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ABSTRACT

The Neoproterozoic oxygenation event co-occurred with widespread phosphate deposition in sediments, the
formation of concretionary structures, perturbations in stable carbon and sulphur isotope compositions, and
possibly with the emergence of animals, all well-recorded in South China. However, the significance of
concretionary structures in this context remains enigmatic. Occurrences of fossils inside Ediacaran apatite
granules are also poorly explained by rounding through sediment reworking, which is the model usually invoke
the origin of granules. The main problem with the reworking model is that it does not predict that granules
should contain specific minerals, geometric patterns, or fossils. Here we show that concretionary diagenetic
spheroids such as botryoids, rosettes, granules, nodules, and concretions are widespread in the Ediacaran
Doushantuo Fm and we compare their patterns and composition to those involved in chemically oscillating
reactions (COR). We report that diagenetic spheroids in the Doushantuo Fm have distinct radial, concentric,
twinned, and cavity-like patterns and geometries that span several orders of dimension sizes. Their mineral
assemblage is documented to be variably dominated by a small range of minerals including apatite, carbonate,
chert, and sulphide. Their ubiquitous content of redox sensitive trace elements and halogens shows that they
contain some residual reactants from their original sedimentary environments. The organic matter (OM) therein
includes more than six different types of crystallinities and disorder, which is interpreted to suggest variable
abundance of molecular functional groups from biomass decomposition or low-grade metamorphism. Hence,
Doushantuo diagenetic spheroids have self-similar geometric patterns and, combined with their mineralogy,
trace elements, and diverse OM, they are comparable to compounds involved in pattern formation during new
COR experiments reported here. The COR model therefore points to diagenetic spheroids as a continuum of
fractal objects and patterns, which is argued to have formed during the diagenetic decarboxylation of carboxylic
acids from biomass, although carboxylic acids on other planetary bodies could also be abiotic in origin. The
abiotic COR model is not inconsistent with previous models for the origin of diagenetic spheroids, but it is more
specific in explaining their patterns, mineralogy, and content of OM and fossils. Hence, COR should be
considered as a major geochemical process involved in the formation of diagenetic spheroids in the Doushantuo
Fm, which represents a new model to understand abiotic carbon cycling during diagenesis, and which is also
applicable to extraterrestrial settings.

1. Introduction to chemically oscillating reactions and

diagenetic spheroids

has been proposed to produce self-similar patterns in diagenetic spher-
oids documented in chert (Papineau et al., 2017, 2021; Varkouhi et al.,
2022; Varkouhi and Papineau, 2023), jasper (Dodd et al., 2017, 2018;

The physical phenomenon of chemically oscillating reactions (COR) Papineau et al., 2022), phosphorite (Papineau et al., 2016), and
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carbonate (Papineau, 2020; Gabriel et al., 2021; Goodwin and Papineau,
2022). The COR model has also been invoked in the context of patterns
in sedimentary concretions and agate geodes (Papineau, 2024). Overall,
COR represent spontaneous, abiotic, and redox reactions that are likely
important for the global carbon cycle and for the formation of various
objects in a range of chemical and clastic sedimentary rocks. The most
notable aspect of COR is their incipient production of characteristic
patterns of circular concentricity, colour gradients, radially diffusing
waves, and characteristic circular twins when the waves destructively
interfere, which in turn produces cavity shapes. The classical COR is the
Belousov-Zhabotinsky (B-Z) reaction, discovered in the late 1950’s by
Boris Belousov (Belousov, 1958 — cited in Belmonte et al., 1997), but
COR is only broadly recognised since 1970 (Zaikin and Zhabotinsky,
1970). The classical COR involves malonic acid [C3H404], sulphuric
acid [HySO4], bromate [BrO3 1], bromide [Br '] and ferroin [phenan-
throline ferrous sulphate], which is a redox-sensitive colour indicator
that causes self-catalysis of the reaction and enables contrasting colours
to be visualised as the reaction unravels. In general, during COR,
malonic acid and other carboxylic acids are decarboxylated (i.e. losing
their -COOH groups) under the combined influence of bromide, strong
acids, strong oxidants, and redox-sensitive iron. Various other reactants
can also replace the above ones used in the classical Belousov-
Zhabotinsky reaction (Belmonte et al., 1997). As a result, COR in thin
films produce CO; as well as characteristic oscillations of self-similar,
circularly concentric patterns that diffuse radially from randomly
located oxidation spots. This is akin to concentric and radial patterns
displayed by diagenetic spheroids in sedimentary rocks.

Phosphorite, jasper, and chert deposits commonly contain spheroidal
concretionary objects that record important diagenetic processes. These
objects include concretions, nodules, granules, rosettes, and botryoids,
which can all be grouped as ‘diagenetic spheroids’. This term is adopted
here, as before by our group, because all these objects are linked by
several unifying facts: 1) they all have an origin strongly influenced by
abiotic diagenetic processes (Marshall and Pirrie, 2013; Papineau et al.,
20165 Cui et al., 2018; Varkouhi et al., 2022), 2) they commonly have
circularly concentric and radially aligned mineral patterns (Coleman,
1993; Papineau et al., 2016; Dodd et al., 2018; Varkouhi and Papineau,
2023), 3) their mineral composition is dominated by either chert, car-
bonate, phosphate, and/or sulphide (Seilacher, 2001; She et al., 2014;
Papineau et al., 2017; Papineau, 2020), and 4) they are most commonly
associated with fossils and/or organic matter (OM) (Seilacher, 2001;
Marshall and Pirrie, 2013; She et al., 2014; Plet et al., 2016; Papineau
et al., 2017). Most current models for the origin of diagenetic spheroids
contend that their formation occurs through nucleation processes
around a central object (e.g. Fouke, 2011), secondary diagenetic
replacement of primary minerals (e.g. Maliva et al., 2005), and/or
rounding by wave-action and reworking of detrital sediments (e.g. Hiatt
et al., 2015). However, these commonly proposed formation models do
not properly explain why diagenetic spheroids should have specific in-
ternal geometric mineral patterns, nor why they should be composed of
a limited range of dominant minerals, nor why they should be commonly
associated with fossils or OM. Hence, the exact formation process
involved in different types of diagenetic spheroids in the geological re-
cord remains uncertain and enigmatic to some extent, which translates
into several currently outstanding problems in geology, and particularly
in geochemistry, mineralogy, sedimentology, and exobiology.

Hence, a brief review is presented for the proposed origin of con-
cretions, nodules, granules, rosettes, and botryoids. Firstly, the growth
of concretions and nodules (> 10 mm in size) is usually interpreted to
involve the microbially-mediated decomposition of biomass during
diagenesis (Irwin et al., 1977; Xiao et al., 2010) and abiotic physical-
chemical processes (Berner, 1968; Seilacher, 2001). However, these
growth models do not specifically predict why concretions and nodules
should commonly contain mineral patterns with circular concentricity
and radial geometry.

Secondly, granules are smaller than concretions and nodules and are
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here taken to be ca. 0.2 to 10 mm in size based on observations from the
Doushantuo phosphorites (see below). This is slightly different from
their size range (2.0 to 4.0 mm) defined on the Wentworth scale, based
on the poorly justified assumption that they are detrital particles, which
is not adopted here because granules can be smaller or larger and their
origin could be diagenetic (Papineau et al., 2017; Dodd et al., 2018).
Granules are spheroids whose formation is typically attributed to wave-
action or sedimentary re-working thought to cause detrital particles or
precipitates to become rounded on sedimentary hardgrounds
(Simonson, 1985). Granule formation has also been interpreted as a
combination of processes involving redox-aggradation, unconformity-
bound rounding, and biomass decomposition (Pufahl and Grimm, 2003
— they are called “phosphate coated grains” therein). Unfortunately,
models proposed so far for granule formation do not easily explain
mineral patterns with circularly concentric and radial geometries, their
limited range of dominant minerals, and their common contents of OM
and microfossils. Hence, assumptions in formation models highlight the
need to document a greater diversity of minerals and patterns to further
test formation models for granules.

Thirdly, rosettes (ca. 0.005 to 0.2 mm in diameter) also involve
diagenetic processes as demonstrated by laboratory diagenesis experi-
ments using OM or microbial biomass as a reactant to produce micro-
scopic rosettes of apatite (Blake et al., 1998), siderite [FeCO3] (Kohler
et al,, 2013), and proto-dolomite [CaMg(CO3)2] (Liu et al.,, 2019).
However, the best-known rosettes are ‘pyrite framboids’, which are
rounded and may co-occur with marcasite [FeSs], such that these pyrite-
marcasite rosettes display radial and circularly concentric patterns
(Schieber, 2007). The common abundance of OM in rocks with pyrite
framboids suggests a genetic link between OM and their formation
process. Diagenetic pyrite framboids are also common inside carbonate
concretions, where they have been considered a precursor to outward
diffusion of later diagenetic pyrite found in concretion rims (Coleman
and Raiswell, 1995). Lastly pyrite framboids sulphur isotope composi-
tion and variable diameter are considered to reflect paleo-
environmental redox conditions (Gorjan et al., 2007; She et al., 2016).
Overall, while microscopic rosettes are commonly considered diagenetic
in origin, there lacks a comprehensive model to explain their formation
in nature, and which can also specifically predict their limited range of
mineral composition, their patterns, as well as their common association
with OM, fossils, and other diagenetic spheroids.

Fourth and lastly, botryoids are usually known to span sizes from
sub-millimetre to decimetre and represent a mineral habit adopted by a
range of minerals that are metalliferous, hydrated, alkaline, phosphatic,
or carbonated. The two minerals that most commonly adopt a botryoidal
habit are quartz and malachite, both of which always have radially
aligned acicular crystals that display circularly concentric colour gra-
dients and spheroidal twins (Papineau, 2020; Papineau et al., 2021). It
has been suggested that geometric patterns in botryoidal minerals grow
heterogeneously as a function of time, and that they can be influenced
by external processes triggering nucleation (Jamtveit and Hammer,
2012). Other ideas put forward to explain the periodic coloured banding
in botryoids and agate geodes include the diffusion of metal cation im-
purities in silica gels (Liesegang, 1910) or in micritic carbonate
(Hartmnan et al., 1934), and the self-organization of objects with vari-
able crystallite size, porosity, silica phase, and colour pigments (Gotze
etal., 2020). However, only the recently introduced COR model predicts
the formation of specific geometric patterns in botryoidal carbonate and
quartz, which is supported by numerous similarities in patterns and
compositions (Papineau et al., 2021; Varkouhi et al., 2022; Varkouhi
and Papineau, 2023; Papineau, 2024), although it remains unclear why
botryoidal minerals are associated with other diagenetic spheroids and/
or fossils.

The emerging view from these observations of compositions and
patterns in various types of diagenetic spheroids is that they may form
from the same kind of diagenetic reactions during biomass decomposi-
tion and mineralization. In this work, the COR model is tested to explain
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the origin of both patterns and substances in diagenetic spheroids, which
has been described as a robust approach to search for biosignatures of
extra-terrestrial life (Chan et al., 2019). This work also addresses specific
questions such as: Could COR shed light on the origin of widespread
occurrences of diagenetic spheroids during the Ediacaran? Might COR
also explain the exceptionally preserved fossils commonly found within
diagenetic spheroids? In particular, the Ediacaran Doushantuo Fm is
known to host a wide range of diagenetic spheroids including some
associated with exceptional fossils of early complex multicellular life,
and most notably, the oldest purported fossil animal embryos (i.e. fer-
tilised eggs) and some of the oldest fossil algae (Xiao et al., 1998),
although these interpretations are debated for their affinity to modern
relatives (Moczydiowska and Liu, 2021). This investigation is thus
focused on the diversity of patterns and compositions in diagenetic
spheroids from the Doushantuo Fm.

