence et al., 1991; Flemming & Wingender, 2010). These nutrient-poor regions are also
known as EPS matrix voids and represent water-filled regions in biofilms that exist between and
within microbial clusters (Flemming and Wingender, 2010). Biofilm channels can be
distinguished from biofilm pores by their high length/width ratio (~ >10), whereas pores have

length/width ratios that are closer to one (Quan et al., 2022).
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Studies on modern biofilm cultures indicate channel formation is process-driven and that
channels serve specific functions within biofilms such as particle transport and distribution of
nutrients (Rooney et al., 2020). Wild-type Bacillus subtilis biofilms have been shown to produce
highly interconnected, elongate, channel networks (with an average channel diameter of 91 + 65
um) that enhance the transport of liquids within biofilms (Wilking ef al., 2013). The formation of
channels in colonies of Pseudomonas aeruginosa is governed by biofilm growth rate and
adhesion of the film to the substrate (Geisel et al., 2022). Channel networks in Escherichia coli
biofilms indicate that intra colony channel morphologies are influenced by substrate composition
and availability of nutrients (Bottura ef al., 2022).

Most studies that have been successful in imaging the shape and structure of biofilm
pores and interconnected water channels have done so on relatively thin biofilms, due to the
technological limitations of imaging thicker, more mature, hydrated biofilms (Yan et al., 2016).
These procedural constraints restrict the opportunity for biofilms to create more complex, 3D
morphologies that may reveal the internal structural architecture of a mature biofilm. Similarly,
field studies of living or recently-lithified, mixed-community, aquatic biofilms that would be
more representative of natural environments typically lose their architectural properties once
removed from their in-situ growth position.

The textures we describe in the CM are an example of an exceptionally well-preserved
ancient microbialite that contains tubular fabrics that are similar in size, shape, and anastomosing
nature to biofilm channels observed in microbial experiments (Figures 8a-c'). Reported channel
diameters in extant microbial biofilms are within the range of tubule diameters found in
vermiform microstructures from the CM (Figure 4g), but have highly variable widths (Lei et al.,

2020; Bottura ef al., 2022). Most imaging of biofilm channels has been on biofilm growth
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observed on flat surfaces (e.g., agar plates or microfluidic conduits), thus giving channels
somewhat parabolic cross-sections. As channels mature, they can develop circular cross-sections
(Wilking et al., 2013) similar to the round-cross sections observed in many examples of
vermiform microstructure (Figures 1h, 4f).
5.2.2 Three-dimensional tubular aspect of biofilm channels

On a two-dimensional (i.e., flat) plane, modern biofilms create diverse geometries that
resemble vermiform microstructure from the rock record (Figure 8a-c'). However, vermiform
tubule architecture is three-dimensional in its branching nature (Luo and Reitner, 2014), thus
appearing to limit the applicability of their comparison to biofilm channels. In order for
vermiform microstructure to possibly represent lithified biofilm channels, modern biofilm water
channels must show evidence for anastomosis in three dimensions that create a meshwork of
tubules with somewhat uniform diameters that exhibit circular cross-sections.

The 3D nature and tubular geometries of hydrated algal biofilm sediment aggregates
(BSA) were recently observed using X-ray microcomputed tomography (u-CT), which allows
for the 3D visualization of fully hydrated biofilms without the need for desiccation (Zhang ef al.,
2018). The pore water component of the BSA is composed of 3D, tubular geometries that
bifurcate and exhibit distinct circular cross-sections that are enveloped by biofilm (Figures 8d-f;
Zhang et al., 2018). The sizes of the tubular water channels in the BSA are smaller (~5-10 um in
diameter)—yet still within the range of tubule diameters recorded in the CM (Figures 4g and 8g).
While there is a slight difference in the tubule diameter size relative to the size of vermiform
microstructure from the rock record (~5-10 um versus ~ 40 um), it is nonetheless intriguing that

algal biofilms are able to create seemingly delicate water channels of nearly consistent diameter,
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with complex, 3D branching, despite being enmeshed in detrital sediment, which could
potentially smother the thin tubular structures.

