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Abstract

Vase-shaped microfossils (VSMs) are found globally in middle Neoproterozoic (800-
730Ma) marine strata and represent the earliest evidence for testate (shell-forming)
amoebozoans. VSM tests are hypothesized to have been originally organic in life but
are most commonly preserved as secondary mineralized casts and molds. A few re-
ports, however, suggest possible organic preservation. Here, we test the hypothesis
that VSMs from shales of the lower Walcott Member of the Chuar Group, Grand
Canyon, Arizona, contain original organic material, as reported by B. Bloeser in her
pioneering studies of Chuar VSMs. We identified VSMs from two thin section samples
of Walcott Member black shales in transmitted light microscopy and used scanning
electron microscopy to image VSMs. Carbonaceous material is found within the inter-
nal cavity of all VSM tests from both samples and is interpreted as bitumen mobilized
from Walcott shales likely during the Cretaceous. Energy dispersive X-ray spectros-
copy (EDS) and wavelength dispersive X-ray spectroscopy (WDS) reveal that VSM
test walls contain mostly carbon, iron, and sulfur, while silica is present only in the
surrounding matrix. Raman spectroscopy was used to compare the thermal maturity
of carbonaceous material within the samples and indicated the presence of pyrite and
jarosite within fossil material. X-ray absorption spectroscopy revealed the presence of
reduced organic sulfur species within the carbonaceous test walls, the carbonaceous
material found within test cavities, and in the sedimentary matrix, suggesting that
organic matter sulfurization occurred within the Walcott shales. Our suite of spec-
troscopic analyses reveals that Walcott VSM test walls are organic and sometimes
secondarily pyritized (with the pyrite variably oxidized to jarosite). Both preservation
modes can occur at a millimeter spatial scale within sample material, and at times even
within a single specimen. We propose that sulfurization within the Walcott Shales
promoted organic preservation, and furthermore, the ratio of iron to labile VSM or-
ganic material controlled the extent of pyrite replacement. Based on our evidence,
we conclude that the VSMs are preserved with original organic test material, and
speculate that organic VSMs may often go unrecognized, given their light-colored,

translucent appearance in transmitted light.
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1 | INTRODUCTION

Vase-shaped microfossils (VSMs) are early eukaryotic microfossils
found in often exceptional abundances in late Tonian (800-730Ma)
marine strata around the world. They occur as typically flask-shaped
or hemispherical tests, ~40 to 300um in length, and are inter-
preted as the oldest fossil evidence for arcellinids, a modern group
of testate (shell-forming) amoebozoans that are common today in
freshwater habitats, including soils and mosses (Lahr et al., 2019;
Meisterfeld, 2000; Porter et al., 2003; Porter & Knoll, 2000; Porter
& Riedman, 2019). (A euglyphid [rhizarian] affinity, suggested by
Porter and Knoll [2000] and Porter et al. [2003] for some VSM spe-
cies, seems unlikely given the much younger molecular clock es-
timates for the origin of that group [Berney & Pawlowski, 2006].)
VSMs are found in a variety of rock types, including shales, bedded
carbonates—both silicified and non-silicified—and carbonate and
phosphate nodules, and are preserved in a variety of ways, including
siliceous (Cohen et al., 2017; Fairchild et al., 1978; Green et al., 1988;
Knoll et al., 1991; Knoll & Calder, 1983; Morais et al., 2017; Porter
& Knoll, 2000; Saito et al., 1988; Sergeev & Schopf, 2010; Strauss
et al., 2014), calcareous (Binda & Bokhari, 1980; Cohen et al., 2017;
Knoll & Calder, 1983; Strauss et al., 2014), phosphatic (Marti Mus &
Moczydtowska, 2000), pyritic or iron oxide (Marti Mus et al., 2020;
Morais et al., 2021; Riedman et al., 2018) casts, sometimes with py-
rite internal molds (Kraskov, 1985; Marti Mus et al., 2020; Riedman
et al., 2018), coatings of pyrite, iron oxide, or organic residue (Binda
& Bokhari, 1980; Green et al., 1988; Porter & Knoll, 2000; Strauss
et al., 2014) or clay mineralization (Cohen et al., 2017; Marti Mus &
Moczydtowska, 2000). Given the variety of taphonomic pathways
observed, workers have hypothesized that VSM test material was
originally organic (e.g., Bloeser, 1985; Porter & Knoll, 2000; Porter
et al., 2003; though see Morais et al., 2017), which is consistent
with ancestral state reconstructions of arcellinid test composition
(Lahr et al., 2019; Porter & Riedman, 2019). While there are reports
of VSMs preserved with organic test walls (Bloeser, 1985; Cohen
etal., 2017; Horodyski, 1993; Knoll et al., 1991; Knoll & Calder, 1983;
Morais et al., 2017; Riedman et al., 2018; Vidal, 1979), only those by
Morais et al. (2017) and Cohen et al. (2017) have been confirmed
through compositional analyses.

Here, we report the results of a restudy of VSMs from shales of
the lower Walcott Member, Chuar Group, that were originally stud-
ied by Bloeser (1985). She interpreted the VSMs to be preserved
with their original organic walls, based on electron probe microanal-
ysis showing the presence of carbon in the wall. However, Porter
and Knoll (2000) instead suggested these were siliceous casts that
were coated internally and externally with organic residue, consis-
tent with the translucent appearance of the wall under transmitted
light (Figure 1b; see also Figure 3j,k). We confirm here that Bloeser's

specimens are in fact preserved with their original organic walls.
We propose that these VSMs were preserved as a result of sulfur-
ization of the organic test material in sulfide-rich (i.e., euxinic) and
iron-poor conditions, which is in contrast to ideal conditions for
organic-walled microfossil (OWM) preservation (Nagy et al., 2009;
Woltz et al., 2021). Thus, organic VSMs may require a different ta-
phonomic window and target rock type (high vs. low total organic
carbon content) than OWMs.

2 | GEOLOGIC SETTING

The Chuar Group is a ~2000m thick succession of siltstone and mud-
stone interbedded with sandstone and dolomite (Dehler et al., 2001,
2017; Ford & Breed, 1973) deposited in an extensional cratonic basin
formed during the rifting of Rodinia (Karlstrom et al., 2000; Timmons
et al., 2001, 2005). Exceptionally well-preserved Chuar Group strata
are exposed along the western bank of the Colorado River in a 150-
km? area of the eastern Grand Canyon, Arizona (Figure 2a). The unitis
disconformably overlain by the Cambrian-aged Sixtymile Formation
(Dehler et al., 2017; Ford & Breed, 1973; Karlstrom et al., 2018),
and unconformably overlies the Mesoproterozoic Unkar Group.
The Chuar Basin is believed to have formed in an epeiric sea in con-
junction with the Pahrump Group basin, California, and the Uinta
Mountain Group basin, Utah (Dehler et al., 2017). Paleomagnetic
data from the upper Galeros Formation and the Kwagunt Formation
indicate deposition in tropical latitudes (Eyster et al., 2020; Weil
et al,, 2004)