2. Geological setting of the Doushantuo Formation for the
studied samples

The Doushantuo Fm in South China (Fig. 1) preserves a world-class
record of post-Snowball Earth sedimentation with major economic
phosphate deposits commonly with spheroidal concretionary structures
(Cook and Shergold, 1984). The Doushantuo Fm accumulated between
635 and 551 Ma (Condon et al., 2005) and other age constraints include
599 Ma apatite from Member II near Yichang (Barfod et al., 2002), as
well as 612 Ma from the bottom of unit 5 near Weng’an (Yang et al.,
2021). There are four lithostratigraphic members in the Doushantuo Fm
in the Yichang area: Member I comprises '3C-depleted cap carbonate,
Member II is dominated by 13C-enriched carbonates, black shales, and
widespread phosphorite, Member III is dominated by '3C-depleted car-
bonate rocks, and Member IV comprises organic-rich black shales in
which 613Ccarb values are negative, but recover to become positive near
the boundary with the overlying Denying Fm (Jiang et al., 2007, 2011;
McFadden et al., 2008; Li et al., 2010; Wang et al., 2008). These secular
carbonate carbon isotope trends in the area around Yichang in South
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China have been used to propose chemostratigraphic correlations with
other Ediacaran sequences worldwide (Zhou and Xiao, 2007; Jiang
et al., 2007). Furthermore, carbon isotope excursion along with nitrogen
isotope systematics have been used to guide interpretations on the
variable influence of primary and secondary productivity in the Edia-
caran Ocean (Ader et al., 2009; Wang et al., 2018; Canadas et al., 2022).
In the stratigraphy of the Doushantuo Fm (Fig. 2A), there are many
phosphatic and organic-rich sedimentary rocks with diagenetic spher-
oids (Fig. 2B). Diagenetic spheroids are widespread in the whole
Doushantuo Fm, however they are also progressively less common in the
following range of paleoenvironments: in the inner shelf and intrashelf
basin (near the cities/towns of Xiaofenghe, Jiulongwan, Yichang,
Baizhu, and Zhongxiang), outer shelf (Zhongling, Yangjiaping, Wen-
g’an, Beidoushan, and Duoding), and slope and basin (Tianping,
Siduping, and Wuhe) paleoenvironments (Fig. 1, 2B) (Jiang et al., 2011;
Zhu et al., 2013). This work is focused on samples collected from three
main localities with excellent outcrop exposures of Member II near the
cities of Weng’an, Yichang, and Zhongxiang (Fig. 1).

Samples investigated in this work (Table 1) come from phosphorite
mines in the Baiyan anticline at Weng’an in Guizhou Province and
include drill cores (ZK511, ZK115, ZK701, and ZK703; She et al., 2016;
Jiao et al., 2023b) and outcrop samples (DO1706, 16DT01C; Papineau
et al., 2021). Samples also come from outcrops along road cuts, mining
pits, and mining tunnels in the Three Gorges area of Hubei Province and
include samples from the Jiulongwan section (YG18-series, 11YC10-1;
Papineau et al., 2021), as well as from the areas around Yichang (TP09-
series; She et al., 2013, 2014), Zhongxiang (13ZX-series), and Baizhu
(12BK10-14). All these samples are selected from a larger collection of
samples, because they contain diagenetic spheroids and are available as
polished thin sections. The diagenetic spheroids investigated in this
work also represent the four lithostratigraphic members of the Doush-
antuo Fm (henceforth, Member I to IV; Fig. 2A), and there is a focus on
occurrences of phosphorite from Member II, which is selected based on
its association with apatite granules (Table 1) and variably sized pat-
terns in mineralised circularly concentric objects seen in outcrops and in
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thin sections (Figs. 3 and 4). This work builds on previous studies on
these Doushantuo sample suites to understand the Ediacaran phospho-
rous cycle. Previous studies include investigations into the composition
and architecture of microbial community in granular phosphorites (She
et al., 2013, 2014), the sedimentology of phosphorites (She et al., 2013;
Jiao et al., 2023b) and the characteristics of botryoidal to concretionary
chert (Papineau et al., 2021). Additionally, research on oxidative
diagenesis in environments containing glauconitic, pyritiferous, or
bedded phosphorites has provided significant insights (She et al., 2016;
Algabri et al., 2020; Jiao et al., 2023a).

Sedimentary carbonates from these studied localities are known to
also preserve unusual perturbations in carbon isotopes, as seen for
instance with secular 13C-depleted carbon isotopes in three negative
excursions (EN1-EN3) in both organic matter and carbonate minerals in
the Jiulongwan area (Fig. 2C-D) (Jiang et al., 2007; Zhou and Xiao,
2007; McFadden et al., 2008), in the Zhongxiang area (Zhu et al., 2013),
and in the Weng’an area (Zhou and Xiao, 2007). Occurrences of diage-
netic spheroids do not exactly follow these post-glacial negative isotope
excursions in carbonates, however they are mineralogically varied and
are widespread throughout the four Doushantuo members near Yichang
(Fig. 2B) (Jiang et al., 2011; Zhu et al., 2013) and the four lower units of
the Doushantuo Fm near Weng’an (Xiao et al., 2014; She et al., 2016).
To explain the unusual carbonate isotope signals, possible in-
terpretations include the oxidation of marine OM, a large reservoir of

dissolved organic carbon in the water column, the diagenetic oxidation
of OM in sediments, hydrothermal alteration, and a changing methane
cycle after sediment burial (Jiang et al., 2003; Wang et al., 2008; Bristow
et al., 2011; Wang et al., 2023; Dodd et al., 2023; Canadas et al., 2024).
The unusual negative carbon isotope excursions are also decoupled from
isotopic variations in the sulphur cycle (McFadden et al., 2008; Mus-
cente et al., 2015) as evidenced by highly variable sulphur isotopic
composition in pyrite and carbonate associated sulphate (Fig. 2E-F)
(McFadden et al., 2008; Li et al., 2010), in pyrite rosettes (Cui et al.,
2018), and in chert nodules (Xiao et al., 2010). Therefore, both the or-
igins of negative carbonate carbon isotope excursions and of diagenetic
spheroids remain uncertain and highly debated. Furthermore, these
sedimentological features are not currently comprehensively integrated
into the unravelling Ediacaran story of post-glacial oxygenation and
deoxygenation (Jiang et al., 2011; Zhu et al., 2013; Muscente et al.,
2015).

3. Analytical methods
3.1. Optical microscopy
Optical microscopy was performed to identify targets of interest in

more than sixty polished thin sections of botryoidal quartz and granular
phosphorite specimens from South China (listed in Table 1). Thin
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Table 1
Main specimens and their locations studied in this work.
Sample name Latitude & longitude Locality and Rock type
stratigraphy*
Outcrop
samples
YG1801a&b N: 30°80701 Jiulongwan Botryoidal quartz
E:111°067824 section, Yichang, and carbonate
Member I
YG1803 N: 30°80701; Jiulongwan Chert concretion in
E:111°067824 section, Yichang,  black phosphatic
(about 50 m up the Member II shale
road from YG1801)
DO1706 N: 27°01'10.7" Beidoushan, Botryoidal quartz
E:107°23'20.9" Weng’an unit I and carbonate
TP0901-02 N: 31°16'26.4" Yichang, Granular
E:111°16'23.6" Member II phosphorite,
(from Ph1 3-3 bed) fossiliferous
16DTO1C N: 27°1'43" Datang, Unit II Banded barite and
E: 107°23'39" dolostone rock
13ZX1-6 N: 31°13'36" Zhongxiang, Concretionary
E: 112°24'50" Member II phosphorite
Base of Ph1, mining
tunnel
13ZX2-5B N: 31°26'02" Zhongxiang, Concretionary
E: 112°16'10" Member II phosphorite
mining tunnel
12BK10-14 N: 31°40'53" Baizhu, Member Granular
E: 110°56'20" )i phosphorite,
mining pit fossiliferous
11YC10-1 N: 30°48'08" Jiulongwan Black shale with
E: 110°03'19" section, Yichang,  chert concretions
Road-cut outcrop Member II (base)
Drill core
samples
ZK511-15 N: 27°2'31" Weng’an, Unit II Granular
E: 107°24'15" phosphorite,
fossiliferous
ZK511-12 N: 27°2'31" Weng’an, Unit II Granular
E: 107°24'15" phosphorite,
fossiliferous
ZK511-32 N: 27°2'31" Weng’an, Unit Granular
E: 107°24'15" IVB phosphorite,
fossiliferous
ZK511-33 N: 27°2'31" Weng’an, Unit Granular
E: 107°24'15" IVB phosphorite,
fossiliferous
ZK115-22 N: 24°4'45" Weng’an, Unit I Granular
E: 107°24'25" phosphorite,
fossiliferous
ZK115-33 N: 24°4'45" Weng’an, Unit Granular
E: 107°24'25" IVB phosphorite,
fossiliferous
ZK701-6 Xinzhai, Weng’an Weng’an Stromatolitic
(approximate drill phosphorite with
core location, no GPS intercolumnar
coordinates) granules
ZK703-897.46 Xinzhai, Weng’an Weng’an Concretionary
(approximate drill botryoidal
core location, no GPS dolostone

coordinates)

" Stratigraphic position is reported according to Member I to IV for locations
near the Three Gorges area (Jiang et al., 2007) or according to Units 1 to 5 for

locations near Weng’an (Xiao et al., 2014).

sections were scanned at 1200 ppi using a regular document scanner and
maps for each thin section were created. A BX-51 Olympus polarizing
microscope located at University College London was used to collect
plane polarised and cross polarised images as well as reflected images
with the following objectives: 5x, 10x, 20x, 50x, and 100x. A
condensing lens was used for all images, but no immersion oil was
applied to any thin sections, which were cleaned with an acetone wash
and gentle wiping with a Kimwipe®.
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3.2. Micro-Raman spectroscopy

A WITec a300 micro-Raman system (WITec GmbH, Ulm, Germany)
at University College London was used to image organic matter in
selected targets with circular concentricity. Micro-Raman was per-
formed using a 532 nm laser with a power of 5-8 mW, and according to
previously described techniques (Papineau et al., 2017). Briefly, an optic
fiber of 50 pm in diameter is used to collect inelastically scattered
photons, which were dispersed through a 600 L/mm grating, thus
resulting in a spectral resolution of 4 cm ™. Long-term reproducibility
analyses on an internal diamond standard shows a drift of less than 1.5
cm ™! for the 1335 cm ™! peak for diamond. The spatial resolution was set
at three pixels per micrometre, whereas the acquisition time on each
pixel was 0.6 s. Hyperspectral images were created using a colour code
corresponding to the strongest unique peak of all phases present: car-
bonate in green (filter centre = 1090 cm !, width =20 cm ™), quartz in
blue (filter centre = 465 cm_l, width = 30 cm_l), apatite in turquoise
(filter centre = 965 cm’l, width = 20 cm’l), pyrite in yellow (filter
centre = 343 cm_l, width = 25 ecm™!), marcasite in turquoise (filter
centre = 314 cm’l, width = 25 cm’l), anatase in pink (filter centre =
143 cmfl, width = 25 crn’l), rutile in purple (filter centre = 660 cm’l,
width = 40 cm’l), barite in white (filter centre = 992 cm’l, width = 20
cm™Y), feldspar in purple (filter centre = 515 cm™}, width = 20 cm™),
organic matter in red (filter centre = 1590 to 1605 cm ™!, width = 70
crn’l).