Biofilms growing in carbonate environments and cavities with limited to no detrital and
siliciclastic sedimentation are likely able to create increasingly complex water channel
morphologies that exhibit near-isotropic anastomosis such as those shown in vermiform
geometries of the CM. It has been shown, for example, that modern microbial mats reduce their
morphological complexity during times of increased mud deposition (Mackey et al., 2017), and
the majority of vermiform geometries reported from the rock record were deposited in carbonate
environments with little to no detrital input (Neuweiler, et al., 2023), potentially allowing for the
development of increasingly complex biofilm channel microstructures.

One advantage of being able to observe the larger, mesoscopic architecture of the
dendrolites in the CM, is that a larger-scale (~150 um diameter), tubular architecture displaying
anastomosis and circular cross-sections is revealed (Figures 3b-d). These larger-scale inter-
dendrolite fenestrae that emerge at the interface between dendrolite branches, may represent a
larger biofilm channel architecture that has yet to be described in modern laboratory-grown
biofilms, but is likely prevalent in natural aquatic substrates and possibly preserved in the
geologic record under the right geochemical and environmental conditions.

5.3 A taphonomic model for vermiform microstructure

The preservation of delicate tubular water channels within microbial biofilms necessitates
a taphonomic model that accounts for the creation of two distinct textures (micrite and adjacent
tubular microspar). We propose the micritic regions of vermiform geometries represent a
micrite-precipitating community of microbes in a dense EPS matrix (Decho et al., 2005; Dupraz

& Visscher, 2005; Dupraz et al., 2013), supported by the presence of possible microfossils
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(Figures 4 and Ibarra et al., 2014), while the tubular bifurcating microspar represents the early
(and likely syngenetic) precipitation of microspar cements within biofilm water channels or EPS-
poor regions within the microbial structure (Figures 9a-c). In this model, the water channels
transport and host supersaturated fluids with respect to calcite that ultimately precipitate sparry
cements within them (Figure 9d), thus cementing and preserving the vermiform geometries
(Figure 9e). Alternatively, scenarios may exist where the EPS portion of the biofilm becomes
lithified, while the EPS-poor regions and water channels remain uncemented, but preserved as
porous tubular cavities (Figure 9c¢'). Upon return to supersaturated fluids, the tubular cavities can
become cemented by pore-occluding sparry cements (Figure 9d).

Observations from Recent coated grains collected from cold spring carbonate
environments in the Spring Mountains of Nevada show the creation of similar vermiform
geometries preserved as tubular porosity along laminar bands of freshwater carbonate oncoids
(Figure 10a-1). The texture created by the tubular shapes of the pores along the laminar bands of
the oncoids is known as Spongiostromate in the microbialite literature (Fliigel, 2004), and is
described as a very variable micritic, spongious, vermicular, fenestral, and peloidal texture
(Giirich, 1906). Spongiostromate oncoids were common in Proterozoic marine platform settings
(Fliigel, 2004). Although the original description of Spongiostromate was used to describe a
porous microbial texture (Giirich, 1906), the resemblance of Spongiostromate microstructure to
vermiform microstructure led to the recent sponge interpretation of the Mississippian
Spongiostroma fossils (Lee & Riding, 2022). In fact, observations from Recent freshwater
oncoids, which bear strong textural resemblance to their Proterozoic counterparts, reveal an
important taphonomic step that is not always discernible in the study of ancient microbialites.