2.1 | Lithology and paleoenvironment

The Chuar Group is divided in ascending order into the Nankoweap,
Galeros, and Kwagunt formations (Figure 2b; Dehler et al., 2017; Ford
& Breed, 1973), the last of which contains VSM-bearing rocks. The
Nankoweap Formation consists of clast-supported conglomerates,
containing clasts of basalt and silica-filled amygdules with red and pink
sandstone debris, which are overlain by medium- to coarse-grain sand-
stones interbedded with siltstones and shales (Dehler et al., 2017; Van
Gundy, 1951). The Galeros Formation comprises, inascending order, the
Tanner, Jupiter, Carbon Canyon, and Duppa members and is a series of
meter-scale cycles of mudrocks, siltstones, and sandstones, frequently
capped by dolomite beds (Dehler et al., 2001; Ford & Breed, 1973).
Dolomite is prominent in the Tanner and Jupiter Members, both of
which are defined by thick (meter-scale) basal (stromatolitic in the case
of the Jupiter Member) dolostone beds, and in the Carbon Canyon
Member, which contains stromatolite bioherms. Shales in the Galeros
Formation typically display a wide range of colors including grey,
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FIGURE 1 Preservation modes of Chuar Group vase-shaped microfossils (VSMs). (a) VSMs in dolomite nodules from the upper Walcott
Member reported as siliceous or calcareous casts thinly coated with pyrite or iron oxide. (b) VSM from a shale sample collected by Bruce
Runnegar near the same site from which Bloeser's (1985) material came, interpreted by Porter and Knoll (2000; figure 7C), possibly
erroneously, to be a siliceous cast coated both internally and externally by exogenous organic debris. (c) VSMs from the lower Walcott
Member reported by Bloeser (1985) as organically-preserved tests. (d) A VSM from upper Awatubi Member shales interpreted as a siliceous
cast, displaying an agglutinated texture (Porter & Knoll, 2000; figure 7D; Porter & Riedman, 2019). Here, we test the hypothesis that VSMs
from lower Walcott Member shales are preserved as original organic tests. (a, b and d) Susannah M. Porter and Andrew H. Knoll, Testate
amoebae in the Neoproterozoic Era: Evidence from vase-shaped microfossils in the Chuar Group, Grand Canyon, Paleobiology, volume 26,
issue number 3, pages 360-386, 2000, reproduced with permission. (c) Used with permission of Society for Sedimentary Geology (SEPM)
from Melanocyrillium, a new genus of structurally complex late Proterozoic microfossils from the Kwagunt Formation (Chuar Group), Grand

Canyon, Arizona, Bonnie Bloeser, volume 59, issue number 3, 1985; permission conveyed through Copyright Clearance Center, Inc.

green, red, and purple (Ford & Breed, 1973). The Kwagunt Formation
is composed of, in ascending order, the Carbon Butte, Awatubi, and
Walcott members. The Carbon Butte Member consists primarily of
sandstone with interbedded carbonates and, locally, ironstones at
its base (Wang et al., 2022). Conspicuous stromatolitic bioherms are
found at the base of the Awatubi Member, which are followed by grey,
green, and black organic-rich siltstones and shales, some of which
contain marcasite nodules. The Walcott Member is characterized by
a basal meter-scale laminated dolomite bed (“Flakey Dolomite”, Ford
& Breed, 1973), overlain by silicified oolites, chert beds, black shales,
and in the upper Walcott, a pair of meter-scale dolomite beds (upper
and lower dolomite couplet, Dehler et al., 2001) and early diagenetic
dolomite nodules up to 1 m in diameter (Dehler et al., 2001, 2017; Ford
& Breed, 1973; Porter & Knoll, 2000).

The varying facies of the Chuar Group record fluctuations in sea
level, from intertidal or supratidal to subtidal paleoenvironments
(Dehler et al., 2001). Some facies include features consistent with in-
termittent desiccation, such as exposure surfaces and red beds, along
with evidence in the Carbon Canyon Member for an anomalously high
radiogenic Osmium signal, indicative of a relatively high flux of con-
tinental derived materials, consistent with deposition in a restricted
basin (Dehler et al.,2001; Rooney et al., 2018). Itis likely, however, that
the Chuar Basin maintained some marine connection for the majority

of its deposition, given the presence of OWMs found elsewhere in
marine assemblages (Porter & Knoll, 2000; Porter & Riedman, 2016;
Vidal & Ford, 1985) and-especially in upper Chuar rocks-the high py-
rite content (Ford & Breed, 1973; Porter & Knoll, 2000); marine set-
tings, unlike lacustrine settings which are typically sulfate depleted
(Berner & Raiswell, 1983), tend to have high concentrations of iron
sulfides. The upper Awatubi Member and Walcott Member record
higher amplitude sea-level changes and contain the deepest water
(sub-storm wave-base) facies. Ferruginous conditions were preva-
lent throughout the majority of Chuar deposition, with evidence of
euxinic conditions during Walcott time (Johnston et al., 2010). New
iron isotopic data from the Chuar Group provides a direct constraint
on atmospheric oxygen during deposition of the upper Duppa and
lower Carbon Butte members and suggests that shallow waters of the

Chuar Basin were oxygen-rich (Wang et al., 2022).

2.2 | Age

The Nankoweap Formation is constrained to be <782Ma based on
U-Pb dating of detrital zircons from basal beds (Dehler et al., 2017).
Re-Os ages from organic-rich carbonates within the upper
Galeros Formation and marcasite nodules from the lower Kwagunt
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FIGURE 2 Locality and stratigraphic column. (a) Geologic map of the Chuar Group, northeastern Grand Canyon (modified from Timmons
et al., 2001). NB, Nankoweap Butte. Vase-shaped microfossils are found in the Walcott Member (brown) and the Awatubi Member (peach).
Shale samples for this study were from three localities on and around Nankoweap Butte, at 36°15'50”N and 111°53'22"W (Bloeser, 1985).
(b) Stratigraphic section of the Chuar Group, Grand Canyon, Arizona. Redrawn from Dehler et al. (2017). Ages: 1 - Rooney et al. (2018); 2 -
Dehler et al. (2017). CA-ID-TIMS, chemical abrasion-isotope dilution-thermal ionization mass spectrometry.

Formation reveal ages of 757.0+ 6.8 and 751.0+ 7.6 Ma, respectively
(Rooney et al., 2018). The top of the Walcott Member is dated at
729.0+0.9 Ma from a U-Pb chemical abrasion-isotope dilution-
thermal ionization mass spectrometry (CA-ID-TIMS) age from zircons
recovered from a tuff (Rooney et al., 2018). Thus, the Chuar Group
age is well constrained between 729 and 782Ma, and furthermore
the VSM-bearing Walcott Member is between 751 and 729 Ma.

2.3 | Fossil occurrences

The Duppa, Carbon Canyon, Jupiter, and Tanner members of the
Chuar Group contains organic-walled microfossils, including fila-
ments, colonial forms, and both smooth-walled and ornamented
vesicles (Horodyski, 1993; Horodyski & Bloeser, 1983; Porter
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FIGURE 3 Transmitted light photomicrographs of Walcott Shale vase-shaped microfossils (VSMs). VSMs are preserved from sample

CS2 as original organic tests (a-h) and from sample CS3 as original organic tests (i-k) and partial or complete pyrite and/or jarosite casts
(I-p). Arrow tips point to test walls. All VSMs are infilled with an opaque material which we interpret as bitumen and refer to as exogenous
carbonaceous material (ECM) (see text). Note the light, translucent color of VSM walls (between white arrows), distinct from the opaque/
black color of the ECM. In sample CS2, ECM exhibits a web-like pattern which is likely the result of flowing around and through a siliceous
internal mold. In sample CS3, ECM appears to have filled tests and subsequently shrunk and cracked, often retaining the overall test
morphology. a, b, d-h, j-m, o, p, unidentified species; c, Bonniea dacruchares; i, n, Cycliocyrillium torquata. a, (CS2.1A; S-38/2). b, (CS2.1A;
K-51/4). ¢, (CS2.1A; Q-66/2). d, (CS2.1A; O-52/4). e, (CS2.1A; X-59/3). f, (CS2.1A; G-49/3). g, (CS2.1A; K-51/3). h, (CS2.1A; Y-60). i, (CS3.1; K-
51/1).j,(CS3.1; Q-54/4). k, (CS3.1; S-56/2). 1, (CS3.1; V-53/3). m, (CS3.1; T-55). n, (CS3.1; U-56/1). o, (CS3.1; Q-42/3). p, (CS3.1; L-45/4). Scale

bar = 20pm.