3.3. Rock powder preparation

Powders of diagenetic spheroids were prepared to obtain bulk
elemental compositions of major, minor, and trace elements. They were
generated using a steel mortar and pestle, previously cleaned using soap
and brush, DI water rinses, acetone rinse, muffled quartz crushing to
very fine powder, rinsed with DI water and air dried. Powders were
transferred to muffled clear borosilicate glass vials (two hours at
600 °C). Plastic caps were soaked in 10 % HCI for 24 h, followed by three
DI water rinses and air drying.

3.4. Bulk elemental analyses by ICP-MS and ICP-OES

For bulk analysis of trace elements, ~0.1 g of powder was initially
heated in a mixture of 1.0 ml hydrochloric acid (37 % wt/vol; analytical
grade), 1.0 ml nitric acid (69 % wt/vol; analytical grade), and 0.5 ml
hydrofluoric acid (40 % wt/vol; analytical grade) at 110 °C for 16 h. The
solution was evaporated to incipient dryness before the addition of 2.0
ml HNO3 and 0.5 ml HCIO4 (70 % wt/vol; analytical grade), which was
again evaporated to incipient dryness. A further 1 ml aliquot of HNOg
was evaporated and the residue dissolved in 100 ml of 1.0 % HNO3 prior
to analyses by ICP-OES and ICP-MS at University College London. ICP-
OES analysis was carried out using a Varian 720-ES (Agilent, Santa
Clara, California U.S.A.), whilst ICP-MS analysis was carried out using a
Varian 820-MS (Agilent, Santa Clara, California, U.S.A.). All calibration
standards were made via serial dilution of either single element (majors)
or multi-element (REE) stock solutions supplied by Merck KGaA
(Darmstadt, Germany). All data are reported as elemental in parts per
million. Analyses of certified reference material NBS120c (Florida
Phosphate Rock) yielded recoveries above 95 % and within about 20 %
of the certified values and duplicate analyses on different ~3 cm® size
splits from the same sample (YG1801a and YG1801b) mostly agree
within 5 %.

3.5. Ion chromatography

To obtain F concentrations, sample powders were prepared by dis-
solving 10 mg of powder in 10 mL of 2 % nitric acid and they were
subsequently manually agitated and left for ~12 h. Following centrifu-
gation at 4000 rpm (300 s.), the supernatant was diluted 1:100 and
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Fig. 3. Pattern comparison between COR and macroscopic botryoids and concretions in outcrops from the Doushantuo Formation. (A-C) Transmitted light images of
COR in Petri dishes that produce decimetre size self-similar patterns of radially expanding patterns with concentric laminations, twins, cavities, gradients, equidistant
laminations, and CO, bubbles. In Member I, (D) botryoidal quartz at Jiulongwan that shows spheroidal twins and (E) botryoidal ‘sheeted cracks’ of quartz at
Beidoushan, showing spheroidal twins in inset photo of a polished slab. In Member II, (F) circularly concentric concretions of carbonate-apatite in phosphorite from
Baizhu, (G) concretion of apatite in dolomite from Baizhu locality, (H) concretions of apatite (white arrows) in laminated dolomitic phosphorite from Zhongxiang, (I)
finely laminated black shale with concretions of quartz rich in OM (black) and pyrite (white arrows) from Yichang (11YC10-1). At Jiulongwan near Yichang, there
are (J) dolomite concretions in limestone-dolostone from Member III and (K) meter-size microfossiliferous concretions of dolomite in black shale from Member IV.
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Fig. 4. Selected TL images of thin sections analyzed in this work and also showing targets in their sedimentological context. The rectangular thin sections are 2.5 cm
wide and the circular ones are 2.5 cm in diameter. Red rectangles show the location of microscopic and macroscopic diagenetic spheroids in thin sections, where they
occur as bands or they compose the whole rock, such as granules or botryoids. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

transferred to 2 mL polypropylene vials prior to analysis. Selected anion voltage potential signal from the eluent is removed by suppression.
analysis was performed using a Dionex™ Integrion™ HPIC™ System
(Thermo, Waltham, Massachusetts, U.S.A.). The chromatography was
achieved using a Dionex™ JonPac™ AS19 IC Column (4 mm) with an
eluent of KOH (20 mM) generated using a EGC-KOH 500 cartridge. Flow
rate was set at 0.25 ml/min, with suppressed conductivity where the

3.6. Chemically oscillating reaction experiments

More than 50 experiments were performed in 10 cm diameter glass
Petri dishes using the following reactants: Solution A with 6 ml of (1 M)
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NaBrO3 mixed with (0.33 M) H,SOy4, Solution B with 0.5 ml of (1 M)
NaBr, Solution C with 1 ml of (1 M) malonic acid, 1 ml of (25 mM)
ferroin (phenanthroline ferrous sulphate; Reagecon), and a drop of
dilute triton X-100 (Sigma-Aldrich, St-Louis, Missouri, U.S.A.). First the
solutions A and B are mixed until the yellow colour disappears, which
takes approximately two minutes of gentle stirring. Then, Solution C is
added along with the ferroin redox indicator and dilute triton X-100.
When a homogeneously orange coloured solution is achieved by gentle
stirring, the COR solution is then left still and unstirred for video
footage. All experiments were performed on countertops in ambient
temperatures varying between about 20 and 25 °C and on an LED-
illuminated light bench. The reaction is spontaneous and out-of-
equilibrium and the pattern development lasts between about 45 and
75 min, depending on the number of resets. This is because after the
solution turns blue, it can be gently stirred again to become orange
coloured and, when left still again, another generation of spots will
begin. Data was collected using a CCD camera in both photo and video
modes and only representative images are shown.

4. Results
4.1. New chemically oscillating reaction experiments

New COR experiments under standard conditions with malonic acid,
bromate, bromide, sulphuric acid and ferroin successfully produce
millimetre to decimetre size and oblate to perfectly circularly concentric
patterns that expand radially over seconds (Zaikin and Zhabotinsky,
1970) (Fig. 3A-C). In brief, the experiments show the following: within
seconds, sub-millimetre size blueish circular waves start to spontane-
ously and randomly appear in the orange-coloured solution of the Petri
dish. Over seconds to minutes time scale afterwards, these spots diffuse
radially away from the location where they first appeared and are they
followed by a new generation of circularly concentric waves that starts
at the same geometric centre. After about 20-30 min, the entire solution
become filled with a blue colour. In summary, the pattern geometries are
self-similar as they have a range of size dimensions, from 10~! to 10™*
m, and they variably display circularly concentric waves, equidistant
laminations, radial diffusion, colour gradients in laminations, circular
twins, rounded asymmetry, and cavity structures among other patterns
(Fig. 3A-C). Minor variations of these patterns and timings have been
observed in previous experiments (Papineau et al., 2017, 2021, 2023;
Papineau, 2020; Varkouhi et al., 2022; Varkouhi and Papineau, 2023).
Most notably, all these self-similar patterns are akin to patterns dis-
played by minerals in macroscopic diagenetic spheroids from the
Doushantuo Fm (Fig. 3D-K). The self-similar B-Z patterns produced in
Petri dishes have at least four orders of dimension sizes (from 10~* m to
107! m) (Fig. 3A-C, 5Q-U), which is a range of dimension sizes also
observed in millimetric and micrometric diagenetic spheroids from the
Doushantuo Fm (Figs. 5-7).

4.2. Circularly mineralised patterns in Doushantuo diagenetic spheroids

Member I is a cap carbonate that contains diagenetic spheroids as
cavities lined with botryoidal quartz [SiO,] (Fig. 3D-E) (Papineau et al.,
2021). These quartz botryoids are laminated with OM gradients (i.e.
brown colour gradients of concentration of disseminated OM) and form
geometrically perfect, circularly concentric laminations, including with
radially aligned acicular quartz (Fig. 5A-B) (see Raman image in Papi-
neau et al., 2021). They are also associated with microscopic quartz
rosettes (~50-500 pm in diameter) that display hemispherical and
circularly concentric layers composed of brown gradients of concen-
tration of OM, as well as radially aligned acicular crystals (inset in
Fig. 5B). Centimetre to decimetre-size diagenetic spheroids in Member II
include apatite [Cas(PO4)3(OH,F,Cl)] and chert [SiO3] concretions
(Fig. 3F-I), and they have circularly concentric layers of apatite, dolo-
mite [CaMg(CO3)2], or pyrite [FeSy] (Fig. 3F-I). In the dolomite-calcite
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bedded carbonate unit in Member III, there are centimetric concretions
(Fig. 3J). Lastly, Member IV contains OM-rich black shale with beds of
meter-size carbonate concretions that also have concentric layers
(Fig. 3K). All these features have self-similar circular patterns that span
at least six orders of dimension sizes (from 10~° m to 10° m).

The geometric patterns and fossil content of granular rocks in the
Doushantuo Fm vary in colour with yellow, orange, brown, gray or black
disseminated OM (Fig. 4). Our identification of OM in the studied thin
sections stems from correlated micro-Raman imaging and optical mi-
croscopy extrapolated to broader areas of the same colour and patterns
in thin section. Patterns in the studied diagenetic spheroids are usually
composed of iron oxides and OM, commonly as the main substances that
compose the circular laminations and the colour gradients. Notably,
COR and diagenetic spheroids have the same twinned pattern, which
occurs when two circularly concentric waves meet and their traces are
erased to form cavity structures (e.g. Fig. 5S). When the traces are
destructively interfered, the waves become a curvi-linear contact be-
tween the two oxidation spots, which forms twinned spheroids (i.e. with
twinned acicular crystals) in isopachous apatite and quartz botryoids
lined with diffused gradients of OM (Fig. 5A-B,H). Apatite granules are
commonly coated with a rim of isopachous apatite with such charac-
teristics and the intergranular space also forms cavities, which can be
empty, filled with smaller spheroids (Fig. 6A-D), with some lined with
OM (Fig. 5G, 6E-F), filled with apatite (Fig. 5H, 6G-H) or with OM
(Fig. 5I-J). Some apatite granules also contain botryoidal patterns
composed of nanoscopic pyrite and OM (Fig. 5C-D, 6I-L) or equidistant
laminations of pyrite (Fig. 5J). Some rounded laminations are also
asymmetric, with irregular widths that pinch and swell (Fig. 5A, G, I).
Another notable feature is that apatite granules commonly contain
various fossils including coccoids, filaments (Fig. 6M-N) (She et al.,
2014), acritarchs (Fig. 5E-F, 60-P) (Xiao et al., 2014), algae, and pur-
ported animal embryos (Xiao et al., 1998). Some acritarch fossils have
botryoidal apatite laminations composed of OM in their cell-wall
(Fig. 5E-F, 6Q), which indicates an autochthonous origin. Hence, oc-
currences of apatite granules with circularly concentric laminations,
cavities, and botryoids, including in the cell walls of fossils, indicates a
connection between circular mineralization in chemical sediments,
cavities with botryoids, decomposition of biomass, and processes
involved in the preservation of these fossils.