The porous network present in the Recent oncoids from Figure 10 suggest that the creation of
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vermiform microstructure may involve a sequence of events that include (1) lithification of
microbial EPS, followed by (2) the pore-occlusion of tubular cavities that may represent former
intra-biofilm water channels or intra-biofilm EPS-poor regions (Figure 10). Estimates of tubule
diameters do not show a statistically significant difference between L1 and D1 tubules in the CM
microbialites and tubule pores in freshwater oncoids (Figure 10j and Figure S5), lending support
for a similar origin for the tubule microstructures. In contrast, measurements of minimum tubule
diameters for known spiculate sponges with a ‘sponge mummy’ morphology and rectilinear
sparitic microstructures reported in Neuweiler et al., 2023 show a statistically significant
difference (p<0.0001) to tubule diameter values in the CM microbialites (Figure S6 and Table
S3). The combination of (1) a sponge mummy mesostructure with (2) a distinct rectilinear
sparitic microfabric, and (3) larger tubule diameters than those typically reported for vermiform
microstructure, highlight important differences between accepted ‘sponge mummies’ (Neuweiler
et al., 2023) and the observations presented herein for Recent oncoids, the CM microbialites, and
unlithified biofilm channels.

In the CM microbialites, it is unlikely that the microbialites experienced subaerial
exposure that resulted in open cavities (Figure 9¢') as in the Recent oncoid grains, but rather the
microsparitic tubules were likely lithified nearly synchronously with the lithification of the
biofilm under anomalously high carbonate supersaturation. Evidence for early lithification is
demonstrated by the fully cemented vermiform network and surrounding micrite in what we
interpret to be a microbial detachment structure (see Figure 10 in Stewart, 2012) that was
sufficiently cemented in situ at the seafloor to maintain rigidity and preserve its microsparitic
network together with its micritic rounded border and internal circular cross section of the larger-

scale (~150 microns) microbial branching (Figures Se-f). The syngenetic precipitation of crystals
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in the biomass surrounding the tubular water channels is required for preservation of the two
textures (micrite and microspar) in the CM microbialites. Studies have shown that EPS solutions
produce smaller and more abundant CaCOs crystals compared to EPS-poor regions (Martinho De
Brito et al., 2023), providing experimental context for the change in grain size from micrite to
progressively more sparitic in the direction of a tubule or a pore. This taphonomic model of early
cementation associated with carbonates that form in waters with anomalously high carbonate
supersaturation or under evaporative conditions that lithify at or near the sediment water
interface before compaction is well-recognized in the creation of fenestral fabrics (Choquette &
Pray, 1970).

Fenestra are defined as spaces that have no apparent support in the framework of primary
grains composing the sediment (Tebbutt et al., 1965), as is typical of vermiform microstructure.
We consequently regard vermiform microstructure as a type of fenestral fabric (sensu Tebbutt et
al., 1965) representing a cement-filled primary void that is fabric selective. The highly variable
vermiform geometries observed in the CM microbialites suggest that (1) there are likely intrinsic
(e.g., microbial community composition) and extrinsic (e.g., environmental) controls on the
creation of tubule geometries, (2) tubule preservation is largely dependent on the rates of
calcification and (3) not all features represent water channels sensu stricto, but rather could
simply represent EPS-poor or microbial-poor regions of the biofilm structure. While vermiform
microstructure has been possibly attributed to fenestral fabrics (Neuweiler et al., 2023), the
distinct, principal hypothesis of this study is the attribution of the tubular anastomosing
geometries of variable morphologies that exhibit nearly uniform diameters (Figure 1) to biofilm
channels described in modern experiments. The extreme diameter uniformity in tubule 3D

architecture with distinct circular cross-sections that typify some of the diagnostic examples of
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vermiform microstructure from the rock record (e.g., Park et al., 2015), likely represent an end-
member of tubule morphology that is preserved under unique geochemical conditions.
Deviations from diameter uniformity and 3D branching, likely represent biofilm pores or other
microbial-poor regions of a biofilm.

The biofilm channel hypothesis for vermiform microstructure is further supported by
additional observations in the CM microbialites. For example, the basal laminated layer of the
CM contains evidence of restriction in the form of calcite pseudomorphs after gypsum (Ibarra et
al., 2014), indicating evidence of hypersalinity. The occurrence of vermiform microstructure
from shallow environments suggests the vermiform fabric could be a response to limited nutrient
availability or a response to shallow water conditions. Biofilm channel formation increases
permeability within hydrated biofilms (Costerton et al.,1994), suggesting that microtubule
formation may represent a structural response for a need to increase water flow to the internal
regions of a living biofilm, giving the tubules a similar function to the vascular system of plants
and animals (Penesyan et al., 2021). In turn, the delivery of seawater and solutes enhances the
preservation potential of the channel’s (tubule) morphology via delivery of carbonate ions that
precipitate synsedimentary cements within them.