& Riedman, 2016; Schopf et al., 1973; Vidal & Ford, 1985). In ad-
dition to body fossils, stromatolites (Dehler et al., 2001; Ford &
Breed, 1973), and biomarkers (Brocks et al., 2016; Summons
et al., 1988; Zumberge et al., 2019) are reported. VSMs, which co-
occur with the macroscopic organic-walled fossil Chuaria (Ford
& Breed, 1973; Walcott, 1899) and phosphatic scale microfossils
(Riedman et al., 2021), are found only in the Walcott and Awatubi
members.

Vase-shaped microfossils first appear in the Kwagunt Formation
in upper Awatubi Member shales and are reported as carbonaceous
tests and siliceous, possibly agglutinated, casts (Horodyski, 1993;
Porter & Knoll, 2000). In the lower Walcott Member, VSMs are re-
ported as carbonaceous tests in shales and as mineralized tests in
silicified carbonates (Bloeser et al., 1977; Bloeser, 1985; Porter &
Knoll, 2000). In the upper Walcott Member, VSMs are found in dolo-
mite nodules within uppermost Walcott shales in great numbers (up

to 4000/mm°) and are reported as siliceous and calcareous casts and
molds, sometimes coated with pyrite or iron oxide (Figure 1a; Morais
et al.,, 2019; Porter & Knoll, 2000; Porter et al., 2003). Whether the
carbonaceous VSMs reported from the lower Walcott Shales repre-
sent primary organic material has yet to be determined conclusively

and is therefore the motivation for this study.

3 | MATERIALS AND METHODS

VSMs were identified in polished thin sections cut perpendicular
to bedding from two shale samples (Chuar Shale 2 and Chuar Shale
3 as denoted by B. Bloeser) from the lower Walcott Member, using
a Zeiss Axioskop 40 transmitted light microscope. Shale samples-
collected by R. Horodyski in the 1970s and given to B. Bloeser-
are from three localities (A-C) at 36°15'50”N and 111°53'22"W
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(Bloeser, 1985; Bloeser et al., 1977). Locality A occurs ~3 m below
the lowermost pisolite bed and above the basal ‘flaky’ dolomite
bed. Locality B and C are located about 450 m apart from one an-
other on the northeast flank of Nankoweap Butte, 1 m below a
bed of black chert (see Figure 2b; Bloeser, 1985; figure 1). We do
not have records of which shale sample came from which local-
ity. Thin sections and shale samples are in the collections of S.
Porter at UCSB. Thin sections are labeled CS2 and CS3, denoting
samples Chuar Shale 2 or Chuar Shale 3, with additional number-
ing (.1, .2, .3) and lettering (A, B) for the purpose of organization;
thin sections and England Finder coordinates are noted in paren-
theses in the figure captions, with slide labels oriented on the left
side, opposite the fixed corner. If possible, VSMs were identified
to genus and species level and such identifications are specified in
the figure captions.

For VSM imaging, thin sections were sputter-coated with a ~3
to 5 nm-thick layer of gold-palladium alloy (80:20) and analyzed
with an FEI Quanta 400F field emission source scanning electron
microscope (SEM) equipped with an INCAx-act silicon drift detec-
tor X-ray energy spectrometer at the Department of Earth Science,
University of California, Santa Barbara. The SEM was operated at a
working distance of ~10mm with accelerating voltages between 10
and 15kV and beam currents of ~0.1 to 1 nA. Secondary electron
and backscattered electron signals were acquired to image VSMs
and detect qualitative changes in sample mean atomic number (a
proxy for chemical compositional variability). Individual ‘spot/point’
X-ray spectra were gathered from sample volumes of ~1 to 2 pm3
that accumulated for ~30s to assess local chemical composition.
X-ray intensity maps were created by scanning the electron beam
across VSMs and adjacent matrix areas to assess variation in chem-
ical composition.

Elemental spatial variation within VSM tests was assessed
with a Cameca SX100 equipped with five wavelength dispersive
spectroscopy (WDS) spectrometers at the Department of Earth
Science, University of California, Santa Barbara. WDS spectrom-
eters were tuned to the wavelength corresponding to the K-alpha
characteristic X-ray emission for the elements Si, C, S, P and Fe.
Maps of raw X-ray intensity were assembled by collecting 200 ms
of data on a grid pattern with 0.5x0.5 me spacing (each map
has a different number of x-y pixels). We used 20nA of beam
current, with 15kV accelerating voltage, and a fully-focused elec-
tron beam. WDS elemental maps were processed using Imagel2
software.

The molecular structure of carbonaceous material within VSM
test walls, VSM test interiors, and matrix of Walcott Member sam-
ples was measured at the University of Cincinnati, Department of
Geology with a Horiba T64000 Raman system (Horiba Inc.) equipped
with an Olympus BX41 microscope with a 50x long working distance
objective (numerical aperture = 0.50) and 457.9 nm excitation from
a Coherent FreD 90C Ar+ laser having a spot size of ~1 um. We used
a neutral density filter to decrease the laser power to 1 mW at the
sample and processed the data using the software LabSpec (v.5;
Horiba Inc.).

The redox speciation and bonding environments of sulfur and
iron in the VSM and matrix material were analyzed at beam line 14-3
at the Stanford Synchrotron Radiation Lightsource (SSRL), which is
equipped with a Si(111) (® = 90) double crystal monochromator.
Energies were calibrated to the thiol pre-edge peak of thiosulfate
at 2472.02eV. The S Ka fluorescence line was measured with a Si
Vortex Si drift detector (Hitachi) using Xspress3 pulse processing
electronics (Quantum Detectors). The X-ray beam was focused using
an axially symmetric focusing mirror (SIGRAY) to a size of 1x 1 pm at
a flux of ~8x10'° photons per second. Fossil-bearing regions were
mapped using a step size of 1 pm2 at eight specific energies (2471.0,
2472.8, 2473.5, 2474.1, 2475.8, 2481.1, 2482.5, and 2485.0 eV) to
create elemental and chemical distribution maps. Full X-ray absorp-
tion (XAS) spectra were then collected from 2460 to 2540eV at
selected spots. Sulfur XAS spectra were processed in the SIXPACK
(Webb, 2005) software package using a K-edge EO of 2473 and pre-
edge and post-edge linear normalization ranges of -20 to -7 and
35 to 70eV, respectively. X-ray fluorescence (XRF) maps were pro-
cessed using the MicroAnalysis Toolkit (SMAK; Webb et al., 2011).
Sulfur X-ray absorption near-edge structure (XANES) fitting used
a set of five standard spectra (pyrite, glutathione disulfide, diben-
zothiophene (aromatic organic sulfur [OS]), cysteic acid/sulfonate,
and inorganic sulfate).

4 | RESULTS
4.1 | Light microscopy

VSMs identified in samples CS2 and CS3 vary in length from 44 to
132pm (mean = 78 um; SD = 20pum; N = 66) and in width from 34
to 104 pum (mean = 56um; SD = 16 um; N = 66). Test wall thickness
varies from 1.2 to 5.6 pm (mean = 2.4 pm; SD = 0.8 pm; N = 66) and
is correlated with test length (Figure S1). When considering only car-
bonaceous VSMs (see mineralogy results below), test wall thickness
varies from 1.2 to 3.3 pm (mean = 2.0 pm; SD = 0.6 pm; N = 29).
We identified Cycliocyrillium torquata (Figures 3i,n, 4e,i, 5k), Bonniea
dachruchares (Figures 3c, 4a, 6), and Bonniea sp. (Figures 4c,f,g and
5c). Cycliocyrillium sp. and Trigonocyrillium horodyskii may also be rep-
resented within the sample population, but it is difficult to distin-
guish between the two in transverse section given that they differ
only in apertural shape.