Microscopic rosettes in Doushantuo phosphorite have similar min-
eral assemblages including quartz, dolomite, and pyrite or marcasite as
accessory minerals in granules and rosettes and in the host matrix. For
instance, quartz rosettes contain circularly concentric rings of nano-
scopic inclusions of marcasite and apatite (Fig. 5K-L). Circularly
concentric dolomite rhombohedra can have twins as dumbbell-shaped
cores as well as twinned layers of dolomite with disseminations of
apatite, rutile and anatase (Fig. 5SM-N, 6R-S). The latter two minerals are
polymorphs of [TiO2] commonly found with OM inside diagenetic
spheroids and in fossils in older Proterozoic phosphatic chert (Papineau
et al., 2017; Sirantoine et al., 2020). These concentric dolomite crystals
are subhedral and they contain dumbbell structures in their centres that
demonstrate a radial geometry. Lastly, pyrite rosettes and framboids are
associated with dolomite and apatite as well as inclusions of OM3 to
OMS5, barite [BaSO4], anatase, and rutile (Fig. 50-P, 7G-I). Pyrite-
marcasite rosettes best display a circular concentricity and radially
aligned crystals (Fig. 7G-H), whereas pyrite framboids are more
commonly twinned (Fig. 50), comparable to similar objects reported
from Cryogenian sediments (Cui et al., 2018). Such geometry is com-
parable to self-similar patterns in COR and the mineral composition of
rosettes points to redox reactions involving abiotic sulphate reduction
during biomass oxidation. To summarise, comparisons between the size
range of microscopic rosettes, granules and botryoids and that of the
smallest COR patterns (Fig. 5T-U) show clear and specific similarities in
patterns, including 1) sub-millimetric ranges of sizes, 2) circularly
concentric and equidistant laminations, 3) radial patterns analogously
to the radial diffusion of chemical waves in COR, 4) twinned chemical
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Fig. 5. Pattern comparison between COR and microscopic botryoids, granules and rosettes in the Doushantuo Formation. All these objects show radially aligned
crystals and circularly concentric laminations with brown coloured OM, pyrite, or carbonate inside matrices of quartz or apatite. (A-B) TL images of quartz botryoids
from the ‘cap carbonate’ and showing circular laminations, colour gradients, and cavity shapes all defined by OM. Asymmetric laminations have unequal width. Inset
shows a CP image of radially aligned quartz (DO1706). (C—D) TL and Raman images of an apatite granule with pyrite and OM botryoidal laminations (ZK511-15);
(E-F) TL and Raman botryoidal apatite with concentric laminations of OM inside an acritarch microfossil enclosing an OM-filled cavity (shown in inset) (ZK115-33);
(G) TL image of apatite granules with concentric laminations and cavities defined by OM (16DT01C_17); (H) CP image of apatite with twins, cavities, and rosettes all
laminated by OM (TP0901). (I-J) TL and Raman images of a granule with a concentric lamination of pyrite surrounded by kerogen (black) (13ZX1-6); (K-L) TL and
Raman images of a quartz rosette with concentric laminations composed of marcasite and OM (13ZX2-5B). (M-N) CP and Raman images of a concentrically laminated
dolomite rosette with a dumbbell shaped core that radiate in two directions (white arrows) separated by a twin plane. (O—P) RL and Raman images showing
twinned, rounded pyrite framboids in concretionary apatite and associated with anatase and OM3 to OM5 (ZK115-22;). (Q-U) TL images of comparable COR
patterns. Colours for Raman images are yellow for pyrite, red for OM, turquoise for apatite, purple for feldspar, green for dolomite, blue for quartz, and white for
anatase (rutile is yellow only in (N), where there was also no pyrite). Abbreviations: TL is transmitted light, CP is crossed polars, RL is reflected light, and OM refer to
organic matter of different types. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Mineral patterns and composition of apatite granules from the Doushantuo Formation. (A-B) CP and TL images of concentrically laminated OM inside
microfossiliferous granule (yellow arrow), cavity structure (red arrow), and diagenetic granules of sericite (white arrow), and of (C—D) diagenetic apatite granules
variably rich in brown OM with empty cavities in intergranular spaces, reminiscent of botryoidal growth (now filled with epoxy — red arrows) (member II, TP0901,
Taopinghe). (E-H) CP and Tl images of two cavities filled with quartz or apatite and laminated with OM and isopachous apatite (member II, TP0901, Taopinghe). I-L)
TL images of a granule with botryoidal pyrite, which occurs as a cavity and circularly concentric patterns and shown in three focal planes spaced by 3 mm (member
11, ZK511-15, Baizhu). (M-N) TL images of microfossils inside apatite granules, with isopachous apatite rims laminated with OM (member II, TP0902, Taopinghe). (O-
Q) TL image of an acritarch microfossil and its cells wall containing botryoidal apatite laminated with OM (ZK115-33, member II, Weng’an). (R-T) CP with Raman
image and spectra of a carbonate rosette with circularly concentric laminations of OM, radial geometry, and associated pyrite, apatite, rutile and feldspar (spectra
shown in T). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

waves, and 5) colour gradients in laminations. from colloidal size precursors. In addition, accessory minerals in these
diagenetic spheroids can include OM, dolomite, barite, and marcasite.
This is analogous with the reactants and products of COR, which can be

4.3. Composition of Doushantuo diagenetic spheroids and crystallinity of compared, following the above order, as carboxylic acids, CO» bubbles,
oM sulphuric acid and sulphate, and iron in ferroin, respectively (see section
3.6 of the analytical methods). Fluorapatite is a major mineral in gran-

In general, Doushantuo diagenetic spheroids are typically dominated ular phosphorite and a minor mineral in chert concretions from

by quartz, apatite, carbonate, and pyrite, all presumably precipitated

10
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Fig. 7. Diagenetic spheroids from the Doushantuo Formation associated with variably oxidized organic matter. (A) Plane light image of sub-millimetric apatite
granules rich in organic matter in dolomite matrix located (red dot in inset) between micro-digitate phosphatic stromatolite columns (red arrow in inset, which is 2.5
cm in diameter) (ZK701-6). (B—C) Raman image showing inclusions of quartz, anatase, and pyrite along with the correspondingly coloured spectra. (D) Raman
image of apatite botryoid (from Fig. 5C-D) associated with an elongated nanoscopic fiber of graphitic carbon. (E-F) Selected areas from (D) for each of the three-end
member types of OM from their Raman spectra (1, 4, 6), graphene domains. (G) Pyrite-marcasite rosette in apatite matrix (ZK511-12). (H) Raman image showing
circularly concentric and radially aligned OM as well as inclusions of barite and titanium dioxide, and I) Raman spectra of various types of OM associated with a
pyrite-marcasite rosette. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

phosphatic black shales consistent with ppm levels of other halogens
such as Br and I in these rocks from Member II (Fig. 8A; Table 2). Both
botryoidal quartz from Member I and the phosphorites of Member II also
have thousands of ppm of Fe (up to 4.15 %) along with hundreds of ppm
Cr, Ni, and Mn, and tens of ppm of Ti, V, Co, Mo, and Zn (Fig. 8A;
Table 2). Rare earth element (REE) profiles for these rocks are either
nearly flat or slightly concave-down (Fig. 8B), and these rocks also have
slightly positive Eu anomalies, small negative Ce anomalies, as well as
positive Y signals (Fig. 8B).

The systematic occurrence of OM in apatite granules points to an
intimate connection between diagenetic spheroids, OM, and redox re-
actions involving biomass. Detailed organic geochemical analyses by
micro-Raman hyperspectral imaging reveal six different types of OM in
microscopic apatite botryoids, granules, and concretions (compare
spectra in Figs. 7, 9, and 10). Hyperspectral images of the characteristic
G peak (sp>-hybridised carbon), typically peaking at 1604 to 1608 cm ™,
unambiguously demonstrate that OM is distributed along laminations
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that constitute the concentric patterns in apatite granules (Fig. 7).
Botryoidal patterns in apatite granules are usually composed of OM or
pyrite. Most commonly, botryoidal patterns are associated with OM1,
which is typical of kerogen with broad and strong D (for sp>-hybridised
carbon) and G peaks (Fig. 9A-B). However, OM in some botryoidal
apatite-pyrite granules and pyrite-marcasite rosettes have distinct
Raman spectra (Fig. 9 spectra B—C to E-J, Table 3). OM2 has narrow and
strong D1 peak (ca. 1350 cm_l), a narrow and strong G-peak (1590
cm 1) with resolved D2 shoulder (1621 cm’l), and a strong and narrow
2D peak (2701 em ™) (Fig. 7F, 9C). OM3 is also distinct with its D1 peak
at 1342 cm™! and D2 peak at 1622 cm™!. In addition, OM associated
with pyrite-marcasite rosettes (Fig. 7G-I, 9E-H) represents another,
distinct type of OM — OM4 with a broad and resolved D1 peak (ca. 1349
em™!), a medium broad and strong peak at 1435 cm ™, a medium broad
and medium intensity D2 peak (1616 cm™?), and a poorly resolved G
peak around 1605 cm™!. Lastly, OM5 has narrow and strong D1 and G
peaks and D/G around 1 (1354 and 1591 em™ 1), resolved D2 peak
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Fig. 8. Comparison of trace element trends in chemical sedimentary rocks with diagenetic spheroids. (A) Plot of the most important metals in granular and
concretionary phosphorites (blue shades) and botryoidal quartz and carbonate from the Doushantuo formation (purple shades). These are compared to concretion-
bearing jasper-carbonate BIF from the Eoarchean-Hadean Nuvvuagittuq Supracrustal Belt (red) (Papineau et al., 2022), the Katanga malachite (Papineau, 2020), and
the average Dales Gorge BIF (green) (Konhauser et al., 2018; Pecoits et al., 2009). (B) Rare earth element plot of the same rocks, normalized to Post-Archean
Australian Shales, show generally flat patterns with variably negative Ce depletions and positive Eu enrichments. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

shoulder (1621 cm’l), and a sharp and strong 2D peak (2700 em™ D)
(Fig. 91-J), whereas OM6 is like OM5 but with a stronger D1-peak and
D1/G up to 2, but without a significant 2D peak (Fig. 9K).