A remaining limitation in comparing non lithified biofilms to microbialite rock textures is
the uncertainty surrounding the effects of lithification on biofilm structural integrity. While
biofilms can create 3D tubule networks (Figure 8), lithification of the biofilm must happen early
enough (before burial) for the preservation of delicate tubule structures. Calcite precipitation
within hollow tubule networks (e.g., Figure 9d) has yet to be demonstrated in a laboratory or
natural setting, making it difficult to evaluate the extent to which pore occluding cements may

alter tubule morphology.
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6 GEOLOGIC SIGNIFICANCE

Nearly all reported examples of vermiform microstructure attributed to keratose sponges
occur within or are associated with microbialites—structures composed of lithified biofilms
(Burne & Moore, 1987)—thus lending support for a biofilm channel origin for vermiform
microstructure. The biofilm channel hypothesis for the creation of vermiform microstructure
based on experimental data can help explain several of its enigmatic features including its (1)
taphonomy, (2) temporal distribution, and (3) range of tubule diameters observed.

(1) The uniform taphonomic mode of preservation for vermiform fabric (i.e.,
microsparitic tubules in a matrix of micrite) likely results from the cementation of open biofilm
channels (tubules) after lithification of the EPS portion of the biofilm, which is a similar process
to the precipitation of synsedimentary cements that fill fenestral textures (Figures 2d-e).
Similarly delicate metabolic gas bubbles within biofilms have been shown to leave a
morphologic record in ancient stromatolites and are often preserved as microspar-filled fenestrae
(Bosak et al., 2009). While bubble formation is a distinct process from the hypothesized creation
of tubular channels described herein, bubbles are also seemingly delicate structures that are
preserved nonetheless under the right geochemical conditions. It is likely that water-filled
anastomosing channels observed in modern biofilms can preserve a morphologic record of
tubular geometries if the microbial community develops in aquatic environments with
anomalously high supersaturation with respect to calcium carbonate to promote rapid
lithification.

(2) Accordingly, there is a preponderance of vermiform microstructure reports in
microbialites that formed during times of anomalously high seawater carbonate saturation. These

time periods include, but are not limited to, the Neoproterozoic (Turner, 2021), the Cambro-
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Ordovician (Lee and Riding, 2021), Cambrian (Lee et al., 2014), Triassic (Pei et al., 2021; Wu et
al., 2022), and during the aftermath of the end-Permian (Heindel et al., 2018; Baud et al., 2021),
providing a temporal and geochemical mechanism for the preservation of delicate biofilm
microstructures. Many of the examples listed also occur adjacent to and in the interstices of
calcium carbonate crystal fans (Friesenbichler et al., 2018; Baud et al., 2021), which represent
hallmarks of anomalously high carbonate supersaturation (Grotzinger & Knoll, 1995; Woods et
al., 1999). Thus far, channel networks and lithified biofilm microstructures have been attributed
to micritic veneers lining carbonates from cryptic habitats (Riding, 2002), and here we suggest
that lithified biofilm channel networks may be more common than previously considered.

(3) The interpretation of vermiform fabric as biofilm channels also addresses the range of
microtubule sizes observed for vermiform geometries from the same rock unit or within a single
microbialite unit (Luo and Reitner, 2016; Friesenbichler et al., 2018). Modern microbial mats
exhibit network fabrics that occur at many scales resulting in fractal-like morphologies (Kropp et
al., 1997). Similar larger geometries of 3D microstructures can be found in modern microbial
mats (Shepard & Sumner, 2010; Sim ef al., 2012), resulting from microbial mat growth in
systems limited by diffusion (Petroff et al., 2010). In the CM microbialites, we observe at least
two microstructural scales of fenestra development associated with the dendrolitic layers (inter
and intra-dendrolite spacing labeled in Figure 3). Many of the dendrolite structures also exhibit
classic mushroom shapes in vertical cross-section (Figures 4c-d and Figure 7b), which represent
the observed and modeled architecture of a mature biofilm macrocolony (Flemming and
Wingender, 2010). Recent interpretations of larger round morphologies associated with
vermiform microstructure have been attributed to sponge canals (Lee & Riding, 2022; Luo et al.,

