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ARTICLE INFO ABSTRACT

Keywords: The Neoproterozoic Shuram excursion (574 to 567 Ma) is the single largest carbon isotope excursion in the past
Shl_ll’am excursion two billion years, yet its cause is still unclear. Previous suggestions have been contentious: suggestions of a
Edlacm}n diagenetic origin for the excursion cannot explain coeval shifts in organic carbon isotopes, but suggestions that
EZ:EZE ;:;mpes the excursion represents a dramatic perturbation to the carbon cycle have faced criticism on the basis of the

considerable flux of oxidants required to drive the observed change. Here, we present a third potential
contributing factor: a change in the carbon isotope fractionation of photosynthesis. We investigate the explan-
atory power of this mechanism using a carbon box model, with comparison to empirical isotopic measurements
from the Doushantuo Formation in China and the Shuram and Buah formations in Oman. Our results suggest that
a ~20 %o decrease in photosynthetic carbon isotope fractionation over the course of the Shuram excursion is
sufficient to drive observed changes in both carbonate and organic carbon isotope ratios. Our modelling shows
that this driver frequently outperforms other potential drivers of the Shuram excursion in terms of fit of model
results to empirical data. Therefore, we suggest that a change in carbon isotope fractionation may have
contributed to the Shuram excursion. However, this mechanism does not explain other contemporaneous phe-
nomena, such as apparent changes in marine sulphur chemistry. Consequently, we suggest that a change in
fractionation is unlikely to have been a sole driver of the excursion. A change in fractionation could have arisen
either due to changes in the abiotic environment, which could have influenced producer physiology or parti-
tioned carbonate and organic carbon formation, or as a consequence of the evolution of the first macroscopic
animal communities in the Ediacaran, which could have modified plankton communities through feeding
pressure, impacting the abiotic environment on a global scale.

Earth-system evolution
Ecosystem engineering

1. Introduction

The Neoproterozoic is an important period in the history of life on
Earth because it was during this time that the first animals evolved,
transforming a biosphere that had been microbially dominated for more
than a billion years (Droser and Gehling, 2015). This transformation did
not just impact the biotic realm: as animals proliferated, so did their
ecosystem engineering impacts on the abiotic environment (Butterfield,
2000; Butterfield, 2011). The Neoproterozoic also contains two global
glaciation events (Hoffman and Li, 2009), the rise of algae as significant
contributors to global primary productivity (Brocks et al., 2017), and
significant perturbations to the global carbon cycle (Johnston et al.,
2012). These changes to the global system are reflected in the geological
record in the form of both fossils and chemical signatures, including the

largest negative carbon isotope fluctuations in Earth history (Grotzinger
et al., 2011).

The 6'3C value of marine carbonates can be interpreted as a proxy for
the relative net rates of incorporation of free inorganic carbon into
organic matter and carbonates (Rothman et al., 2003; Shields, 2017).
This makes 8'3C a useful measurement for understanding past
geochemical changes in the Earth system (Broecker, 1970). During
photosynthesis, biochemical pathways discriminate against the heavy
stable isotope of carbon (*3C). Consequently, 13C is depleted in organic
matter and enriched in carbonates, which are derived from the residual
pool of inorganic carbon. Any increase in the relative consumption of
inorganic carbon by photosynthesis further enriches the inorganic car-
bon pool, and drives an increase in the 5'>C value of both carbonates and
organic carbon (Fig. 1). Under this model, the §'3C values of organics
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and carbonates are “coupled”, and should show a consistent difference
in isotopic composition (Jiang et al., 2010; Johnston et al., 2012).
However, this mechanism can only enrich carbonate 5'3C above the
value of the carbon input to the system (around —5 %o; Tahata et al.,
2015). The Neoproterozoic contains the most extreme fluctuations in
513C known from the geological record. Of these fluctuations, the most
extreme is the Shuram excursion, which sees the 5'3C value of shallow
marine carbonates fall from +4 %o to as low as —12 %o, with weak or no
coupling between organic carbon and carbonates (Rothman et al., 2003;
Grotzinger et al., 2011). This signal is known from shallow marine
transgressive sedimentary deposits all over the globe, although the
observed magnitude of the excursion varies (Calver, 2000; Verdel et al.,
2011; Lee et al., 2015; Cui et al., 2017). Consequently, it is generally
accepted that some additional mechanism must be invoked to explain
the carbon isotope record during this time period (Rothman et al., 2003;
Shields, 2017) (Fig. 1), the two most common proposed mechanisms
being the unbalanced oxidation of organic carbon (Rothman et al., 2003;
Shields et al., 2019; Busch et al., 2022) and diagenetic alteration (Cui
et al., 2017).