5. Discussion

5.1. Implications of the patterns and compositions in Doushantuo
diagenetic spheroids

Chert concretions and apatite granules are commonly fossiliferous
(Xiao et al., 2010; Muscente et al., 2015; She et al., 2014), which is a
feature that suggests concretions are autochthonous in the original
sediments (Seilacher, 2001). These objects also commonly contain
circularly concentric layers and vary in size from 10~ to 10° m. Wave
action cannot explain these characteristics, especially when the fossils
are exceptionally preserved, and laminations are nearly perfect equi-
distant geometric patterns. Also, sedimentary reworking of detrital
particles through wave action is admittedly a popular explanation for
the origin of granules and rosettes, however there is no reason why this
process should lead to radially aligned crystals, circular concentricity,
twinned spheroids, cavity structures, and a limited range of dominant
mineral composition. Biological processes and mechanical erosion by
waves may still superficially influence some diagenetic spheroids,
however COR well explains their most noteworthy features (Dodd et al.,
2018). All the key features that describe the patterns in diagenetic
spheroids and COR (Table 4) occur as circularly concentric and equi-
distant laminations, cavities, twins, concentration gradients, rounded
asymmetry, and radial diffusion. Twinned microscopic dumbbells and
layers are also known to form during the abiotic precipitation of proto-
dolomite and apatite (Seilacher, 2001; Blake et al., 1998; Sanchez-
Roman et al., 2014), although they have also been suggested to form
during biological activity associated with dolomitization (Liu et al.,
2019). However, the new observations are clear: diagenetic spheroids
exhibit the same kinds of self-similar patterns and have nearly the same
range of magnitude of dimension sizes as those patterns produced in
COR, hence they are more consistent with authigenic abiotic processes.

In addition to size and pattern similarities, both diagenetic spheroids
and COR represent objects that share chemical similarities between
substances of COR reactants and products (Table 4). Doushantuo
diagenetic spheroids are composed of the typical substances found in
fossils and dominated by quartz, apatite, carbonate, pyrite, and OM.

12

Hence, the inferred precursor compositions of these phases include OM
from biomass, carbonate anions, sulphate, and reduced iron, which is
comparable to some of the reactants and products of COR that include
carboxylic acids, CO; bubbles, sulphuric acid and sulphate, and ferrous
iron in ferroin, respectively (Table 4). For iron, ferric phases have been
reported in Cryogenian pyrite rosettes (Cui et al., 2018), although not in
the Doushantuo diagenetic spheroids studied here. Strong oxidants such
as iodate and bromate are used in COR and are known to have become
more abundant in post-glacial Ediacaran seawater (Hardisty et al.,
2014), including in the upper slope paleo-environment of the Doush-
antuo Fm (Wei et al., 2019). Iodide and bromide may be present in trace
level in hydroxylated and halogenated minerals, and they occur in trace
level in the studied samples (Table 2; Fig. 8A), presumably in apatite and
phyllosilicates. Hence, halogen compounds were available during sedi-
mentary diagenesis and could have become sufficiently concentrated in
pore water solutions during dehydration to trigger COR. Therefore,
higher concentrations of oxidized halogens and oxidants can then be
coupled with biomass and redox-sensitive trace metals to produce COR
patterns and their subsequent mineralization into diagenetic spheroids
(Papineau et al., 2021; Varkouhi et al., 2022; Varkouhi and Papineau,
2023).

In the studied samples, the presence of key trace metals including Fe,
Cr, Ni, Mn, Ti, V, Co, Mo, and Zn shows that these metals with variable
oxidation states are also available catalysts during sedimentary
diagenesis. This is relevant for COR because there are various redox-
sensitive metals that can lead to self-catalysis of COR and to pattern
formation (Belmonte et al., 1997). REEs also are found in the studied
phosphorites with diagenetic spheroids and tend to be enriched therein,
however such enrichments are not seen in the studied samples, when
compared to Post Archean Australian Shales. In any case, sedimentary
phosphorite does not always reliably preserve seawater REE composi-
tions, which can be altered by diagenetic processes involving biomass
decomposition (Shields and Webb, 2004). Here, the slightly positive Eu-
and negative Ce-anomalies of some Doushantuo diagenetic spheroids
are akin to those in older ferruginous chemical sedimentary rocks that
also have various diagenetic spheroids such as banded iron formations of
early Paleoproterozoic (Konhauser et al., 2018; Pecoits et al., 2009) and
Eoarchean-Hadean age, although these have no Ce anomalies and more
pronounced Eu anomalies (Papineau et al., 2022). Hence, the measured
REE might indicate seawater composition despite the inferred diage-
netic decomposition of biomass (see below). Some of these transition



€1

Table 2
Trace elemental composition of selected specimens of diagenetic spheroids (all values in ppm).
Congo YG1801a * YG1801b * YG1803 D01706 ZK511-15 ZK511-32 ZK703-897.46 NBS120C’ NBS120C
Malachite
Botryoidal Botryoidal Chert Botryoidal Granular Granular
Analytical Papineau quartz, Member  quartz, Member concretion, quartz, Member phosphorite phosphorite, Concretionary Measured Certified Recovery
method (2020) I I Member II I Member II Member II botryoidal dolostone values values %

Al ICP-OES 401.50 1176.12 1199.17 1757.79 1073.49 5732.24 727.95 BDL 5508.48 5600.00 98.4
As ICP-MS 33.28 1.04 0.90 52.10 6.65 14.43 14.42 1.02

Ba ICP-OES 39.81 2180.92 2271.14 208.14 270.41 159.25 235.90 1.86 59.60 61.00 97.7
Be ICP-MS 11.27 0.10 0.11 0.17 0.17 3.62 0.55 0.02 2.33 2.86 81.6
Bi ICP-MS 0.00 0.05 0.01 0.05 0.02 0.01 0.06 0.00

Ca ICP-OES 38.88 282,884 281,746 122,921 96,406 341,910 334,104 218,479 351,520 344,000 102.2
Cd ICP-MS 0.00 0.27 0.28 0.12 0.10 BDL 1.06 BDL 21.51 18.00 119.5
Co ICP-MS 199.47 2.86 2.69 6.17 5.21 4.64 2.73 1.25 3.85 2.85 134.9
Cr ICP-MS 0.56 260.27 226.91 727.50 676.89 401.68 295.17 61.89 53.79 59.60 90.3
Cu ICP-MS 552,697 BDL BDL 15.26 BDL BDL BDL BDL 7.78 8.60 90.4
Fe ICP-OES 85.05 2590.56 2565.96 41,504.79 4209.31 7015.02 2473.60 530.27 7639.22 7700.00 99.2
K ICP-OES 75.23 298.67 301.96 213.88 521.34 4933.50 BDL 49.04 1142.55 1000.00 114.3
Mg ICP-OES 163.28 5273.98 5456.81 33,724.54 0.00 4127.62 24,437.28 128,854 1703.38 1700.00 100.2
Mn ICP-MS 585.36 3122.44 3169.03 500.63 429.96 645.47 318.56 85.02 245.63 250.00 98.3
Mo ICP-MS 0.14 2.27 2.26 9.96 7.53 4.10 BDL 1.90

Na ICP-OES 24.07 211.19 201.98 326.61 215.06 3028.95 2789.42 300.17 2222.36 2600.00 85.5
Ni ICP-MS 17.97 97.15 91.98 352.19 261.51 156.44 123.80 24.15 13.47 17.00 79.2
P ICP-OES 42,836.73 129.34 144.89 1825.43 170.73 140,386 121,859 299.91 184,952 150,700 122.7
Pb ICP-MS 3.44 1.48 1.31 1.26 0.67 16.84 64.68 0.11

Sr ICP-MS 263.11 262.21 217.48 24.05 622.39 841.98 21.60 708.18 705.00 100.5
Ti ICP-MS 6.91 43.35 41.29 321.69 52.16 242.71 11.30 2.24 887.52 900.00 98.6
A% ICP-MS 171.55 9.12 8.53 29.02 12.58 21.42 29.92 20.60

Zn ICP-MS 890.94 28.04 27.46 125.91 11.38 7.18 27.92 4.47 119.09 117.00 101.8
Sc ICP-MS 1.91 0.04 0.17 0.34 0.20 0.81 0.06 0.00 6.69 6.40 104.5
Y ICP-MS 6.66 1.82 1.92 5.36 0.87 56.64 12.90 0.22

La ICP-MS 0.37 0.98 1.04 10.25 0.41 19.03 3.72 0.05

Ce ICP-MS 0.34 1.66 1.36 9.56 0.78 35.03 4.73 0.08

Pr ICP-MS 0.14 0.21 0.22 1.97 0.12 5.30 1.04 0.02 18.24 17.40 104.8
Nd ICP-MS 0.76 0.84 0.89 7.83 0.62 24.83 5.34 0.08 78.25 75.00 104.3
Sm ICP-MS 0.36 0.18 0.20 1.39 0.22 5.62 1.33 0.02 15.99 23.00 69.5
Eu ICP-MS 0.12 0.45 0.49 0.48 0.10 1.36 0.38 0.01 3.69 3.60 102.4
Gd ICP-MS 0.73 0.22 0.23 1.36 0.21 6.90 1.73 0.02 18.68 18.90 98.8
Tb ICP-MS 0.14 0.03 0.03 0.18 0.03 1.11 0.27 0.00 2.87 2.00 143.7
Dy ICP-MS 0.89 0.20 0.21 0.93 0.17 7.18 1.64 0.02 17.82 17.20 103.6
Ho ICP-MS 0.20 0.04 0.05 0.18 0.03 1.69 0.36 0.01 4.04 3.92 103.0
Er ICP-MS 0.54 0.14 0.15 0.45 0.09 5.07 1.01 0.02 12.06 11.70 103.1
Tm ICP-MS 0.07 0.02 0.02 0.06 0.01 0.70 0.13 0.00 1.68 1.10 152.3
Yb ICP-MS 0.46 0.15 0.16 0.35 0.07 4.13 0.69 0.01 10.80 10.90 99.1
Lu ICP-MS 0.07 0.03 0.03 0.05 0.01 0.59 0.10 0.00 1.73 1.70 101.8
Th ICP-MS 0.31 0.12 0.14 0.40 0.23 0.66 0.10 0.19 7.00 8.00 87.4
Br ICP-MS 80.91 BDL BDL 0.99 2.06 0.88 4.35 7.55 1.04 0.69-0.99 105.3
I ICP-MS BDL BDL BDL 0.21 0.24 0.57 BDL BDL 0.18 0.18-0.28 100.0
Cl ICP-MS BDL BDL BDL 128.33 219.33 243.82 1066.81 710.63 103.90 110-130 94.5
F fon BDL BDL BDL 315.87 BDL 25,855.85 16,982.18

Chromatography

BDL stands for ‘below detection limit’.

" aand b are different splits from the same sample to test analytical reproducibility and sample homogeneity.

§ NBS120C is a phosphorite geochemical standard.
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Fig. 9. Variably crystalline and functionalized organic matter from diagenetic spheroids in Doushantuo Formation. Raman spectra of various types of OM in granular
phosphorite: (A) OM1 from ZK115-33, (B—C) OM1 and OM2 from ZK511-15, (D) OM1 from ZK701-06, and (E-J) OM3, OM4, and OMS5 from ZK115-12. (K) OM6 is

from concretionary phosphorite 13ZX1-6.

metals and REE are redox-sensitive elements that can substitute for iron
in ferroin to catalyse COR and produce patterns in experiments
(Belmonte et al., 1997). While strong oxidants and acids as well as
transition metals are common in both diagenetic spheroids and COR,
more COR experiments are also needed to determine the range of re-
actants and their concentrations that can produce self-similar patterns.
New proxies, perhaps based on bromine and iodine stable isotopes,
might further constrain the range of concentrations of iodate and
bromate in original diagenetic pore waters. In any case, diagenetic
spheroids occur in a wide range of chemically precipitated and silici-
clastic sedimentary rocks from throughout the geological record, and
because the COR model is compatible with many different natural en-
vironments where the reactants occur, it is perhaps not surprising that
the Doushantuo diagenetic spheroids contain a limited range of domi-
nant minerals along with redox-sensitive trace elements.