2022), but can be more parsimoniously explained by a larger scale of biofilm fenestrae,
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demonstrated in the CM as inter-dendrolite spacing (Figure 3). The shape and size of the larger
tubular features would help explain the range of vermiform diameters seen in microbialite
deposits (Luo & Reitner, 2014, 2016; Lee & Riding, 2022). Similar fractal-like fenestral patterns
are common in other ancient microbialites such as Ordovician stromatolitic reefs (Figures 11a-
b), the Neoproterozoic Noonday Dolomite (Fraiser & Corsetti, 2003) (Figures 11c-d), as well as
in modern dendrolitic cones in hot spring settings (Bradley et al., 2017).

The similarity in shape, size, and distribution of microspar-filled tubules in a micritic
matrix within a microbialite unit shared with channel geometries in extant microbial biofilms
indicates the vermiform microstructure can be created in the absence of sponges. Microbial
communities produce 3D channel networks that could potentially be preserved in the geologic
record as anastomosing tubular microstructures. If the biofilm channel hypothesis for vermiform
microstructure is correct, it would allow for a unique understanding of mature 3D biofilm
architecture that extends to at least the Neoproterozoic (Turner, 2021) which is often difficult to
resolve in modern biofilm analyses (Yan ef al., 2016). As sampling and imaging techniques on
living natural aquatic biofilms improve, modern observations will help reveal the significance of
the variable vermiform geometries observed in the rock record. We do not suggest that all reports
of sponge body fossils that contain a tubular texture represent microbial features. For example,
exceptionally preserved chitin in a sponge fossil from the Burgess Shale preserves features
attributed to a keratosan sponge that scales with the shape of the skeletal sponge body fossil
(Walcott, 1920; Ehrlich et al., 2013). Instead, our analyses provide sufficient evidence for a need
to reevaluate the keratose sponge interpretation for vermiform microstructure in carbonate
microbialites and in turn may reveal a new opportunity to explore the significance of biofilm

channel networks at different scales of biofilm development in ancient carbonates.
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7 CONCLUSION
We describe a wide array of vermiform geometries in the Upper Triassic Cotham Marble
microbialites. The vermiform geometries are comparable and nearly identical to many examples
of vermiform geometries from Phanerozoic and Neoproterozoic microbialites that have been
interpreted as keratose sponge body fossils. Observations of microfossil distribution, lateral
continuity, and flat-pebble facies, are all evidence against the presence of sponges in the CM
microbialites. Comparison of modern biofilm channels with vermiform geometries in the CM
microbialites and Recent freshwater oncoids suggest a similar origin. We hypothesize the
vermiform microstructure is a morphologic record of cemented intra-biofilm water channels in
ancient microbial deposits that grew in seawater with anomalously high carbonate
supersaturation.
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FIGURE CAPTIONS

FIGURE 1. Comparison of vermiform microstructure from the rock record to microstructures in

the Cotham Marble microbialites. (a) Madiganites mawsoni from Walter (1972) considered a

type of vermiform laminar architecture (Grey & Awramik, 2020). (b) Bifurcating, microsparry,

tubular geometries from the basal laminated layer (L1 in Ibarra et al., 2014) of the Cotham

Marble microbialites. (c¢) Close-up of microspar-cemented microtubular fabric in a micritic

matrix from the Cotham Marble. (d-e) Tubular microstructure from the basal laminated layer

(L1) in samples from Bristol. (f) Vermiform geometries in Cambrian Cryptozoon stromatolites

(Lee and Riding, 2021b); note resemblance in size as well as microstructure texture and fabric to