1.1. Unbalanced oxidation of organic carbon

Rothman et al. (2003) proposed that the Shuram isotope excursion
could be explained as the product of the oxidation of all or part of a
large, isotopically light pool of organic carbon (DOC). Oxidation of this
organic carbon pool would enrich the inorganic carbon pool with

isotopically light carbon, which would then be incorporated into car-
bonates, and could theoretically drive the 5'3C signal in carbonates as
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low as the value found in the oxidised organic carbon (presumed to be
around —30 %.). However, in order to maintain an isotopically light pool
of inorganic carbon for the duration of the Shuram excursion, the
ocean-atmosphere system would need to consume an enormous amount
of oxidant, and it is not clear that this requirement could be met by
atmospheric oxygen (Bristow and Kennedy, 2008; Tahata et al., 2015;
Shi et al., 2017; Shields, 2017). More recent models that support
oxidation of organic carbon as a driver of the Shuram excursion have
proposed non-oxygen sources of oxidant such as sulphate (Shields, 2017;
Shields et al., 2019). Another possibility is that oxidation of organic
carbon was restricted to the shallow marine environments in which
isotope excursions have frequently been measured, and represents a
localised perturbation within those environments (Shi et al., 2017;
Busch et al., 2022). A second criticism of the DOC oxidation hypothesis
is that it would have likely resulted in the release of significant carbon
dioxide (Shields, 2017), which is difficult to reconcile with evidence for
coeval glaciation (Wang et al., 2023b,c), given that substantial carbon
dioxide production would be expected to increase global temperature
(although other studies suggest greenhouse conditions during the
Shuram excursion, which would eliminate this criticism (Bjerrum and
Canfield, 2011; Shields et al., 2019)). If onset of the Shuram excursion
was driven by an increase in the rate of organic carbon oxidation relative
to productivity, then its termination might be expected to be linked to an
increase in productivity relative to organic carbon oxidation (Canadas
et al., 2022; Canadas et al., 2024).
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Fig. 1. A steady-state model of carbon isotopes in carbonates and organic matter. Carbonate and organic carbon 8'>C values as a function of proportion of carbon
input buried as organic matter, where photosynthetic carbon isotope fractionation (g) is either 20 %o (dashed lines) or 30 %o (solid lines). 5'3C values in carbonates
during the Shuram excursion (—12 %o) fall below the lowest values permitted by this model.

Adapted from Shields (2017).
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1.2. Diagenesis

An alternative explanation of the Shuram isotope excursion is that
the signal does not reflect any change to the relative rates of calcification
and photosynthesis, but rather results from post-depositional, diagenetic
alteration of sedimentary carbonates (Derry, 2010; Cui et al., 2017).
Unlike oxidation of a DOC pool, diagenetic explanations do not require
problematically large consumption of oxidants (Bristow and Kennedy,
2008), and would explain why organic and carbonate carbon isotopes
are not always tightly coupled in sections that contain the Shuram
excursion in the way that theory predicts (Fig. 1) as diagenesis can
modify isotopes in carbonates without modifying the organic carbon
record (Derry, 2010). Furthermore, Cui et al. (2017) reported tight
coupling between carbon and oxygen isotopes in carbonates in the
Doushantuo Formation during the Shuram excursion: a relationship that
could arise as a result of the formation of authigenic calcite, depleted in
both 13C and 0.

However, while the measured isotopic compositions of organic car-
bon and carbonates are not always closely coupled during the Shuram
excursion, the organic carbon isotope record does show significant
fluctuations during this time (Kikumoto et al., 2014; Lee et al., 2015),
which cannot be attributed to diagenetic alteration of carbonates.
Furthermore, diagenetic changes to isotope ratios do not typically result
in changes of the magnitude of the Shuram excursion, at least under
stable environmental conditions (Grotzinger et al., 2011). The diage-
netic explanation has also been challenged on the grounds that the
Shuram excursion is coordinated globally, which is normally inconsis-
tent with diagenetic processes (Grotzinger et al., 2011), although Cui
etal. (2017) proposed that a global diagenetic effect could be created by
the rise of bacterial sulphate reduction in shallow sediments globally in
response to an increase in marine sulphate concentrations during the
Neoproterozoic.

1.3. A carbon pool as a buffer

Isotopic evidence exists in support of the presence of a large DOC
pool in the Neoproterozoic (Xing et al., 2022). While the unbalanced
oxidation of a large pool of organic carbon requires the consumption of a
potentially prohibitive mass of oxidant, the presence of a large pool of
organic carbon in the ocean-atmosphere system has potential implica-
tions for carbon cycling even if little or no unbalanced oxidation occurs.
For example, while decoupling of the carbon isotopes in organic carbon
and carbonates has previously been cited in support of diagenetic ex-
planations (Section 1.2), weak coupling could be explained by the
presence of a large pool of detrital organic carbon, with a long half-life;
if the organic carbon record reflected the isotopic composition of this
pool, then the organic carbon record would be partially buffered, over
timescales comparable to the half-life of the pool, against any changes to
the carbon isotope ratio of new productivity (Rothman et al., 2003).
Such a large DOC pool may be plausible (Gu et al., 2024): recalcitrant
DOC can survive in the modern ocean for many thousands of years
(Follett et al., 2014), and accumulation of recalcitrant DOC is easier in
relatively low-oxygen marine conditions (Lau and del Giorgio, 2020)
such as likely existed for the majority of the Neoproterozoic (Zhang
et al., 2019). Alternatively, even if a very large sustained DOC pool did
not exist in the Ediacaran, the temporary injection of a large mass of
organic carbon into the ocean-atmosphere system (a proposed alterna-
tive source of organic carbon during the Shuram excursion; Lee et al.,
2015) could have a similar buffering effect.