5.2. The range of types of organic matter associated with Doushantuo
diagenetic spheroids

In the Doushantuo Fm, OM1 is the dominant type within apatite
granules and resembles OM types reported in different paleoenviron-
ments of Doushantuo Members I and IV (Papineau et al., 2021; Wang
et al., 2017; Canadas et al., 2022; 2024). The variability noted for D1-
and G-band positions, relative intensities, and full width at half
maximum (Table 3) may be related possibly to variable levels of
degradation, thermal metamorphic maturity, or imprint of primary
versus secondary productivity. Besides, various mixtures with different
proportions of types of OM may also occur and explain some of these
variable relative intensities. Despite these considerations, we note two
mineralogical connections between OM4 and pyrite-marcasite rosettes
and pyrite framboids (Fig. 9G-I) and between platy OM2 and illite or
sericite, identified by its 708 em™! and 3626 cm™! peaks (Fig. 7F)
(Table 3). First, OM2 is found in only one apatite granule laminated with
botryoidal pyrite and it specifically occurs as a microscopic flake about
300 nm wide and 10 pm long (Fig. 7D-F), which is an unprecedented
observation in a natural specimen, to our knowledge. This tiny object
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resembles graphene both in morphology and crystal structure, where its
strong 2D peak has a similar relative intensity to the G-band and com-
parable to graphene (Elias et al., 2009), however it occurs as a stack of
graphene sheets in Doushantuo. This is because OM2 has a platy habit
within its host illite-sericite, and therefore OM2 is inconsistent with the
habits of a graphite whisker (Tan et al., 2001) or of a carbon nanotube
(Tan et al.,, 2002). Alternatively, an argument for graphene to be
authigenic is that pure graphite does not occur in association with OM2,
which would be expected to dominate the kinds of graphitic carbons in
the rare rocks known to contain graphene. Other sources of OM from
sedimentary detritus can thus possibly explain the occurrence of gra-
phene OM2 outside of the apatite granule with pyrite botryoids (Fig. 7D-
F). Other rocks have been reported to contain curled nanoscopic struc-
tures, tubes, cones, and whiskers with similar spectral features (Jaszczak
et al., 2007). Turbostratic graphite, a form of disordered spz—carbon
might also explain the Doushantuo graphene flake, which is thus
consistent with several possible origins.

Second, OM4 in the pyrite-marcasite rosette has a prominent D5
peak at 1433 cm™!, but also sharp D1- and G-peaks at 1355 and 1591
cm™!. This unusual D5 peak could be due to sulphur functional groups in
OM4. In fact, thiol groups in OM might explain the prominent 1433
em™! peak in OM4, associated specifically with pyrite-marcasite ro-
settes. Out-of-equilibrium mineral assemblages include barite [BaSO4]
inclusions inside pyrite-marcasite rosettes (Fig. 7H) (Jiao et al., 2023b),
which can be considered as evidence for redox reactions involving sul-
phate, biomass, and iron. However, other functional groups may also be
possible for the 1433 em ™! peak possibly linked to the co-occurrence of
diamondoids, which are common in crude oil (Chen et al., 1996; Dahl
et al.,, 1999) and have sharp Raman peaks located at similar wave-
number positions (Filik, 2006). While a more specific determination of
the substances in OM2 and OM4 awaits further analysis, OM1 to OM6
can be broadly interpreted as indicative of variable mixtures of disor-
dered to crystalline forms of sp? and sp> bonded carbon atoms, consis-
tent with thermal cracking of biomolecules.

Observations also show diagenetic spheroids are ubiquitously asso-
ciated with OM and commonly associated with fossils. This
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Fig. 10. Comparison of the six types of organic matter reported in Member II of the Doushantuo Formation. (A) Raman spectrum of OM1 (ZK701-6), (B) Raman
spectrum of OM 2 (ZK511-15), (C-E) Raman spectra for OM3, OM4, and OM5 (ZK115-12).

demonstrates that the source of OM for the inferred COR in the original
sediments was biomass. Hence, the origin of the various types of OM
associated with fossils and diagenetic spheroids may be multi-fold and
could also include OM from variably differentiated organisms implying
heterogeneous biochemical compositions, or from biomass variably
affected by COR and low thermal metamorphism, which can affect levels
of preserved molecular functional groups. Raman spectra of OM in
Doushantuo diagenetic spheroids are varied and cannot all be explained
by variable metamorphic imprints. A later source of OM remobilised
from other rocks is inconsistent with petrographic evidence of finely
disseminated OM1 and OMS5 (Fig. 7) in nanoscopic apatite and quartz,
and with the absence of veins with remobilised OM. We caution however
that these observations show an unusual occurrence of OM2 associated
with diagenetic spheroids, hence an older source of OM cannot be dis-
counted form some Doushantuo OM. Similar observations for OM4 and
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OMS5 in pyrite-marcasite rosettes and pyrite framboids expand the range
of known OM types associated with diagenetic spheroids in such low-
grade metamorphic rocks. Variable OM types are generally consistent
with an authigenic origin and thus support the COR model for the
involvement of biomass in the origin of diagenetic spheroids in the
Doushantuo Fm.

5.3. Discussion of abiotic carbon cycling in the Doushantuo Formation

The stratigraphic and paleo-geographic distribution of diagenetic
spheroids show that the concentration of chert nodules, carbonate
concretions, and lenticular beds is highest in the shallow shelf and upper
slope paleo-environments and throughout all four Doushantuo members
(Zhu et al., 2013; Muscente et al., 2015). This correlation of diagenetic
spheroids and paleo-environments is also related to multiple negative
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Comparison of patterns and substances through Raman spectral features of organic matter occurrences in Doushantuo member II diagenetic spheroids (see modelled

spectra in Fig. 10).

Raman  Parameter OM1 OM2 OM3 OM4 OM5
Peaks
Mineral apatite + apatite + apatite + pyrite + marcasite + apatite + pyrite + marcasite + apatite +
association pyrite illite pyrite quartz + barite quartz + barite
Diagenetic botryoids, granules, granules with botryoids, granules, rosettes rosettes
spheroids rosettes botryoid rosettes
G  Position 1601 1590 1622 - 1591
FWHM 46 41 30 - 30
Area 6005 2200 1000 - 2730
D1  Position 1338 1355 1347 1349 1355
FWHM 106 40 75 70 40
Area 10,080 2450 39,335 5859 2730
D2  Position 1621 1621 1621 1616 1621
FWHM 13 16 32 22 26
Area 480 250 19,000 1310 2150
D3  Position 1530 1530 1530 1530 1530
FWHM 78 180 200 200 220
Area 1485 100 19,500 9362 2500
D4 Position 1245 1245 1240 1245 1245
FWHM 75 150 150 130 170
Area 1417 900 14,500 2908 3900
D5 Position 1435 1435 1430 1435 1430
FWHM 100 75 60 130 100
Area 1970 470 1832 2908 1750
2D Position ca. 2700 2701 ca. 2700 2700 2700
FWHM 300 55 220 29 29
Area 4560 1670 19,000 2863 2858
Correlation  (R) 0.9878 0.9843 0.9891 0.9813 0.9851
Peak Trathid RA1 248 296 229
Peak Tramia RA2 261 232 140

excursions of C isotopes in carbonates (Zhu et al., 2013; Lan et al., 2018),
highly variable seawater sulphate (McFadden et al., 2008; Li et al.,
2010), and with higher iodine abundance (Wei et al., 2019) (Fig. 2G). In
nature, the highly soluble elements bromine and iodine can be
concentrated in algae and be involved in a wide range of bacterial me-
tabolisms (Leri et al., 2010). While it is unknown whether there is
halogenated OM in the Doushantuo Fm, the inferred co-occurrence of
iodate and sulphate supports the new model of COR (Fig. 11) to explain
the formation of diagenetic spheroids from the abiotic decarboxylation
of biomass. This explanation can then possibly be related to the multiple
negative carbon isotope excursions in the Doushantuo Fm and future
analyses will show a broader applicability of the COR model to diage-
netic spheroids from throughout Earth history.

In Member I of the Doushantuo, there is evidence for varying levels
of seawater sulphate as recorded by fluctuating levels of carbonate-
associated sulphate and 3*S-enrichments around +25 %o, and up to
+40 %o, and occurring in 13C-depleted carbonate (Huang et al., 2013)
(Fig. 2D, F). Sulphide rosettes in the Cryogenian Datangpo Fm have
extreme S enrichments up to +70 %, they have ‘petals’ of pyrite or
iron oxide, and they are associated with botryoidal rhodochrosite
[MnCOs], which have been interpreted as abiotic reaction products (Cui
et al., 2018). Such microscopic rosettes display circular concentricity
and radially aligned crystals and they have a similar range of minerals as
granules, concretions, and botryoids, all of which are also dominated by
quartz, apatite, pyrite, or carbonate (Cui et al., 2018). The nanoscopic
size of marcasite and OM in quartz rosettes suggests limited alteration by
metamorphism and a diagenetic origin consistent with the oxidation of
biomass by sulphate. Biological sulphate reduction and sulphide
oxidation can lead to strong sulphur isotope fractionations in the
Doushantuo Fm where authigenic pyrite grains have a large range of
524S values consistent with various microbial metabolic pathways and
fluctuations in seawater and pore water sulphate concentration
(McFadden et al., 2008; Cui et al., 2018). Highly variable sulphur
isotope ratios after the Marinoan glaciation in South Australia concurs
with the interpretation of variable seawater sulphate and microbial
fractionation (Halverson and Hurtgen, 2007). Contemporary acidic
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conditions also likely existed because sulphate is believed to originate
from oxidative weathering of older crustal pyritiferous exposures that
can lead to conditions like acid-mine-drainage (Konhauser et al., 2011).
Such sources of sulphate and protons represent key reactants for abiotic
spontaneous COR proposed to take place during the diagenetic decom-
position of biomass in chemical sediments. Hence, there are some sig-
nificant stratigraphic fluctuations in post-glacial seawater sulphate, and
they are associated with negative carbon isotope excursions in Doush-
antuo carbonates. These signals demonstrate the availability of sulphate,
which could also have contributed to the abiotic decomposition of
biomass, and is consistent with the presence of diagenetic sulphate and
sulphide minerals in rosettes, granules, botryoids, and concretions.
Hence, we argue the decomposition of biomass was abiotic (Cui et al.,
2018), although microbial sulphate reduction and sulphur oxidation
could plausibly have played a role as well (McFadden et al., 2008; Li
et al., 2010; Cui et al., 2018).