In sample CS2, test walls appear translucent in transmitted light
(Figure 3a-h) and opaque in reflective light. All VSMs possess a dark-
colored material in their test interiors (opaque in transmitted and
reflected light) which is variably opaque (compare Figure 3d vs. a).
This opaque substance appears to be connected to test walls in a
web-like fashion (Figure 3a). Additionally, a lighter-colored material
is dispersed inside the tests within this darker material.

In sample CS3, test walls appear either translucent, usually with
some mottling (Figure 3j,k) or opaque in transmitted and reflected light
(Figure 30,p). As in sample CS2, all VSMs maintain a dark-colored ma-
terial inside their tests, but this material appears opaquer and more
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Al-rich cla

FIGURE 4 Backscattered electron (BSE) images of carbonaceous vase-shaped microfossils (VSMs) from lower Walcott Member shales.
ECM, exogenous carbonaceous material; WCM, wall carbonaceous material. VSMs from samples CS2 (a-h) and CS3 (i-p). Note the presence
of ECM in all VSMs, and the test wall carbonaceous material (WCM), which is often separated by microcrystalline quart (Qtz) in sample

CS2 and Al-rich clay minerals in sample CS3. Blue and red squares indicate areas where Raman spectra was acquired (Figure 8) of ECM and
WCM, respectively. (a) Bonniea dachruchares; (CS2.1A; H-50/1). (b) A magnification of the area shown in (a). (c) Bonniea sp.; (CS2.1A; Q-66/2).
(d) (CS2.1A; S-38/2). (e) Cycliocyrillium torquata; (CS2.1B; K-55/3). (f) Bonniea sp.; (CS2.1B; R-60/3). (g) Bonniea sp.; (CS2.1B; U-55/1). (h)
(CS2.1B; T-66/4). (i) Cycliocyrillium torquata, (CS3.1; K-51/1). (j) Magnification of the region pictured in (i). (k) (CS3.3; S-49/2). () Magnification
of the region pictured in (k); (CS3.3; 5-49/2). (m) (CS3.2; Q-61/4). (n) (CS3.3; L-45/4). (o) Magnification of the region pictured in (n), (CS3.1;
Q-54/4). (p) (CS3.1; Q-54/4). Scale bar = 5 um for b, e, h, 10 pm for a, ¢, d, f, g, and 20 um in all other images.

cohesive compared to sample CS2. Moreover, this material seemingly 4.2 | Scanning electron microscopy

retains the morphology of the overall test shape and shows cracking

patterns suggestive of desiccation (Figure 3j,k,m,o0,p); these cracks are Energy dispersive X-ray spectroscopy (EDS) spot analyses in-
often filled in by a material that appears bright in transmitted light. dicate that test walls of all observed VSMs (n = 20) from sample
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FIGURE 5 Backscattered electron (BSE) images of vase-shaped microfossils (VSMs) from sample CS3 showing partial and complete
mineralization. ECM, exogenous carbonaceous material; Jar, jarosite; Py, pyrite; WCM, wall carbonaceous material. Blue and red squares
indicate areas Raman spectra was acquired (Figure 8) of ECM and WCM, respectively. Pyrite is the primary mineral that replaced WCM and
was later variably oxidized to jarosite. (a) VSM with a partially mineralized carbonaceous test wall; (CS3.3B; Q-55/2). (b) Magnification of
area specified in (a). The large black arrow points to an indentation of the mineralized wall, suggesting that replacement occurred early in
diagenesis, prior to compaction. Note the presence of platy, Al-rich clay minerals. (c) Partial cast of Bonniea sp.; (CS3.2; L-45). (d, e) partial
casts (CS3.2; E-49/4; CS3.3; M-46/1). (f) Magnification of the area specified in (e), showing a thin ECM coating on the fossil exterior. (g)
Partially mineralized VSM surrounded by a mass of ECM. This VSM was likely filled by ECM through fractures in the test walls; (CS3.2; V-
51/4). (h) Mineralized VSM in contact with a vein of ECM (CS3.2; K-56/1). (i) Partially mineralized VSM (CS3.3B; M-44/1). (j) Magnification
of area shown in (i). (k) Partially mineralized Cycliocyrillium torquata; (CS3.1; Y-40/1). (I) Magnification of region shown in (k). (m) Cast that is
likely partly coated, given its non-uniform thickness, (Figure S1) (CS3.3; M-43/3). (n) Complete cast, (CS3.1; L-45/4). Scale bar = 2 pm for b, f,

j, I; 25um for all other images.

CS2 are predominantly carbon with silicon, oxygen, and minor iron,
aluminum, sulfur, magnesium, potassium and chloride. (Table 1,
Figure S2). The matrix is enriched in aluminum, silicon, and oxygen.
The light-colored material, which occurs within and peripheral to the
opaque internal material, is likely microcrystalline quartz based on
its chemistry and morphology (Figure 4a-h).The opaque internal ma-
terial inside the VSMs is principally carbon, with minor amounts of
sulfur, aluminum and silicon.

EDS spot analyses of VSMs from sample CS3 revealed two
types of test walls. In one type (h = 10), 22% of test walls are
mostly carbon, with silicon, oxygen, aluminum, phosphorus, and
minor amounts of iron, magnesium, sodium and chloride (Table 1,
Figure S3); in the other type (n = 36), 78% of test walls are iron, sili-
con, aluminum, carbon and sulfur with potassium, phosphorus, and
chloride (Table 1, Figure S4). The outer matrix is enriched in silicon
relative to the interior of the test (Figures S3 and S4). In the test
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FIGURE 6 Wavelength dispersive
spectroscopy (WDS) elemental maps

of organically-preserved Bonniea
dachruchares from sample CS2 (a-f) and
mineralized VSM from sample CS3 (g-1).
Brightness corresponds to abundance of
element; brighter colors indicate higher
abundance, darkness indicate absence.
Note the absence of silicon in the test
walls. (a, g) Secondary electron images.
(b, h) Phosphorus. (c, i) Silicon. (d, j) Sulfur.
(e, k) Carbon. (f, 1) Iron. Scale bars are
20pm in (a-f), and 15um in (g-1). (CS2.1A;
H-50/1. CS3.2; Q-62/1).

interiors of all observed VSMs from sample CS3 (n = 46), located
around the periphery and within microfractures of the internal car-
bonaceous material is a platy, microcrystalline Al-rich material, pos-
sibly kaolinite or another Al-rich clay mineral phase (Figures S3 and
S4, Figures 4j,l,0 and 5b). VSMs can also contain isolated crystals of
microcrystalline quartz (Figures 4j and 5j). Mineralized coatings are
also identified, as at least one test wall appears anomalously thick
compared to other observed VSMs (>4um, Figure S1; Figure 5m).
BSE/SE imaging within seven specimens revealed that the internal
carbonaceous material is of two distinct forms within individual mi-
crofossils: a large central mass that is often still attached to test walls
(Figure 5a,d,e), and a thin (~0.5um), darker (in BSE) material that ap-
pears cutting across test walls and thinly coating test interiors and

exteriors (Figure 5f,j).