Rothman et al. (2003) proposed another role for a large organic
carbon pool: in the absence of a large pool of organic carbon, the half-life
of organic carbon in the ocean-atmosphere system will be short.
Consequently, any change to the isotopic composition of productivity
will quickly be reflected in a commensurate change in the isotopic
composition of oxidised organic matter. However, in the presence of a
large pool of organic carbon, the half-life of organic carbon will be
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longer and so any change to the isotopic composition of productivity will
take longer to be reflected in the isotopic composition of oxidised or-
ganics (Rothman et al., 2003). As a result, any change in the isotopic
composition of primary productivity can result in an unbalanced flux of
carbon isotopes between organic and inorganic carbon pools without
necessitating any unbalanced flux of carbon by mass and, therefore,
without inducing a change in the oxidant balance of the system
(Rothman et al., 2003). The duration over which this unbalanced flux of
isotopes can be sustained is a function of the half-life of organic carbon
in the system.

1.4. Photosynthetic carbon isotope fractionation coefficients

Here, we highlight a potential contributing factor to the Shuram
excursion: changes in photosynthetic carbon isotope fractionation. The
isotopic composition of organic carbon produced through photosyn-
thesis is a function of the isotopic composition of the inorganic carbon
pool from which carbon is being drawn, and the carbon isotope frac-
tionation imparted by the photosynthetic pathway. Geochemical studies
often model a fractionation of around —30 %o (Tahata et al., 2015;
Shields, 2017). However, studies of modern photosynthetic taxa have
demonstrated that the degree of fractionation varies substantially from
system to system. Variation exists among taxa in the isotopic fraction-
ation of rubisco as a result of intrinsic variation in the rubisco enzyme
itself (Wang et al., 2023a). However, significant variation can also arise
as a result of variability in environmental conditions, which impact the
isotopic composition of the local inorganic carbon pool with which the
enzyme interacts and, in so doing, reduce the observed “bulk” frac-
tionation relative to the theoretical maximum set by rubisco: variation
of 10 %o has been recorded in response to variation in carbon dioxide
concentration (Wang et al., 2023a), 15 %o in response to variation in
temperature (Descolas-Gros and Fontugne, 1990), 16 %o in response to
variation in producer growth rate (Wilkes and Pearson, 2019), 25 %o due
to differences in producer identity (Vogel, 1993), and 17 %o due to dif-
ferences in producer ecology (Hecky and Hesslein, 1995). These studies
have emphasised the relevance of this information for reconstructions of
drivers of carbon isotope variation in the geological record (Wang et al.,
2023a).

In this study, we build on previous work that demonstrated that
temporary changes to photosynthetic carbon isotope fractionation
could, in the presence of a large organic carbon pool, result in significant
changes to the carbon isotope record of carbonates (Rothman et al.,
2003; Bjerrum and Canfield, 2011). Here, we explore this fractionation
mechanism as a potential driver of the Shuram excursion by adapting
the carbon box-model of Tahata et al. (2015), itself adapted from the
carbon box-model of Rothman et al. (2003). Following Tahata et al.
(2015), we use a genetic algorithm to fit the coefficients of our model to
reproduce empirical carbonate and organic carbon isotope records
across the Shuram isotope excursion. We then discuss the implications of
these model results in the context of the late-Neoproterozoic earth sys-
tem, and the diversification of metazoans.

2. Methods
2.1. The box model

Box models are sets of coupled equations that describe the flow of a
quantity (here carbon) among reservoirs within a system. We adapt the
box model of Tahata et al. (2015). Our adapted model consists of two
carbon reservoirs: organic (DOC) and inorganic (DIC), each of which has
a mass ([DOC]; and [DIC]; respectively, at time t) and an isotopic
composition (8DOC; and 8DIC; respectively, at time t), which change
over discrete time iterations of 1ky as processes shuttle carbon into and
out of the system, and between boxes. The resulting box model is
depicted in Fig. 2, and is defined by the following equations:
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flux =J
313C =3
flux = k4[DOC]
|13 =8boc
mass = [DIC] mass = [DOC]
flux = (1-k5)k3[DIC]
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513C = 3DOC
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Fig. 2. The carbon box model employed in this study. Carbon enters the ocean
DIC pool from outside the system (purple arrow). Carbon may leave that pool
either through carbonate formation (blue arrow) or photosynthesis (green
arrow). Photosynthesised carbon may either form part of the DOC pool, or be
deposited directly into the organic carbon record. Organic carbon in the DOC
pool may either be remineralised back into inorganic carbon (orange arrow) or
sedimented into the organic carbon record (red arrow).