(d). (g) Vermiform geometries in Upper Cambrian maze-like reefs interpreted as a sponge (‘S’)

texture (Lee et al., 2014); note resemblance in size and tubule microstructure texture and fabric

to (e). (h-1) Microtubular structures in the dendrolitic phases of the Cotham Marble from Bristol
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(h) and Stowey Quarry (i) that occur in the interdendrolite region (h), and within the dendrolites
(1). (j) Vermiform microstructure in Upper Ordovician micritic limestones (Park et al., 2015)
with arrow denoting similar branching morphologies to arrow in (h). (k) Vermiform
microstructure from Neoproterozoic reefs (Turner, 2021); compare to microstructure fabric,
texture and size in (i) with tubules denoted with arrows.

FIGURE 2. Comparison of sparry microtubular geometries in the Cotham Marble microbialites
to adjacent synsedimentary cements. (a) Thin-section, high-resolution scan of the laminated layer
L1 from Bristol. (b) Micritic tuft and associated laminoid fenestra. (¢) Vermiform
microstructure. (d) Laminoid fenestra. (¢) Fenestra associated with the tops of micritic tufted
cones. (f) Close-up of vermiform microstructure in (c). (g) Detail of vermiform microstructure.
Note the similarity in calcite cement fill between (d), (e), and (g) suggesting all were once open
cavities that fill with synsedimentary cement.

FIGURE 3. Polished high-resolution scans denoting two scales of tubular geometries in the
dendrolitic layers of the Cotham Marble microbialites. (a) Vertically-oriented dendrolitic
mesostructure (cm-scale) denoting the dendrolites “d” and inter-dendrolite regions “f”. (b)
Horizontal cross-section of a polished sample through the dendrolitic region denoting the inter-
dendrolite spacing of uniform diameter with arrows. (c-d) Oblique cross-section of the
dendrolites revealing inter-dendrolite regions with tubular branching and circular cross-sections.
(e-h) Mesostructure to microstructure detail of microtubular geometries labeled ‘intra-dendrolite
fenestra’ present within the dendrolites (arrows in f and h). Samples a-d are from Manor Farm
and samples e-h are from Bristol.

FIGURE 4. Thin-section photomicrographs of intra-dendrolite vermiform microstructure in a

sample from Stowey Quarry. (a) Submillimeter-scale branching morphology of a dendrolite. (b)
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Vermiform microstructures within the dendrolitic fabric are the bright, microsparitic tubular
structures and the opaque dark features in the dark micritic regions are pyrite-coated possible
microfossils (Ibarra et al., 2014). (¢) Dendrolitic micritic protrusions that contain vermiform
microstructure (vm) with anastomosing tubules of uniform diameter (d) higher resolution image
of (c). (e-f) Vermiform geometries displaying somewhat of a 3D stitch pattern with distinct
circular cross-sections (arrows) in a micritic matrix that are restricted to the dendrolitic regions.
(g) Histogram of minimum tubule diameters (in microns) measured for facies L1 and D1 of the
CM microbialites and inter-dendrolite fenestra of CM microbialites (Appendix S1).

FIGURE 5. Examples of rare vermiform microstructure (vm) in the inter-dendrolite fill in
samples from Bristol (a-d) and Manor Farm (e-f). (a) Thin-section photomosaic of dendrolite
phase D1 overlain by micritic laminae above. (b-d) Detail of (a) denoting with arrows the inter-
dendrolite micrite and its associated vm; note the presence of a ‘bridge’ structure (sensu Marenco
et al., 2002; Corsetti and Grotzinger, 2005) connecting adjacent dendrolite ‘branches’ and clear
circular tubule cross-sections denoted with arrows in the lower part of (d). (e-f) A detached
dendrolite ‘branch’ deposited in the inter-dendrolite fill; the arrows in (f) denote a sharp
boundary with the surrounding matrix and the arrows inside the dendrolite point to a larger-scale
rounded morphology.