phosphorus

sulfur

phosphorus silicon

sulfur carbon

4.3 | Electron probe micro-analysis

The electron probe micro-analyzer was employed to gain an im-
proved understanding of the spatial distribution of silicon, carbon,
iron, sulfur, and phosphorus. Wavelength dispersive X-ray spectros-
copy (WDS) elemental maps illustrate that in sample CS2, test walls
contain carbon, sulfur, and phosphorous, and lack silicon (Figure 6a-
f). The lack of evidence for silicon from VSM test walls contradicts
our findings from EDS spot spectra and likely reflects the greater
spatial resolution of EDS relative to WDS. The internal carbonaceous
material consists primarily of carbon and sulfur: minor iron, silicon, or
phosphorus was detected by WDS. In addition, the matrix of sample
CS2 has minor concentrations of iron and phosphorus (Figures 6b,f

and 7b). In sample CS3, test walls contain carbon, iron, sulfur, and
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(o S Fe Si P Al o Mg
Organic VSM, sample CS2

Test wall X X X X X X X
ECM X X X X

Test interior X X X X X X
Matrix X X X X X X

Organic VSM, sample CS3

Test wall X X X X X X X

ECM X X X

Test interior X X X X X X

Matrix X X X X X X
Mineralized VSM, sample CS3

Test wall X X X X X X

ECM X X

Test interior X X X X X X X

Matrix X X X X X X X

TABLE 1 Summary of energy

= Na & dispersive X-ray spectroscopy (EDS) spot
analyses of vase-shaped microfossils
% (VSMs) from samples CS2 and CS3.
X X
X
X
X

Note: An ‘x’ indicates presence of an element, with blank squares indicating absence. The relative

abundances of elements are illustrated in the full spectra in Figures S2-S4.
Abbreviation: ECM, exogenous carbonaceous material found within VSMs.

phosphorus (Figure 6g-I, Figure S6é); silicon was not detected in the
test walls. As with sample CS2, the internal carbonaceous material
is made of carbon and sulfur. The matrix of sample CS3, in contrast
to sample CS2, has high levels of phosphorus (Figures S5 and S6), as

well as zones that are iron-enriched and iron-poor (Figure 7).

4.4 | Raman spectroscopy

Mineral identification and thermal maturity of carbonaceous mate-
rial within the samples was investigated using Raman spectroscopy.
The silicon-oxygen mineral in VSMs of sample CS2 is confirmed as
quartz (Figure 8) and the iron-sulfur minerals found in the walls of
VSMs of sample CS3 are pyrite and jarosite (Figure S9). The internal
carbonaceous material and test walls of both samples CS2 and CS3
show prominent D (~1350cm™) and G (~1600cm™) bands that are
similar in shape and intensity, suggesting both are composed of or-
ganic matter similar in thermal maturity, although it is not clear from
the observed spectra that the internal carbonaceous material and
test walls are composed of distinct materials. The Raman spectra of
the test walls of sample CS2 are generally noisier with higher back-
ground levels compared to the test walls of sample CS3 (Figure 8a,b,
Figures S7 and S8).

4.5 | X-ray absorption spectroscopy

X-ray absorption spectroscopy indicated that sulfur species are
present in varying oxidation states within the VSMs and the shale
matrix of sample CS3. Mineralized test walls (Figure 9a) confirm the
presence of inorganic sulfur in both oxidized (sulfate) and reduced

(pyrite, pyrrhotite) forms, as well as both oxidized (sulfonate, sulfate
esters) and reduced organic sulfur (monosulfide). Carbonaceous
test walls (Figure 9b) show both relatively oxidized (sulfoxide, sul-
fonate) and reduced (disulfide, monosulfide, aromatic) organic sul-
fur, along with inorganic sulfur (sulfate [30%] and pyrrhotite [10%]).
Sulfur speciation of the internal carbonaceous material within the
observed VSMs is similar, with more than 60% (fit 16 uncertainties
typ. +2%) reduced organic sulfur (disulfide, monosulfide, aromatic).
Carbonaceous test walls (Figure 9b, spot 14) have a broadly similar
speciation to the internal carbonaceous material, although it is dis-
tinguished by the presence of FeS (pyrrhotite, 8%) and a slightly el-
evated contribution (~12% of total S) from organic sulfonates. Sulfur
speciation of matrix material is more similar to test walls in Figure 9a
and more similar to the internal carbonaceous material in Figure 9b,
although it can be distinguished from both by increased contribu-

tions of pyrite and structural sulfates (e.g., gypsum or jarosite).

5 | DISCUSSION

5.1 | Exogenous carbonaceous material within the
VSM tests: Origin and timing of emplacement

Although it is possible that some of the carbon may have derived
from the original cell (Carlisle et al., 2021), it seems unlikely that the
total volume of carbon is from the cell alone given (a) the organic-rich
matrix of the Walcott shales (>3 wt% TOC, Woltz et al., 2021) and (b)
the occurrence of carbonaceous material located adjacent to VSMs,
which may continue from the matrix into test interiors via cracks in
test walls (Figure 5g,h). Cohen et al. (2017) reported VSMs from the
Callison Lake Formation preserved with carbonaceous inclusions
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FIGURE 7 Wavelength dispersive
spectroscopy elemental maps noting

the spatial variation of carbon and iron
concentrations within samples CS2 and
CS3. Organic vase-shaped microfossils
(VSMs) are associated with relatively iron-
poor areas, and secondarily mineralized
VSMs are associated with relatively
iron-rich areas. (a) Carbon distribution in
sample CS2; (CS2.1A). (b) Iron distribution
within sample CS2, which is comparatively
low; (CS2.1A). (c) Carbon distribution in
sample CS3; (CS3.2). (d) Iron distribution
within sample CS3, which is comparatively
high: (CS3.2). (e) Composite of iron map
and backscattered electron image to show
the location of VSMs and iron distribution.
Note the presence of an organic VSM
within an Fe-poor (darker red) zone;
(CS3.2). Scale bars are 50pum in (a-d), and
500pum in (e).

organic VSM

R\

pyrite VSM

and as carbonaceous internal molds and suggested that this was the
result of organic-rich material from the sedimentary environment
infilling the tests. We hypothesize that the same process occurred
in our samples, and thus herein refer to the internal carbonaceous
material as exogenous carbonaceous material (ECM), and distinguish
it from the wall carbonaceous material (WCM).

We interpret the ECM found in test interiors to be bitumen that
was released from organic matter within Walcott shales. Bitumen is
expelled from kerogen as kerogen is ‘cracked’ during catagenesis as
temperature and pressure increases. The Walcott Member contains
bituminous shales, is considered to have the highest source-rock po-
tential of the Chuar Group, and is estimated to be in peak or late ma-
turity for hydrocarbon production (Huntoon et al., 1999; Lillis, 2016;
Summons et al., 1988). The occurrence of ECM within test interiors
and partially attached and/or lining test walls (Figure 5f,j,g) suggests

gebiology I

organic VSM

TN

cdarbon

pyrite VSM

pyrite VSM

organic VSM

that ECM infiltrated and filled the entirety of the tests. Distinct
crack-like patterns within the ECM suggest that after infiltration
this material subsequently shrank and developed microfractures
(Figure 5c-e,n), which may be a result of either compression (see
test wall cracks pictured in Figure 5b,g,k) or an additional expulsion
of hydrocarbons upon continued maturation after the initial infiltra-
tion of the test. If the latter interpretation is correct then the thin
(~0.5pm) dark form of ECM found within test wall cracks and coating
test wall interiors and exteriors (Figure 5f,j) may represent these hy-
drocarbons. The Raman spectra of both the WCM and ECM are sim-
ilar, suggesting either a similar chemical composition or comparable
thermal maturity. EDS and sulfur speciation data suggest that ECM
and WCM are chemically distinct (see following section for further
discussion). Instead, we propose that likeness in Raman spectra is a
result of similar thermal maturity, given that Summons et al. (1988)
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analyzed carbon isotopes and evaluated T-max values (an estimate
of the stage of maturation) from kerogen and bitumen within the
lower Walcott and concluded that both were syngenetic and indige-
nous to Chuar sediments.