Adapted from Tahata et al. (2015).
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where J is the rate of inorganic carbon flux into the system, 6J is the
carbon isotopic composition of that flux, and k;-ks and ¢ are parameters
that control the behaviour of the model. As in Tahata et al. (2015), k; is
the relative rate of carbonate formation from DIC, k; is the relative rate
of organic carbon sedimentation from DOC, ks is the relative rate of
photosynthetic fixation of DIC into DOC, k4 is the relative rate of
remineralisation of DOC into DIC, and ¢ is the bulk photosynthetic
carbon isotope fractionation imparted on organic matter by photosyn-
thesis (i.e. the combined fractionation effect of the rubisco enzyme and
environmental factors). In addition to these established parameters we
add a sixth parameter, k5, which reflects the proportion of photosyn-
thetically fixed carbon deposited directly into sediments rather than into
the DOC pool. This new parameter is a useful model addition given the
potential for recent and ancient fixed carbon to experience different
rates of incorporation into sediment (Johnston et al., 2012; Shields,
2017). The ks pathway allows for variable strengths of coupling between
organic and carbonate carbon isotope records, as observed in the Neo-
proterozoic, even in the presence of a large DOC pool, which would
otherwise prevent such coupling (Jiang et al., 2010; Johnston et al.,
2012). When k5 > 0, and k, = 0, the modelled organic and carbonate
carbon records will be perfectly coupled such that sediment organic
5!3C = sediment carbonate 5'°C — ¢ (i.e. the organic carbon record will
be derived entirely from contemporary productivity). When ks = 0 and
k2 > 0, sediment organic §'%C = DOC §'3C (i.e. the organic carbon re-
cord will be derived entirely from the DOC pool). When ks > 0 and k2 >
0, organic 5!°C will have a composition intermediate between these two
endmembers (contemporary productivity and DOC).
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Following previous work we make the assumption that no carbon
isotope fractionation is associated with carbonate formation from the
inorganic carbon pool (Rothman et al., 2003; Tahata et al., 2015). In
reality, carbonate formation is associated with isotope fractionation, the
magnitude of which is a function of a range of environmental factors
including salinity, temperature, and pH. However, the magnitudes of
these fractionation effects are small within the range of plausible Neo-
proterozoic values (Zeebe and Wolf-Gladrow, 2001), and so they are
unlikely to have any significant impact upon the results (the largest
being pH, with an effect of up to 2 %0 above pH 6.5).

Our use of a simple box model implicitly models carbon cycle
changes as globally homogeneous. This assumption is the same one that
has been made by multiple previous modelling studies (Rothman et al.,
2003; Tahata et al., 2015), and is probably reasonable given that the
Shuram excursion is globally synchronous, and is identified by a similar
(although not identical) perturbation to carbon isotopes in multiple
formations (Rooney et al., 2020). However, many of these formations
record similar, shallow-marine palaeoenvironments, and changes to the
carbon isotope record in deeper marine settings may be less pronounced
(Busch et al., 2022). Extension of this modelling approach through the
addition of explicit shallow and deep marine carbon reservoirs, con-
nected by mixing processes (as in Canadas et al., 2022), would be an
interesting avenue for future research and may improve on the model
fits that we have achieved.

2.2. Simulation structure

We ran a total of 2,800 initial sets of simulations of the evolution of
this box model system over the course of the Shuram excursion: 100
replicates of each of 28 experimental treatments. This use of 100 sets per
treatment was arbitrary, but was sufficient to produce convergence
within treatments upon “best” results that allowed for comparison
among treatments. All simulations included a long ‘burn-in’ period
(125000 model timesteps, equivalent to 125 My) at the start of the
simulation, prior to comparisons with empirical data, to allow box
masses and isotopic compositions to relax towards equilibrium. This
duration was arbitrary, but represents a significantly longer time period
than the excursion itself in order to minimise the risk that initial con-
ditions allowed for substantial non-equilibrium behaviour in the model
prior to the start of the Shuram excursion. In each set of simulations, one
of k;-ks, €, or J was set as the driver variable for the Shuram excursion.
The driver variable was assigned a different value during the Shuram
excursion than during the pre- and post-excursion periods. Other vari-
ables were assigned a constant value for the duration of the simulation.
In half of all simulations, the k, variable was set to a fixed value of
0 during all time periods. This zero value is equivalent to requiring all
organic sedimentation to be derived from contemporaneous productiv-
ity, and ensures constant and complete coupling between carbonate and
organic carbon 8'3C values in simulated sediments. Relative quality of
simulation fit to empirical data was compared among driver variables
within each of the four treatments. The quality of each simulation was
assessed by calculating the Residual Sum of Squares (RSS; Motulsky and
Ransnas, 1987) between the simulated isotopic records and the empir-
ical isotopic records of the Shuram excursion. Breakpoints ages denoting
the beginning, peak, and end of the Shuram excursion were varied
randomly (within bounds) between simulation sets to minimise biases
associated with breakpoint selection.

In order to ensure that the model results that we were observing were
not the product of our choice to restrict variation to a single model
parameter, we then ran a further 200 sets of simulations (100 for each
empirical dataset) where all seven proposed driver variables (k;-ks, ¢,
and J) were allowed to vary over the course of the Shuram excursion. As
with the initial simulation sets, these simulations included a long burn-
in period, the quality of each simulation was assessed by calculating the
Residual Sum of Squares (RSS; Motulsky and Ransnas, 1987) between
the simulated isotopic records and the empirical isotopic records of the
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Shuram excursion, and breakpoints ages denoting the beginning, peak,
and end of the Shuram excursion were varied randomly (within bounds)
between simulation sets to minimise biases associated with breakpoint
selection.