FIGURE 6. Fine-scale lateral continuity of vermiform geometries across microbialite samples
from three locations (a) Bristol, (b) Manor Farm Quarry, (c) Stowey Quarry, representing a
minimum distance of at least ~20 km between sample sites (Ibarra et al., 2014; Ibarra and
Corsetti, 2016). All photomicrographs were taken using a white card; vm=vermiform

microstructure, d=dendrolite.
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FIGURE 7. Flat-pebble conglomerate facies. (a) Polished high-resolution scan of flat-pebble “p”
conglomerate facies from the Bristol Museum and Art Gallery (labeled ‘Crazy’ Cotham Marble,
Specimen number CB 4144 B), arrows denote mm-scale micritic protrusions around the flat-
pebble clasts. (b-c) Thin section photomicrograph cross-section of a flat pebble “p” from Lower
Woods showing millimeter-scale micritic protrusions, the arrows in (¢) denote a larger-scale
tubule structure similar to those in Figures 4b-d. (d-e) Photomicrographs denoting detail in (b)
that contain anastomosing, microsparitic tubular geometries separated by micritic regions. (f-g)
Detail from (b) and (c) denoting with arrows the variable geometric patterns within the micritic
protrusions.

FIGURE 8. Comparison of vermiform geometries to examples from modern biofilm channels.
(a-c) Examples of tubular microstructure from the CM demonstrating similar morphologies to
modern biofilm water channels (a') Wilking et al., 2013, (b") (Geisel et al., 2022), and (c'")
Wilking et al., 2013. Channel morphologies in (a') and (c') are highlighted with an aqueous
fluorescent green dye imaged using confocal microscopy. (b') is a phase contrast image of a
Pseudomonas aeruginosa biofilm where the development of hollow channels (pictured) are
shown to increase the effective volume occupied by the biofilm (Geisel et al., 2022). (d-f) Pore
water (d), biofilm (e), and (f) biofilm superimposed 2D relationships between the pore water and
biofilm of a partitioned 3D biofilm sediment aggregate from Zhang et al., 2018. Note the tubular,
branching geometries and circular cross-sections of the pore water. (g) Interpretation of sparitic
and micritic regions of the Cotham Marble as lithified water channels and biofilm.

FIGURE 9. A conceptual model of vermiform microstructure paragenesis. (a) Mesostructure of a
living aquatic biofilm. (b) Detail of (a) where laminar and/or dendrolitic biofilms are composed

of an EPS-enclosed microbial community with hydrated EPS-poor regions and anastomosing
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water channels. (b) EPS-rich regions of the biofilm are preferentially lithified by a micrite-
precipitating microbial community leaving water-filled, tubular interstices between the lithified
micritic regions. (¢') If the partially-lithified biofilm is subaerially exposed, tubular pore space
can result. (d) Microsparitic, pore-occluding cements fill the tubular interstices, creating a grain
size contrast between the microsparitic tubules and the EPS-associated micrite. (¢) Resulting
vermiform microstructure.

FIGURE 10. Vermiform geometries in modern, spring-associated, freshwater coated grains from
the Spring Mountains, Nevada. (a) Coated-grains in an in situ position accrete along the creek.
(b) High-resolution scan of a slabbed coated grain showing a well-laminated mesostructure. (c)
Thin section photomicrograph of a laminar microstructure containing dense micritic bands that
alternate with porous bands. (d-e) Detail of (c) showing a somewhat tubular open pore network
in a micritic matrix. (f-1) Network of hollow tubules aligned along laminar bands resembling
vermiform geometries. (j) Violin plot showing similarity of tubular pore diameters in freshwater
oncoids to L1 and D1 vermiform microstructure tubule diameters in CM microbialites.
PPL=plane polarized light, XPL= cross-polarized light.

FIGURE 11. Larger-scale fenestral patterns in microbialites from the rock record. (a)
Stromatolitic reefs from the Ordovician denoting larger-scale fenestral pattens in a thin-section
photomicrograph (b). (c¢) Noonday Dolomite photomicrograph of micritic shrub facies (c) and
outcrop photo (d) from (Fraiser & Corsetti, 2003) with comparison to larger-scale fenestral

patterns to (b).
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