Burial history models predict that the Kwagunt Formation en-
tered the oil window in the Cretaceous and reached peak oil gen-
eration in the Oligocene (Huntoon et al., 1999; Lillis, 2016). If this is
the source of the organic ECM within these specimens, how might
bitumen have infiltrated VSM tests more than 600 million years after
burial and lithification of the matrix? One possibility is that VSM
tests were fluid filled, possibly with cell contents or porewater, at
the time of deposition which prevented detrital filling. By example,
Buijs et al. (2004) identified fluid (meteoric water, gas, and oil) within
microborings in Pennsylvanian and Permian-aged brachiopods of
Kansas, which are typically on the order of hundreds of microns in
length and 1-10 pm in diameter. If test interiors were fluid-filled, bi-
tumen could have permeated into test interiors and replaced this
primary and/or secondary fluid. In this scenario, we might expect
to find rare examples of VSMs in which the original fluid remains,
but no such VSM was observed of the 66 total specimens. It is also
possible that test cavities were mineralized during diagenesis and
the quartz observed in test interiors in sample CS2 are partial or near
complete internal molds. The ECM is more diffuse and ‘web-like’ in
the interiors of VSMs from sample CS2 than CS3; we interpret this
pattern to be a result of ECM flowing through microfractures within
an internal mold. Alternatively, the ECM may represent organic-rich
material that filled test interiors shortly after deposition. For exam-
ple, VSMs from the Callison Lake Formation are filled with organic
inclusions and are also found preserved as internal carbonaceous
molds (Cohen et al., 2017; figures 4 and 7). This organic-rich material
could then have expelled hydrocarbons as the Walcott sediments
entered the oil window, which subsequently coated and flowed

through test wall cracks (Figure 5f,j).

5.2 | Organic preservation and secondary
mineralization of VSM test walls

Our results indicate that the Walcott shale VSMs are preserved
with original organic walls, as fully mineral-replaced walls, or as a
combination of original organic wall material with partial mineral re-
placement. We interpret the mineral distribution observed in sample
CS3 to represent replacement and coating of carbonaceous walls by
pyrite (Figures 5 and 6j-I, Figures S4 and Sé). Pyrite can form as a
result of microbial sulfate reduction (MSR), which oxidizes organic
material while reducing sulfate to sulfide. Sulfides produced by
MSR can react with Fe?* and iron minerals to precipitate pyrite dur-
ing early diagenesis (Fe?*+S%+HS™ —FeS,+H"; Berg et al., 2020;
Berner, 1970). Jarosite [(K, Na, HQO)Fe3+3(SO4)2(OH)6] found in as-
sociation with pyritized VSMs may have formed from oxidation of
pyrite (Zolotov & Shock, 2005). Thus, pyrite was likely the primary
mineral that replaced test walls, and jarosite formed secondarily
from pyrite during oxidative conditions.

While the pyrite and jarosite are secondary minerals formed
during diagenesis, the carbonaceous material of the wall appears
to be primary. This is consistent with the occurrence of pyrite in
partially pyritized specimens (Figure 5b,d,j,l), which suggests pyrite
nucleation followed the decay of the organic wall from both the ex-
terior and interior of the test. Furthermore, it seems clear for sev-
eral reasons that the organic walls are distinct from the ECM, and
not simply the result of ECM infiltrating an originally mineralized
test or a void created by the decay of an original organic test (cf.
Rasmussen & Muhling, 2019; Rasmussen et al., 2021). First, several
specimens show evidence for ECM cross-cutting test walls, suggest-
ing that the organic wall material is primary, and the ECM was sec-
ondarily emplaced (Figure 5g,j). Second, the ECM and WCM appear
strikingly different in transmitted light microscopy (translucent walls
and opaque ECM, e.g., Figure 3j). Third, the presence of FeS and
increased contributions of sulfonate and structural sulfates distin-
guishes the composition of the organic wall material from the ECM
(Figure 9b). Finally, there is little evidence for silicon or calcium in test
walls, as might be expected if the organic walls of the VSMs reflect
secondary filling of mineralized casts (or an original mineralized test)
by bitumen (Rasmussen et al., 2021; Rasmussen & Mubhling, 2019)
(Figure 6, Figure S5). Based on this evidence, we propose that the
carbonaceous test walls are mature organic material that reflects the
original test wall and are distinct from the ECM.

5.3 | Controls on organic preservation of VSMS

The original organic material of which VSMs were composed is not
refractory in the same way as that of most Proterozoic organic-walled
microfossils. VSMs are commonly preserved as casts and molds in
a wide variety of mineral types, sometimes co-occurring in fossil
assemblages with unmineralized organic-walled microfossils. This
may suggest that original VSM wall composition is more reactive,
i.e., is composed of less intrinsically recalcitrant organic materials,
and is therefore prone to replacement (Riedman et al., 2018). VSMs
have only been confirmed preserved with organic walls by Cohen
et al. (2017) and Morais et al. (2017) and in this study (it should be
noted that this could be a reflection that some VSM-bearing assem-
blages like the Chuar Group have been more extensively studied
than others). Why are VSMs preserved organically in shales of the
Chuar Group? One hypothesis is that the Chuar shale VSMs were
physically protected from biological degradation. An alternative pos-
sibility is that VSM test material was chemically transformed into a
more stable form.

Mineral barriers can prevent decay and promote organic preser-
vation, such as the development of early carbonate cements (Gaines
et al., 2012; Morais et al., 2017) or clay mineral coatings around fos-
sil material (Anderson et al., 2018, 2020, 2021; Gabbott, 1998; Orr
et al,, 1998; Wacey et al., 2014). However, we found no obvious evi-
dence for protective coatings of carbonate or clay minerals that may
have promoted organic preservation in our study. Aluminum-rich clay
minerals are observed in test interiors of all observed (n = 46) sample
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FIGURE 8 Baseline subtracted Raman spectra of test walls and exogenous carbonaceous material (ECM). The spectra of vase-shaped
microfossil test walls and ECM materials are similar, which may imply similar chemical compositionor thermal maturity. (a) Raman spectra
of walls in sample CS2, pictured in Figure 4. A1S1 is Figure 4h, A2S1 is Figure 4f, A3S1 is Figure 4g, A4S1 is Figure 4e. (b) Raman spectra of
ECM in sample CS2, pictured in Figure 4. (c) Raman spectra of walls in sample CS3, pictured in Figures 4 and 5. A151 is Figure 4i, A2S1 is
Figure 5n, A4S1 is Figure 5k, A6S1 is Figure 8p. (d) Raman spectra of ECM in sample CS2, pictured in Figures 4 and 5.

CS3 VSMs. Cohen et al. (2017) reported a similar but rare preserva-
tion mode in VSMs from the Callison Lake Formation, where VSM
test interiors were infilled with Al-rich clay minerals. The clay miner-
als observed in sample CS3 VSMs, however, infill the microfractures
and voids created by the shrunken bitumen (Figures 4j,l,0 and 5a)
which suggests that these minerals formed post hydrocarbon infil-
tration, possibly by precipitation from pore fluids or adsorption of
detrital particles (Liu et al., 2004). The clay minerals observed would
not be relevant to organic preservation if ECM infilled VSM test in-
teriors in the Cretaceous or later (Huntoon et al., 1999; Lillis, 2016),
but may be relevant if ECM filled test interiors shortly after deposi-
tion. However, sample CS2 VSMs, all of which are organically pre-
served, are filled with siliceous internal molds (which may reflect
differing chemistries between the pore fluids of both samples) and
show no such association with clay minerals. Thus it is unclear what
role, if any, clay minerals may have played in the organic preservation
of Chuar VSMs.