2.3. Empirical data

Empirical data were sourced from the published literature, from
either the drill core samples of the Doushantuo Formation from Three
Gorges in China (Tahata et al., 2013; Kikumoto et al., 2014; carbonate
and organic records, respectively; Fig. 3a), or the drill core samples of
the Shuram and Buah formations (Hugf Supergroup) from the Miqrat-1
well in eastern Oman (Fike et al., 2006) (Fig. 3b). The drill core samples
from Doushantuo Formation contained fewer organic carbon than car-
bonate data points. In initial analysis, this imbalance led to bias during
model selection in favour of parameters that provided a good fit to the
carbonate record, regardless of the quality of their fit to the organic
carbon record. To avoid this bias, RSS values for the organic carbon
record were multiplied by carbonate:organic sample abundance ratio to
equalise the total weights of the two records in the calculation of total
RSS (similarly to in weighted least squares regression; de Levie, 1986).
Carbon isotope values from the Dengying and Khufai formations were
excluded from empirical datasets on the basis that the Dengying For-
mation hosts an unconformity that may otherwise interfere with the
analysis (An et al., 2015; Wang et al., 2019), and the contact between the
Khufai and Shuram formations is unconformable, and may therefore
represent a considerable period of missing time (Fike et al., 2006).
Relative ages of empirical samples were approximated by linear scaling
with core depth with the assumption that the Shuram excursion had a
duration of 7My, in line with Gong and Li (2020) and Rooney et al.
(2020). This duration is a departure from the model of Tahata et al.
(2015), which modelled the Shuram excursion as ~15My in duration,
but a duration of ~7My is currently the best available approximation
(Gong and Li, 2020; Rooney et al., 2020).
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2.4. The genetic algorithm

Parameters (kj-ks, €, and J) evolved by genetic algorithm within pre-
set bounds from one simulation to the next within a simulation set
(Table 1) in order to minimise model misfit as measured by RSS. The
genetic algorithm functioned by, iteratively, running a simulation ac-
cording to a given set of parameters, calculating the misfit between the
simulated and empirical data, randomly modifying one parameter in the
model, re-running the model and re-calculating the misfit, and then
keeping the modified parameter if the resulting model fit was better than
in the unmodified run and, otherwise, reverting the modified parameter
to its original value. Lower and upper permitted bounds of parameters
were one order of magnitude smaller or larger (respectively) for kj-k4
and J during the Shuram excursion than at other times when those pa-
rameters were selected as the proposed driver of the excursion. Lower
and upper bounds of parameters were derived from Tahata et al. (2015)
where possible, with rates converted from My~ ! to ky ' to allow
implementation of our discrete-time approach. The lower bound for k,
was reduced to zero to allow for additional sedimentation of organic
carbon through ks > 0 (k5 = 0 being implicit in the model of Tahata et al.
(2015)). The bounds of ¢ were expanded on the basis of the variability
known from the literature (Ward and Shih, 2019). Simulation sets were

Table 1
Parameters varied during simulation sets by the genetic algorithm. J is in units of
10'8 mol of carbon.

Parameter Initial value Lower bound Upper bound
ki 0.0005 0.0001 0.01
ka 0.00002 0 0.01
ks 0.0003 0.0001 0.1
k4 0.000001 0.000001 10
ks 0.1 0 1
€ 30 0 50
J 0.003 0 0.006
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Fig. 3. Organic and inorganic carbon isotope measurements used in this study for model fitting. Data include a) all of the organic and carbonate measurements from
the Doushantuo Formation, as recorded in Tahata et al. (2013) and Kikumoto et al. (2014), and b) all of the organic and carbonate measurements from the Shuram
and Buah Formations recorded in Fike et al. (2006). Absolute sample ages are not calculated. Relative sample age assumes linear accumulation of sediment, with an

approximate Shuram excursion duration of 7My (Rooney et al., 2020).



E.N. Furness and E.G. Mitchell

terminated when no further adjustment to parameters could be found
that reduced calculated RSS (Fig. 4). Code used to run these simulations
is available on Github.

3. Results

In the “Doushantuo-empirical ky > 0” treatment (Fig. 5a), the best
model drives the Shuram excursion through a temporary 200-fold in-
crease in the relative rate of organic carbon remineralisation (Table 2).
This increase results in a temporary decrease in the 5'3C of both the
organic carbon and carbonate records during the excursion, driven by a
decrease in the §'3C value of the DIC box from which both carbonate
sediments and contemporaneous productivity are derived. The modelled
organic carbon and carbonate 5'3C curves fit the data well.

In the “Doushantuo-empirical k; = 0” treatment (Fig. 5b), the best
model drives the Shuram excursion through a temporary 19 %o decrease
in the fractionation coefficient of photosynthesis (Table 2). This
decrease results in a decrease in the §'3C of the carbonate record and an
increase in the §'2C of the organic carbon record, with both approaching
the §'3C value of the DIC box (Equation (3). The modelled carbonate
513C curve fits the data well for most of the simulation, but its recovery
from the excursion is more rapid than in the empirical data. The
modelled organic carbon 8!3C curve fits the data well.