Lastly, the compound ferroin is used in COR to create contrasting
colours and gradients of colours of the characteristic patterns. The
analogue of this N-bonded Fe complex in diagenetic pore water solutions
could be similar macromolecular cofactors (i.e. tetrapyrroles) from
decayed macromolecules from cellular electron transport chains in
decayed membranes, such as heme or cytochromes, which also have a
centralised, redox-sensitive Fe atom bonded to several N in polycyclic
macromolecules (Papineau et al., 2023). In some cases, however, iron
could simply become concentrated in pore water as an oxide or hy-
droxide and directly participate in chemical reactions. No matter the
exact process, there certainly was Fe in the pore waters of many studied
samples because pyrite and marcasite are commonly associated with
Doushantuo diagenetic spheroids (Figs. 5-7). These minerals occur as
circularly concentric rosettes, rims of granules, circularly concentric
layers in concretions, and in rosettes, which is akin to the sulphide ex-
pected to be produced during abiotic sulphate reduction of ferric iron,
but not of OM. It is also possible that Ti** might play a catalytic role
associated with biomass oxidation because nanoscopic TiO» polymorphs
are common in Doushantuo diagenetic spheroids, and they are known to
abiotically catalyse the adsorption and oxidation of functionalised
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Features of COR and diagenetic spheroids with comparisons of their patterns and substances.

Objects /
Compared features

Chemically oscillating
reactions in Petri dish

Doushantuo diagenetic spheroids

Patterns
Circularly concentric and equidistant laminations

Circularly concentric equidistant laminations spanning several
orders of magnitude in dimension size

Fig. 3A-C, 5Q-U

Fig. 3A-C, 5Q-U

Fig. 3E-H, 5A-P, 6A-D, 7G-H

Fig. 3D-K, 5A-P, 6A-L

Fig. 5Q-S Fig. 3D-E, 5A, 5F-J, 6E-L
Cavity-shaped structures i8. 50 ®
Fig. 3G, 5Q- Fig. 3D, E, 5A, F-H, 5J, 50, 6E-L
Twinned chemical waves (destructive interference) ig. 3G, 5Q-8 ig. 3D, E, 5A, €, > 53,50,
Rounded asymmetric concentric laminations Fig. 3A Fig. 3F-K, 5A, 5G, 5I

Radial diffusion or geometry

Colour gradients in laminations
Substances

Organic reactants (electron donors)

Strong oxidants - halogens

Strong acids - sulphur

Redox-sensitive metals

Ferroin, Ce, Mn

Product carbonate

Fig. 3A-C, 5Q-U

Fig. 5Q-U

Malonic acid, carboxylic acids

Iodate, bromate, perchlorate

Sulphuric acid, sulphate

CO, bubbles

Fig. 3B, 5G, M, O, 7G-H
Fig. 3F, 5A-B, 5H, 5K, 6B, 6J

Carboxylic acids’' (always present in biomass), now as residual OM1 to
OMS6 and organic microfossils (Fig. 6M-Q)

Iodate and bromate” (in apatite and carbonate)
Sulphate (in barite)
Fe (in pyrite and marcasite)

13C-depleted carbonate minerals (in diagenetic calcite and dolomite)

1 See Papineau et al. (2021) and (2016) for carboxyl functional groups in Cambrian and Paleoproterozoic sedimentary organic matter, respectively.
2 See Wei et al. (2019) and Hardisty et al. (2014) for iodate concentration in Precambrian carbonates. Bromate behaves like iodine, but it is seldom measured in

Precambrian apatite and carbonate.

organic acids (Cleaves et al., 2010; Fujishima and Zhang, 2006). Hence,
redox-sensitive transition metals were present in Doushantuo diagenetic
environments, and they likely participated as catalysts involved in
abiotic carbon cycling and the formation of diagenetic spheroids.

5.4. On the formation of diagenetic spheroids in the geological record

As the origin of most diagenetic spheroids is still uncertain and a
subject of debate, the new observations and COR model presented in this
work are timely, yet complex, because a comprehensive link requires
multiple and distantly related scientific disciplines. The following sub-
sections are organised primarily by the types of diagenetic spheroids
to describe advances that the COR model provides over other previously
invoked formation models.

5.4.1. The unclear origin of concretions and nodules

Field observations give important information on the origin of con-
cretions and nodules as bedding laminations can commonly be followed
into many of these objects, which shows that concretions formed after
sedimentation and specifically after compaction when they do not
deflect sedimentary laminations, or during early diagenesis when sedi-
mentary laminations are warped around them (Marshall and Pirrie,
2013). Concretions and nodules also commonly contain organic-rich or
pyritised fossils or borrows, usually located near their geometric centre,
which has led to the interpretation that nucleation occurred around
decayed visceral tissue or faecal matter in the presence of diagenetic
solutions rich in sulphur and iron (Wilson and Brett, 2013; Bernard
et al., 2010; Seilacher, 2001). Localised anoxic and alkaline conditions
in sediment pore waters during diagenesis are usually regarded as
necessary for the formation of carbonate concretions (Berner, 1968).
Stable isotopic composition of carbon and sulphur in concretions and
nodules have been used to trace various microbial metabolisms associ-
ated with biomass decomposition such as fermentation and sulphate
reduction (Irwin et al., 1977; Xiao et al., 2010; Plet et al., 2016), and
even methanogenesis in some cases (Cotroneo et al., 2016). Within
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carbonate concretions there are also commonly ferruginous carbonate
and sulphide minerals as well as OM, which can contain various mo-
lecular functional groups, thereby indicating a biological source of
carbon in carbonate and the preservation of organic biomarker mole-
cules (Bernard et al., 2010; Plet et al., 2016).

Concretions and nodules in the geological record are dominantly
composed of carbonate, apatite, chert, and/or sulphide and these phases
are usually associated with OM. Many models proposed for the forma-
tion of concretions involve microorganisms and/or secondary nucle-
ation associated with groundwater during diagenesis. The growth of
concretions and nodules is sometimes interpreted to involve the
microbially-mediated decomposition of biomass during diagenesis;
however, this does not explain mineral patterns with circular concen-
tricity and radial geometries. For these patterns, other previous models
include concentric growth from the core nucleus with successive layer
added onto the core (Oertel and Curtis, 1972), or the development of
sphericity in concretions occurring as the inward diffusion from an
initially precipitated outer shell followed by inner core formation
(Coleman, 1993; Coleman and Raiswell, 1995). The layered circular
concentricity in diagenetic concretions from the Doushantuo Fm has
been suggested to follow a paragenetic sequence that involved early
diagenetic phosphatisation, pyritization during early and late diagenesis
and the formation of diagenetic carbonate during early compaction until
late diagenesis (Schwid et al., 2021). While the latter proposed para-
genesis was used to argue that discoidal features in rocks are probably
pseudofossils rather diagenetic features, OM is ubiquitous in all speci-
mens and thus it is likely involved in the proposed abiotic reactions as
argued above. Another relevant comparison may be with glendonites,
which are radiating carbonate structures, presumed pseudomorph of
ikaite [CaCO3e6H20] and associated with cold-water settings (Rogov
et al., 2021). Carbonate and silicified glendonites are associated with
OM and concretions in the Doushantuo Fm (Wang et al., 2017; Wang
et al., 2020) and therefore, their radiating morphology and other geo-
metric characteristics should be investigated in the context of COR in
future research. Hence, considering the new COR model, a similar
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biological putrefaction abiotic decarboxylation (COR) permineralization and lithification
Granules
products i
Fet rosettes
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oxidants co
Fe3+ B
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iodate + in fossils
bromate colloids
chlorate silica
apatite
carbonate Concretions
sulfide
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quartz
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Fig. 11. Model of COR and other reactions to explain the mineralogy and patterns of diagenetic spheroids in the Doushantuo Formation. The model illustrates the
growth of granules or rosettes around microorganisms or biomass (top), botryoids inside acritarch fossils (middle), and concentric layers in concretions and nodules
(bottom). Botryoids inside acritarch fossils are shown as an inset (white rectangle). Red arrows represent the interpreted direction of radial diffusion of chemical
waves with lists of relevant possible oxidants, reaction products, and nanoscopic colloids. Approximate diagenetic stages are interpreted in the bottommost row with
earliest diagenesis taking place in the water column and/or at the sediment-water interface, early diagenesis taking place after deposition until shortly after burial,
and late diagenesis during dehydration reactions and permineralization, until lithification. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

sequence of mineralization is proposed here as an alternative explana-
tion (Fig. 11), with the main distinction that only the COR model pre-
dicts the formation of specific patterns and compositions observed in
concretions and nodules as well as a specific role for OM to fuel the
abiotic reactions.

5.4.2. The debated origin of granules

The most common formation model proposed for granules is through
wave-action or sedimentary re-working that causes detrital particles or
precipitates to become rounded on sedimentary hardgrounds
(Simonson, 1985; Pufahl and Grimm, 2003). Although this is not easily
reconcilable with the fact that granules commonly occur in chemically
precipitated sedimentary rocks — chert, jasper, and phosphorite —,
granules have also been considered a post-depositional diagenetic
replacement texture (Hiatt et al., 2015; Papineau et al., 2017). In
chemical sedimentary rocks, mineral precipitation in granules could
occur through flocculation or aggregation in the water column, or at the
sediment-water interface (Simonson, 1985; She et al., 2013; Stefurak
et al., 2015). Direct microbial activity for the rounding of granules might
also explain some of their characteristics (Dahanayake and Krumbein,
1986), however it is only recently that the COR model has been sug-
gested to explain the abiotic formation of geometric patterns in chert
granules during diagenesis (Papineau et al., 2017; Dodd et al., 2018).
Alternatively, apatite granules commonly display concentric layers of
minerals, sometimes including pyrite laminations, which is indicative of
formation during early diagenesis and from the influence of iron, sul-
phate, and OM (Pufahl and Grimm, 2003; Papineau et al., 2017; Dodd
et al.,, 2018). Diagenetic formation models for Phanerozoic apatite
granules are usually based on a combination of processes involving
redox-aggradation, unconformity-bound rounding, and biomass
decomposition (Pufahl and Grimm, 2003). Early diagenetic processes in
granules are consistent with 1) their common content of relatively well-
preserved microfossils (Lougheed, 1983; Walter et al., 1976; Schopf and
Kudryavtsev, 2012; She et al., 2014; Papineau et al., 2017; Dodd et al.,
2018), 2) their micro-textural evidence indicative of a pre-compaction
timing of formation (Maliva et al., 2005), as well as 3) their common
association with stromatolites or other fossils, OM, 13C—depleted car-
bonate, and authigenic apatite [Cas(PO4)3(OH,F,Cl)] (Pufahl and
Grimm, 2003; Papineau et al., 2017; Dodd et al., 2018). Hence, granules
have an uncertain origin, possibly involving wave-action, microbial
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activity, and post-depositional early diagenetic processes.