Labile organic matter can be transformed into more stable forms
through chemical processes such as abiotic sulfurization, and we
speculate that sulfurization may have played a role in preserving or-
ganic VSMs. During sulfurization in sediments or in the water column,
reduced sulfur is incorporated into organic remains by reacting with
functional groups within organic compounds. This transformation

causes organic material to be less available for degradation, thus aid-
ing in organic preservation (Brassell et al., 1986; Raven et al., 2021;
Sinninghe Damsté & De Leeuw, 1987, 1990; Werne et al., 2008).
Sulfurization may have played an important role in the preservation
of large quantities of organic matter during Cretaceous anoxia events
(Raven et al., 2018, 2021) and has influenced the preservation of or-
ganic fossil material, including bone marrow, melanin, biomarkers,
and invertebrate chitinous tissue (McNamara et al., 2006; Melendez
et al., 2013; McNamara et al., 2016; Olcott et al., 2022). Three con-
ditions required for sulfurization to occur are: (1) a reduced sulfur
source such as bisulfide (HS") or polysulfides (Sf’), (2) the presence
of functionalized (i.e., labile) organic matter, and (3) limited avail-
ability of reactive iron (Werne et al., 2004). All of these paleoenvi-
ronmental conditions were met during the preservation of organic
VSMs. First, Walcott shales are sulfide-rich (Johnston et al., 2010)
and sulfur is associated with organic test walls (Figure 6, Figures S2
and S5). Second, we argue that VSM organic material is not recalci-
trant given both (a) the rarity of occurrences of organic preservation
and (b) the variety of ways in which they are preserved, which is
consistent with an easily degradable composition. Finally, if Walcott
shales were deposited in a euxinic, high TOC environment, sulfide
production via MSR would have removed ferrous iron from the en-
vironment through the formation of pyrite (Johnston et al., 2010),
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and indeed we see low iron concentrations associated with organic
VSMs (Figure 7).

Immediate products of organic matter sulfurization are primarily
organic monosulfides and disulfides, both of which can mature into
aromatic structures during diagenesis (Amrani & Aizenshtat, 2004;
Gelin et al., 1998). Therefore, if sulfurization occurred, we would
expect to see evidence of reduced organic sulfur species within
the VSMs and organic material of the matrix. Reduced organic sul-
fur species are indeed present at low concentrations throughout
the matrix, and they are highly concentrated within the ECM. XAS
spectra for ECM consistently comprise ~70% reduced organic S and
available ECM spectra for specimens in Figure 9 average 47% or-
ganic monosulfides, 13% organic disulfides, and 9% aromatics. The
remaining sulfur in ECM includes varying amounts of inorganic sul-
fate and oxidized organic S (averaging 7% sulfonate and 11% sulfate
ester). Bitumen and other crude oil products are often enriched in
reduced organic sulfur as a result of sulfurization in early diagenesis
(Sinninghe Damsté & De Leeuw, 1990). Given that the thermal ma-
turity history of ECM and WCM are similar (see Section 4.4 above),
it is probable that ECM formed from organic matter within Walcott
Shales, suggesting that sulfurization processes occurred in the same
environment as the VSMs.

Oxidized organic sulfur species were additionally identified
within partially mineralized VSM test walls where they represent
~29% and ~18% of total S (Figure 9a, spots 2 and 3). The remain-
ing sulfur in these regions consists of structural sulfates (~50%) (e.g.
gypsum or jarosite), reduced organic S (<10%) and iron monosulfides
(£15%). Inorganic sulfates are likely the products of pyrite oxidation.

Relative Abundance in A
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Spot 13 (matrix) [ ] [ VA2
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FIGURE 9 Sulfur speciation of
vase-shaped microfossil and matrix
material from sample CS3 by X-ray
absorption spectroscopy (XAS) and X-ray
fluorescence. Reduced organic sulfur

is found within organically preserved
test walls and exogenous carbonaceous
material, suggesting sulfurization likely
occurred during diagenesis. Left, tricolor
XANES fits to multi-energy maps (with
backscattered electron images inset)
showing reduced organic sulfur (red),
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Conversely, oxidized organic sulfur compounds are common in
primary organic material (i.e., sulfonolipids in cell walls) and may
therefore represent remnant primary sulfur from the VSM organism
(Canfield, 2001). Alternatively, it is possible that sulfonates in VSM
test walls are a direct result of oxidation of organic sulfides originally
produced via abiotic sulfurization. Microbial sulfate reduction sig-
nificantly fractionates 5%s compared to seawater sulfate, so organic
sulfur formed via MSR-generated sulfides should be depleted in 534S,
whereas biotic sulfur would closely match environmental sulfate
534S compositions (Canfield et al., 2010; Kaplan & Rittenberg, 1964).
Future investigations could compare §°*S isotope fractionation be-
tween extractable bitumens, which are rich in reduced organic sulfur
and therefore likely sulfurized, and isolated VSM wall materials to
determine whether the organic sulfur observed in the VSMs is pri-
mary or secondary.

We observed a preservational gradient between complete
organic preservation and complete mineralization (Figure 10a).
Schiffbauer et al. (2014) observed a similar taphonomic gradient
in the macrofossil Conotubus and proposed a model in which sedi-
mentation rate variation, which influences the time that a decaying
organism spends in the MSR zone and undergoes MSR-mediated
pyritization, promotes such a gradient. However, this is unlikely to
apply here because of the compositional and size differences be-
tween Conotubus and VSMs. The time scale over which the organic
matter of an individual organic (possibly proteinaceous, see below
for further discussion) microfossil would degrade and subsequently
mineralize is likely shorter than that of a macroscopic organic tube.
Recent studies confirm that pyrite can form in weeks to months
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under sulfidic conditions when facilitated by sulfate-reducing mi-
crobial activity (Berg et al., 2020; Duverger et al., 2020), which is
probably faster than VSMs would be buried by sediment and moved
into the MSR zone. Therefore, differences in MSR zone residence
time are not sufficient to explain the variation in preservation modes
observed here.

Instead, based on EPMA and XAS data in this study (see Figure 7e
and matrix relative abundance in Figure 9) illustrating spatial (mm
scale or smaller) differences within the shale matrix of these samples,
we suggest that preservation was primarily controlled by variation in
the ratio of iron to functionalized organic matter (i.e., labile VSM test
material) (Figure 10b). In this model, when reduced sulfur is present
and iron is absent (or in low concentrations), organic walls are sulfur-
ized. Under intermediate concentrations of iron relative to function-
alized organic matter, some organic wall material becomes sulfurized
while a portion is replaced by pyrite. High iron concentrations re-
sult in complete replacement of organic wall material by pyrite. If
true, our model suggests that organic VSMs and other microfossils
that are more labile than typical organic-walled microfossils, may be
targeted within iron-poor horizons of black, sulfide-rich shales. We
propose that the key factors resulting in original organic wall preser-
vation are the presence of reduced sulfur and low concentrations of
iron relative to reactive organic material, both of which occurred, at
least intermittently, in shales of the lower Walcott Member.
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Based on our model, we suggest that organic VSM preservation
requires different conditions than organic-walled microfossil (OWM)
preservation. OWMs are typically poorly preserved or absent in
TOC-rich shales showing evidence of deposition under euxinic water
columns (Nagy et al., 2009; Woltz et al., 2021). In addition, VSMs
are rarely preserved organically, whereas organic preservation of
OWAM s in shales is ubiquitous. Furthermore, their appearance under
transmitted light (clear vs. brown) suggests very different styles of
organic preservation. With this considered, different target rock
types (high vs. low TOC) may be necessary in Proterozoic microfossil
studies.