In the “Huqf-empirical kz > 0” treatment (Fig. 5c), the best model
drives the Shuram excursion through a temporary 23 %o decrease in the
fractionation coefficient of photosynthesis (Table 2). The modelled
carbonate §!3C curve fits the data relatively well, although the initial
modelled carbonate §'3C value is lower, and the modelled decrease in
513C at the start of the excursion is less rapid, than in the empirical data.
The modelled organic carbon §'3C curve also fits the data relatively well,
although the modelled recovery from the excursion is less rapid than
observed in the empirical data.

In the “Hugqf-empirical ks = 0” treatment (Fig. 5d), the best model
drives the Shuram excursion through a temporary 14 %o decrease in the
fractionation coefficient of photosynthesis (Table 2). The modelled
carbonate and organic carbon 8'3C curves fit the data relatively well
although, as in the “Huqf-empirical k; > 0" treatment, the initial
modelled carbonate §'3C value is lower, and the modelled decrease in
5'3C at the start of the excursion is less rapid, than in the empirical data,
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Fig. 5. Simulated carbonate (blue line) and organic carbon (red line) isotope
records, compared with empirical carbonate (blue dots) and organic carbon
(red dots) isotope records for the best simulation sets recorded under conditions
of a) Doushantuo-empirical ky > 0; b) Doushantuo-empirical k, = 0; ¢) Huqf-
empirical k, > 0; and d) Huqf-empirical k; = 0. Time axis indicates model
time rather than empirical time. Simulated records were extracted from these
model parameters using code on Github.

and the modelled recovery of organic carbon 8'C from the excursion is
less rapid than observed in the empirical data.

Final parameter values for all simulation sets are listed in Supple-
mentary data S1.

In the “Doushantuo-empirical kz > 0” treatment (Fig. 6a), the best fit
of the model to empirical data was achieved by a model driving the
Shuram excursion through a temporary 200-fold increase in the relative
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Fig. 4. Schematic representation of the genetic algorithm used to optimise fit of simulation parameters to the empirical data.
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Table 2
Parameters adopted by the best-fit models in each of the four experimental treatments.

Treatment Figure RSS k1 k2 ks
Doushantuo-empirical ks > 0 5a 802 1.53*10°* 5.49*10° 1.00%10°*
Doushantuo-empirical k; = 0 5b 1656 1.00%107* 0 8.55%107*
Hugqf-empirical k > 0 5S¢ 480 1.12%107° 2.05%107° 9.68*107*
Hufq-empirical k; = 0 5d 449 1.18+10°3 0 2.82%10°3
k4 ks 3 J Parameter changed during excursion New parameter value during excursion
3.63*107° 2.23*10717 29.06 5.96*10~3 k4 7.42¥1074
2.36%10°° 2.29%10° 1 35.46 2.13%107° € 16.64
1.04*107° 0.96 29.19 3.17¥107° £ 6.64
1.01¥107° 1.00 28.18 4.93%107° £ 14.14
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Fig. 6. Distribution of RSS (i.e. model error) values in simulation sets under conditions of a) Doushantuo-empirical ko > 0; b) Doushantuo-empirical ky = 0; ¢) Huqf-
empirical ky > 0; and d) Huqf-empirical k, = 0. Bar width indicates within-driver relative frequency. Lower RSS values indicate that the related parameter was better
able to reproduce the empirical data while acting as the sole driver of the Shuram excursion.

rate of organic carbon remineralisation (k4) during the Shuram excur-
sion (RSS = 802) (Table 2). A marginally worse fit was also produced by
a 40-fold increase in the relative rate of carbonate formation (k;) (RSS =
833). Less good fits were produced by total loss of photosynthetic
fractionation (¢) (RSS = 1597), a 30-fold decrease in the relative rate of
photosynthesis (k3) (RSS = 2995), near-total loss of organic sedimen-
tation from contemporaneous productivity (ks) (RSS = 3867), near-total
loss of carbon input to the system (J) (RSS = 4081), or a 20-fold increase
in relative rate of organic carbon sedimentation from the DOC pool (kz2)
(RSS = 5117).

In the “Doushantuo-empirical k, = 0” treatment (Fig. 6b), the best fit
of the model to empirical data was achieved by a model driving the
Shuram excursion through a temporary 19 %o decrease in ¢ (RSS = 1656)
(Table 2). Less good fits were produced by a 9-fold increase in k; (RSS =
3000), a 100-fold increase in k3 (RSS = 4265), near-total loss of J (RSS =
4527), a doubling of k4 (RSS = 5251), or a near-total loss of ks (RSS =

6376). ks could not drive the Shuram excursion in these simulations as it
was set to 0 at all times (RSS = 6377).

In the “Huqf-empirical ky > 0” treatment (Fig. 6¢), the best fit of the
model to empirical data was achieved by a model driving the Shuram
excursion through a temporary 23 %o decrease in ¢ (RSS = 480)
(Table 2). Less good fits were produced by a 10-fold increase in ks (RSS
= 608), a 17-fold increase in k; (RSS = 610), a 7-fold decrease in J (RSS
= 781), an 80-fold decrease in k3 (RSS = 825), a 30-fold increase in ks
(RSS = 1253), or near complete sedimentation of productivity directly
into the organic carbon record (ks) (RSS = 1378).