New observations of apatite granules with later diagenetic coatings
of isopachous apatite also form cavity structures between tightly packed
granules (Figs. 5, 6; Simonson, 1985), which is further consistent with a
pre-compaction timing during early diagenesis. It is possible that these
processes begin in water column or at the sediment-water interface (She
et al., 2013). Furthermore, the COR model implies redox reactions to
also be involved, which lends support also to the redox aggradation
model (Pufahl and Grimm, 2003) but goes further and suggests a specific
role for biomass decomposition in the growth of granules (Papineau
et al., 2017; Dodd et al., 2018). This specifically predicts and explains
the formation of circularly concentric features through diffusion, which
are fuelled by the abiotic decarboxylation of OM. In natural environ-
ments on Earth, OM almost exclusively comes from biomass. The
diffusion process in the COR model thus elegantly explains the occur-
rence of microfossils, as the source of carboxylic acids, inside granules of
apatite (Fig. 11) (She et al., 2013, 2014), granules of quartz (Walter
et al., 1976; Schopf and Kudryavtsev, 2012; Gabriel et al., 2021), and
granules with hematite and magnetite (Lougheed, 1983; Dodd et al.,
2018). However, it is also conceivable that on a lifeless planet, abiotic
granules could form from abiotically synthesized and abiotically
decarboxylated OM. Hence, the COR model does not invalidate previous
models, but it is the only model that explains the patterns inside gran-
ules, their mineral composition rich in carbon, phosphorous, sulphur,
and iron (which has variable oxidation states), as well as their common
content of microfossils.

5.4.3. The enigmatic formation of rosettes and pyrite framboids

Various types of microscopic rosettes with circular concentricity are
composed of radially aligned apatite, quartz [SiO;], and carbonate and
these ubiquitously occur with OM in stromatolitic phosphorite
(Papineau et al., 2016), in cherty black shale (Mossman et al., 2005 —
called “spherules” therein), and in granular chert and jasper from the
late Paleoproterozoic (Lougheed, 1983; Heaney and Veblen, 1991;
called “spherulites” in both). Rosettes composed of stilpnomelane [K
(Fe?t,Mg,Fe3)g(Si,Al)12(0,0H)7en(H,0)] or hematite [Fe;03] and
chert also occur in banded iron formations and commonly with car-
bonate (Grenne and Slack, 2003 — called “spherules” therein; Rassmusen
et al.,, 2013 - called “microgranules” therein; Dodd et al., 2018; Papi-
neau et al., 2022), including in association with Earth’s oldest purported
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microfossils (Dodd et al., 2017; Papineau et al., 2022). An early diage-
netic origin of rosettes seems consistent with their occasional preser-
vation inside nodules (Rassmusen et al., 2013) and inside or beside
granules (Dodd et al., 2018). A direct role for OM in natural pyrite
framboid formation has long been suspected given that diagenetic ex-
periments using biomass produce radially aligned, circularly concentric,
and twinned microscopic spheroids of iron phosphate associated with
nanoscopic sized (i.e. 200 nm to 1 pm in diameter) pyrite spherules,
considered as precursors of pyrite framboids (Duverger et al., 2021;
Truong et al., 2023). In fact, carbon to nitrogen ratios of OM inside
natural pyrite framboids suggest that biomass is likely an important
reactant for their formation (Wacey et al., 2014). Framboidal pyrite is
commonly associated with large sulphur isotope fractionations that
suggest microbial sulphate reduction as a dominant process, and
therefore point to diagenetic and metabolic reactions involving sul-
phate, iron, and OM in environments with variable redox conditions
(Gorjan et al., 2007). The variable diameter of pyrite framboids has also
been used to trace the redox conditions of sedimentary environments
(Wilkin et al., 1996), including during the Jurassic (Wignall and
Newton, 1998), Permian-Triassic (Gorjan et al., 2007) and Ediacaran
periods (She et al., 2016; Jiao et al., 2023a).

Sedimentary pyrite forms during early to late diagenesis and it can
occur as framboids that can be twinned when closely packed, or it can
form circularly concentric marcasite rosettes in chert, pyrite-marcasite
rosettes, and concentric layers and rims inside granules and concre-
tions (Figs. 3 and 5). In all these Fe-sulphide-bearing objects, different
kinds of OM have a crystallinity and disorder consistent with the
metamorphic grade of the host rocks, all with maximum peak temper-
ature less than 300 °C (Table 3). The studied rosettes, including pyrite
framboids and pyrite-marcasite rosettes, are systematically associated
with different types of OM and specific geometric patterns, which is
comparable to observations from diagenetic experiments (Kohler et al.,
2013; Duverger et al., 2021). It is argued that pyrite framboids and
pyrite-marcasite rosettes in the Doushantuo specimens studied in this
work form abiotically, in agreement with previous experimental in-
ferences (Ohfuji and Rickard, 2005). The different types of OM, all
exposed to similar peak metamorphic temperatures, thus suggests var-
iable processing and molecular functional group composition, as well as
variable redox reactions during diagenesis, or in other words, out-of-
equilibrium conditions. Carbonate and apatite rosettes are also sys-
tematically associated with OM and can display spheroidal twinning,
circular concentricity, and radial patterns (Figs. 5 and 6). Hence, while it
is commonly accepted that microscopic rosettes have a diagenetic
origin, and they have been considered as dubiofossils (Heaney and
Veblen, 1991; Chauhan, 1979), the COR model provides a more
comprehensive explanation and a specific model for their abiotic for-
mation in nature. This is because the COR model is consistent with the
limited range of dominant minerals in rosettes (i.e. minerals rich in
carbon, phosphorous, iron, sulphur, and silicon, which is like those of
granules and concretions), and predicts the specific patterns they
contain. Hence, the abiotic COR model does not disprove previous
models, but more elegantly explains the patterns and mineralogy of
rosettes, as well as their common association with OM, fossils, and other
types of diagenetic spheroids.

5.4.4. Advances on the origin of botryoidal mineral habits

Botryoidal malachite displays repeating circularly concentric gradi-
ents of green shades and they can contain phosphorous enrichments,
laminations with microscopic rosettes, and OM shaped as stromatolites
and Frutexites in their geometric centres (Papineau, 2020). Botryoidal
quartz habits in chert display circularly concentric and radial geometries
that have lamination with concentration gradients composed of OM,
geometric centres enriched in OM, and associations with disseminations
of micron-size calcite, hematite, or pyrite (Papineau et al., 2021; Var-
kouhi et al., 2022; Varkouhi and Papineau, 2023; Papineau, 2024). In
cherty dolomitic microdigitate stromatolites, there can be botryoidal
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chert layers with mineral mixtures of ferric-ferrous oxides and OM
located specifically in the geometric centre of botryoids (Goodwin and
Papineau, 2022) or associated with microfossils composed of OM
(Gabriel et al., 2021; Yang et al., 2022). Botryoidal habits of quartz and
apatite co-occur in association with cavities (Fig. 3D-E; Papineau et al.,
2021), with rosettes (Fig. 5B), inside granules (Fig. 5C-D), and inside
microfossils (Fig. 5E-F), which expands known observations for botryoid
occurrences and the Doushantuo Fm. In the studied rocks, the minerals
that compose botryoids are dominated by quartz and apatite, whereas
accessory phases include carbonate, pyrite, and OM. Occurrences of
microscopic botryoidal laminations of pyrite and OM inside apatite
granules and inside microfossils show the same kinds of self-similar
patterns and compositions as those in concretionary cavities, which
demonstrates that these botryoids probably form during diagenetic COR
from the decomposition of carboxylic acids in biomass, prior to their
permineralisation in silica and apatite (Fig. 11). Their self-similar pat-
terns occur over five orders of size dimension, from tens of micrometres
to decimetres, which is consistent with the interpretation that botryoidal
mineral habits represent fractal patterns: they are like each other over all
size scales for these objects (Papineau, 2020, 2024; Papineau et al.,
2021, 2023).

6. Conclusions and advances in understanding the origin of
concretionary objects

Fractal patterns are geometric objects and shapes that appear self-
similar at various size dimension scales. Compared to previous works,
the most significant advance in this work is that the common association
of rosettes inside botryoids, botryoids inside granules, and the multitude
of comparable self-similar patterns and compositions between granules,
concretions, and nodules further points to all these objects forming a
continuum of diagenetic spheroids. Diagenetic spheroids can thus be
interpreted as fractal objects because they are self-similar over all sizes
in which they occur. This novel perspective is central to the COR model
of formation, whereby geometric patterns form naturally and sponta-
neously during the diagenetic decarboxylation of carboxylic acids from
biomass. In sedimentary systems, reaction products and residual re-
actants of COR ultimately mineralise as spheroidal carbonate, OM,
quartz, apatite, pyrite, barite, and iron oxides. In the Doushantuo Fm,
the source of OM associated with botryoids is decomposed biomass, as
can be argued from the common occurrence of microfossils (Xiao et al.,
1998, 2014; She et al., 2013, 2014). Ultimately, botryoids, concretions,
nodules, granules, and rosettes can all conceivably be completely abiotic
in origin, as their abiotic formation through COR could also be fuelled by
abiotically synthesized carboxylic acids. In the Doushantuo Fm how-
ever, the collective evidence rather points to a biological source of
carboxylic acids, processed abiotically during diagenesis.

Patterns in COR are closely similar to those in diagenetic spheroids
from the Doushantuo rock record (Table 4). These patterns include
circular concentricity, equidistant laminations, orders of magnitude of
dimension sizes, cavity structures, colour or compositional gradients,
spheroidal twins, rounded asymmetric laminations, and radial diffusion
or geometry. In this new light, the radially expanding chemical waves of
COR are comparable to the radial alignment of elongated crystals in
diagenetic spheroids and can be used to predict the propagation direc-
tion of circularly concentric laminations during diagenesis (Fig. 11).
This new COR model in nature is centered on the abiotic decomposition
of dead organisms, which fuels these reactions to produce self-similar
patterns inside diagenetic spheroids. These reactions require specific
substances that include carboxylic acids, strong oxidants, strong acids,
and redox-sensitive metals, which are comparable between diagenetic
spheroids and COR (Table 4). The COR model thus explains some of the
defining geometric features of diagenetic spheroids and why they have a
limited range of mineralogy. In this light, the microfossils contained in
granules, including the oldest purported fossil animal embryos (Xiao
et al., 1998), are akin to macroscopic fossils inside concretions and the
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biomass of the organisms is interpreted to have provided the fuel (i.e.
carboxylic acids) for COR to spontaneously take place. Hence, the
comparison between liquid-state and dynamic COR and solid-state
diagenetic spheroids is solidly supported by several specific and
defining patterns, and also supported by considerations of specific
similarities in chemical compositions.

The new COR model provides an elegant explanation for the origin of
circularly concentric patterns in concretions, nodules, granules,
botryoids, and rosettes, which have all been considered as partly enig-
matic and widespread in the Doushantuo Fm and beyond. These re-
actions also provide a new basis to understand the three negative
8'3Cearb excursions EN1-EN3 in the Doushantuo Fm as possibly authi-
genic and diagenetic in origin. During the deglaciation of snowball Earth
and its aftermath, COR were likely stimulated by favourable environ-
mental redox conditions and increased reactants, concentrated by both
biological and diagenetic processes. Building on previous works, the
COR model described here provides a significant geochemical advance
to understand the mineralogy and significance of many more types of
diagenetic spheroids, unifying these types under the umbrella of abiotic
carbon cycling, which has implications for taphonomic processes asso-
ciated with fossilisation and global biogeochemical cycles. Hence, the
striking similarities between the self-similar patterns and substances of
diagenetic spheroids and COR predicts that these objects are
sedimentary-geochemical proxies for abiotic decarboxylation reactions
in the sedimentary carbon cycle on Earth as well as on other planetary
bodies.
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