5.4 | Comparison with other Neoproterozoic VSMS
reported globally

Our observations suggest that organic VSMs are more widespread
globally than currently recognized. The organic VSM tests observed
here are primarily colorless and appear translucent in transmitted
light microscopy; they could easily be mistaken for siliceous casts,
as we believe may have been the case with VSMs from this same
stratigraphic horizon reported by Porter and Knoll (2000; figure 1B).

Furthermore, the conditions that promoted the preservation
of organic VSMs in the Walcott shales were also present in coeval

(b) Water Fe?* FeZ*
Fe
i
el oN
ﬁu(\le
S\)\ Fe2+
2+ ‘ 2+
Sediment Fe?* Fe Fe2* Fe2+ Fe Fe2+

Sulfurized organic wall ( )

Ratio of Fe to Functionalized Organic Matter

Complete cast

FIGURE 10 Taphonomic gradient and proposed model of preservation. (a) Backscattered electron images illustrating continuum in
preservation modes of vase-shaped microfossils from sample CS3. Scale bar = 25 um. (b) Proposed model of preservation, dependent on
the ratio of iron to functionalized (i.e., reactive) organic matter (OM). Sulfurized organic material is shown in green and pyrite-replaced walls
are shown in navy. The top blue area represents seawater and the gray area represents sediment. When the ratio of iron to functionalized
organic matter is low, sulfurization of organic test material is extensive and organic preservation is observed. When the ratio is high,
complete mineralization is observed.
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environments, so it is possible that elsewhere, VSMs are similarly
preserved. Horodyski (1993) reported carbonaceous VSMs ex-
tracted from shales of the upper Awatubi Member of the Chuar
Group. Given the similarity in lithologies (organic- and pyrite-rich
shales), it is possible that sulfurization also enabled the organic pres-
ervation of Awatubi VSMs. Riedman et al. (2018) described possible
organically-preserved VSMs in shales of the Togari Group, Tasmania,
that co-occur with VSM internal molds of framboidal pyrite. Perhaps
this reflects intermittent changes in reactive iron availability in an-
oxic and sulfide rich waters, resulting in an environment that pro-
moted the sulfurization of organic matter as well.

In addition, there is evidence that additional pathways, in car-
bonates and perhaps in cherts, may be capable of preserving or-
ganic VSM tests. Morais et al. (2017) reported organically-preserved
VSMs encased in early diagenetic carbonate cement, which they
concluded were vital in organic preservation. It is possible that
early cementation was integral in other reports of carbonaceous
VSMs found within carbonates. For example, Riedman et al. (2018)
reported organic VSMs from oolites and pisolites of the Upper
Limestone-Dolomite Series of the Eleonore Bay Group, Greenland.
Knoll et al. (1991; figure 7.1) illustrated a VSM they describe as
organically-preserved from silicified carbonates of the Draken
Conglomerate Formation, Svalbard, and although no EDS or other
elemental data are included in the report, this may represent yet
another pathway. Finally, Knoll and Calder (1983) reported carbona-
ceous VSMs from both pyritic black shales and silicified carbonates
of the Ryss6 Formation, Svalbard, highlighting that the special con-
ditions necessary for organic preservation could be met in multiple
environments within an assemblage.

5.5 | Test composition and implications

While only rare occurrences of eukaryotic biomineralization in the
Proterozoic are reported (Cohen & Knoll, 2012), workers have sug-
gested that some VSMs may have had a mineralized composition
in life. Porter et al. (2003) identified Melicerion poikilon within the
Chuar Group and hypothesized that its honeycomb-like test wall re-
flects an organic test in which mineralized scales were embedded
and suggested that it may be similar to Caraburina granosa Kraskov,
1989, a species of VSM from Tien Shan, Kyrgyzstan, that was in-
terpreted to be covered with regularly arranged, raised, circular
structures. However, Riedman et al. (2018) demonstrated that the
Tien Shan specimens were not tests composed of scales but rather
represent internal molds of amalgamated pyrite framboids, similar to
those found in the Togari Group of Tasmania (Riedman et al., 2018:
figures 5.1-5.3) and the Ryssgya Member, Elbobreen Formation
of Svalbard (Marti Mus et al., 2020; figure 6a). Morais et al. (2017)
found siliceous-walled Cycliocyrillium simplex, C. torquata, and Taruma
rata in the Urucum Formation, Brazil, and described how secondary
silicification could not account for the composition of these fossils
because the early diagenetic carbonate cement coating interiors
and exteriors of the tests was not disrupted by silica-replacement.

Instead, they argue that these species possessed mineralized tests
in life. Although we were unable to identify C. simplex or T. rata in
the samples studied here (in fact, the latter has not been identi-
fied in the Chuar Group; Morais et al., 2019), evidence for silica was
lacking within test walls of C. torquata (Figures 4e,i and 5k) found in
our Chuar samples. This may suggest that the Urucum Formation
VSMs were secondarily silicified without disrupting the surround-
ing early diagenetic cement. Alternatively, the differences between
the Chuar and Urucum VSMs reflects intraspecific variation as sin-
gle species of modern testate amoebae who construct their tests
through agglutination can build organic tests if deprived of mineral
particles (Ogden, 1988). Moreover, it is additionally plausible that
the siliceous-walled VSMs identified as C. torquata belong to a dis-
tinct, morphologically similar, but compositionally different species.
For example, within the euglyphid testate amoebae (a primarily sili-
ceous group which molecular clock data suggests to have originated
before the Carboniferous), closely related Paulinella and Ovulinata
build siliceous and organic tests, respectively (Howe et al., 2011,
Lahr et al., 2015, 2019). Finally, Riedman et al. (2021) found evi-
dence for biomineralized phosphatic scales co-occurring with VSMs
from several assemblages and suggested these might be part of a
VSM test, though a definitive association with VSM tests was not
demonstrated.

The organic portions of modern arcellinid tests are made from
protein (Ogden, 1984). Given that VSMs are thought to represent
early arcellinids (Lahr et al., 2019; Porter & Riedman, 2019), assum-
ing that Tonian VSMs were also proteinaceous or part proteinaceous
in life is a reasonable hypothesis. Proteins display low preserva-
tion potential when compared to molecules such as complex car-
bohydrates and lipids. Nevertheless, researchers detect proteins
preserved in Mesozoic and even Paleozoic fossil animals (Briggs &
Summons, 2014; Cody et al.,2011; Leeetal.,2017; Myersetal., 2018;
Wiemann et al., 2020). Furthermore, McNamara et al. (2016) found
sulfurized melanin within Late Miocene frog tissue. If VSMs are
proteinaceous (though likely sulfurized and heavily modified by dia-
genesis), it would extend the fossil record of preserved original pro-

teinaceous material into the Neoproterozoic.

6 | CONCLUSION

VSMs from black shales of the lower Walcott Member of the Chuar
Group, Grand Canyon, Arizona are preserved as original organic
tests and as partial and complete casts composed of pyrite and ja-
rosite. Pyrite replaced, and sometimes coated, primary organic test
material, with jarosite forming later via the oxidation of pyrite. All
VSMs internal cavities are infilled with an exogenous carbon-rich
material. This material may have either entered tests shortly after
deposition, or at some point in the Cretaceous or later as the Walcott
Member entered the oil window, replacing any fluid that may have
been preserved within sample CS3 VSMs, or infiltrating internal
molds within sample CS2 VSMs. We suggest that sulfide abun-
dance, organic-rich sediments, and low concentrations of available
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iron facilitated sulfurization of organic test material, thus promot-
ing organic preservation. We further propose that the extent of or-
ganic test preservation may be controlled by variations in the ratio
of iron to reactive organic matter within the environment, with fully
pyritized tests resulting from high ratios of iron to reactive organic
matter. Organic VSMs are rarely reported, but in fact, may be more
globally widespread and simply overlooked, given that organic walls

appear similar to mineralized walls under transmitted light.
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