In the “Hufq-empirical k, = 0” treatment (Fig. 6d), the best fit of the
model to empirical data was achieved by a model driving the Shuram
excursion through a temporary 14 %o decrease in ¢ (RSS = 449)
(Table 2). Less good fits were produced by a 10-fold increase in ks (RSS
= 1341), a halving of ks (RSS = 1349), a 3-fold increase in k; (RSS =
1375), a 3-fold decrease in J (RSS = 1387), or a near-total loss of ks (RSS
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= 1556). k5 could not drive the Shuram excursion in these simulations as
it was set to 0 at all times (RSS = 1557).

Broad, bimodal distributions of RSS values in Fig. 6 indicate either
that a) the genetic algorithm did not always converge upon the best set
of parameter values, b) the random assignment of model breakpoints
had a significant effect on the results. Both are expected: the genetic
algorithm has a stochastic component and early changes to some pa-
rameters may preclude it from reaching the global optimum, and some
breakpoints would be expected to result in a better fit than others. Use of
100 replicates for each treatment and parameter value minimised the
risk of not detecting the global optimum. We focus on the lowest RSS
value in the results and discussion because this value represents the best
possible performance of a given parameter as the sole driver of the
Shuram excursion.

When all potential driver variables were allowed to vary simulta-
neously over the course of the Shuram excursion, the majority of models
drove the Shuram excursion in part through a decrease in photosyn-
thetic carbon fractionation, regardless of whether the model data were
compared to Doushantuo (Fig. 7a) or Huqf (Fig. 7b) empirical data. In
the Doushantuo treatment, the best fit of the model to the empirical data
(RSS = 574) was driven in part by an 18 %o decrease in the fractionation
coefficient of photosynthesis (Fig. 7a). In the Huqf treatment, the best fit
of the model to the empirical data (RSS = 269) was driven in part by a
15 %o decrease in the fractionation coefficient of photosynthesis
(Fig. 7b). Final parameter values for these simulation sets are listed in
Supplementary Data S1.

4. Discussion

Our results suggest that a change in the isotopic fractionation of
carbon during photosynthesis is a plausible explanation of the Shuram
isotope excursion (Fig. 6), provided that the change can be sustained for
the ~7My duration of the Shuram excursion (Gong and Li, 2020).
Whereas modelled non-fractionation drivers required changes of more
than an order of magnitude in order to produce isotopic records similar
to those observed during the Shuram excursion, the required change in
carbon isotope fractionation in our single-variable-driven simulations
was ~20 %o, from ~30 %o to ~10 %o. This change is significant, and a
fractionation of 10 %o or less would be unusual, but it is within the range
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of variation of photosynthetic carbon isotope fractionation observed in
modern aquatic producers (Descolas-Gros and Fontugne, 1990; Hecky
and Hesslein, 1995), and estimated from the fossil record (Hurley et al.,
2021). Wang et al. (2023a) recorded bulk fractionation rates as low as 7
%o under normal modern growth conditions; Schidlowski et al. (1994)
report bulk fractionation rates as low as 3 %o for modern microbial mats;
and Wilkes and Pearson (2019) report bulk fractionation rates under 5
%o for both diatoms and coccolithophores growing under COy-limited
conditions.

Change in fractionation provides the statistically best sole explana-
tion for the Shuram excursion in three of our four model treatments
(Fig. 6). However, provided that the Ediacaran carbon isotope record is
at least partially derived from free DOC rather than contemporaneous
productivity (i.e. kz > 0) (Rothman et al., 2003), changes in organic
carbon mineralisation rate and carbonate formation rate are also plau-
sible drivers of the Shuram excursion in our model (Fig. 6a and c).
Support for the fractionation hypothesis is therefore equivocal and,
although it is notable that variation in photosynthetic carbon isotope
fractionation explains both variation in organic and inorganic isotope
ratios (unlike diagenetic explanations), and requires no unbalanced flux
of oxidants (unlike explanations involving oxidation of a DOC pool), our
results do not suggest that the Shuram isotope excursion is best
explained solely as the result of a temporary change in photosynthetic
carbon isotope fractionation. There are many factors that influence
carbon isotope fractionation within plankton, including photosynthetic
rate and temperature (Descolas-Gros and Fontugne, 1990; Wilkes and
Pearson, 2019), which would be expected to result in changes in other
variables in our model such that, in reality, multiple driver variables in
our model might be expected to vary simultaneously over the course of
the Shuram excursion. Nevertheless, the sets of simulations where all
seven investigated driver variables were allowed to vary simultaneously
over the course of the Shuram excursion demonstrate that the best fits of
our models to the empirical data still occur when fractionation decreases
during the Shuram excursion, even with changes also occurring in other
variables (Fig. 7).

Explanations for the Shuram isotope excursion other than a change
in fractionation, such as diagenetic effects, widespread oxidation of a
DOC pool, localised shallow-water changes in carbon cycling, and
changes in organic matter export production, also have support, in our
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simulations and/or in the literature (Tziperman et al., 2011; Cui et al.,
2017; Shields, 2017; Busch et al., 2022). In our simulations, oxidation of
a DOC pool is the best model explanation for the empirical data in one of
our four treatments (Fig. 6a). Such oxidation could plausibly have been
driven by an increase in sulphate reduction resulting from increased
continental weathering (Shields, 2017; Shields et al., 2019). Therefore,
we do not infer that changes in photosynthetic carbon isotope frac-
tionation are the sole, or even main, driver behind the Shuram excur-
sion; rather, we have demonstrated that such changes are sufficient to
cause considerable perturbations in the geological record of carbon
isotopes, as has been suggested by experimental studies of modern
phytoplankton (Wang et al., 2023a).

4.1. Proximate drivers of a change in fractionation

Having established that any change in photosynthetic carbon isotope
fractionation can significantly influence carbon isotope signals in the
geological record, the question becomes, “to what extent is it plausible
that a significant change in photosynthetic carbon isotope fractionation
could have occurred for the duration of the Shuram excursion?” The
carbon isotope fractionation of photosynthesis is a function of both the
intrinsic isotopic fractionation of the rubisco enzyme, and environ-
mental factors that influence the isotopic composition of the local
inorganic carbon pool from which that enzyme draws reactants (Wilkes
and Pearson, 2019). The intrinsic fractionation of rubisco is typically
considered by geochemical models to be the maximum possible frac-
tionation (although see Wang et al. (2023a)), but measurements of this
value in modern organisms are typically below the 30 %o required by
geochemical models (Garcia et al., 2021; Hurley et al., 2021). This
intrinsic fractionation value need not be constant over geological time
(Kedzior et al., 2022; Wang et al., 2023a), but nor would it be expected
to change in a predictable way in response to environmental perturba-
tions. As such, we focus our discussion on the environmental factors
influencing the bulk isotopic fractionation of carbon that occurs during
photosynthesis. This bulk isotopic fractionation can be decreased by a
decrease in carbon dioxide concentration (Wang et al., 2023a); an in-
crease in temperature (Descolas-Gros and Fontugne, 1990); an increase
in pH (Wang et al., 2016); or an increase in producer growth rate (Wilkes
and Pearson, 2019). The effects of these variables on fractionation are
also moderated by plankton biology (Fielding, 2000; Wilkes and Pear-
son, 2019), and the location of carbonate formation relative to organic
matter formation (Dupraz et al., 2009). Consequently, changes in com-
munity composition, such as a shift in the relative rates of planktonic
and benthic photosynthesis, could also modify the observed carbon
isotope fractionation (Vogel, 1993; Hecky and Hesslein, 1995). The
potential impacts of each of these six controls on photosynthetic carbon
isotope fractionation during the Shuram excursion, and their plausibil-
ity, are discussed below. However, uncertainty about the state of the
Earth system prior to and during the Shuram excursion makes it difficult
to definitively assess the plausibility of any one driver. Consequently, we
do not seek here to conclude that any one potential driver of a change in
fractionation rates is particularly well supported by the geological evi-
dence, but rather to discuss potential arguments both for and against
each possible driver and to highlight the range of possible drivers that
might benefit from consideration in future studies.

4.1.1. Carbon dioxide

Carbon dioxide concentration influences photosynthetic carbon
isotope fractionation; the rubisco enzyme discriminates against 13C
more when a greater concentration of carbon dioxide is present within
photosynthetic cells (Wang et al., 2023a). Wilkes and Pearson (2019)
report a change in bulk fractionation of approximately 18 %o in diatoms
(from around 20 %o to close to O %) in response to changes in CO»
concentration. Additionally, low carbon dioxide levels can result in se-
lection for carbon-concentrating-mechanisms (CCMs), which can
discriminate against 13C less than rubisco, and pass that reduced
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fractionation on to the rest of the photosynthetic system (Fielding,
2000). However, it is difficult to attribute the Shuram excursion solely to
a decrease in atmospheric carbon dioxide concentration: carbon dioxide
plays an important role in the regulation of global temperature and,
while there is some evidence for glaciation during the Shuram excursion
(Wang et al., 2023b,c), there is no evidence for a global glaciation of the
magnitude of the Sturtian or Marinoan glaciations earlier in the Neo-
proterozoic (Hoffman and Li, 2009), which suggests a limit to the extent
to which carbon dioxide concentration may have fallen. One mechanism
that could break this apparent lower limit on carbon dioxide levels
would be the release of significant quantities of another greenhouse gas,
such as methane, which would allow for global temperatures to remain
high even as carbon dioxide levels fell, and would thus allow for carbon
dioxide limitation to drive low levels of fractionation without inducing
glaciation (Bjerrum and Canfield, 2011). However, this mechanism
would require that a significant concentration of methane be present in
the atmosphere for the majority of the duration of the excursion
(~7My). The residence time of methane in the atmosphere may have
been higher during a Neoproterozoic methane-injection event than in a
modern steady-state system (Bjerrum and Canfield, 2011), but a
perturbation of the magnitude and duration of the Shuram excursion
would still require a very large and prolonged injection of methane into
the Earth system, which may not be plausible (although see Chen et al.
(2025)). Furthermore, other studies have suggested that carbon dioxide
levels may not have fallen at all during the Shuram excursion, but rather
increased (Shields et al., 2019), which, if true, would rule out any role of
carbon dioxide as a driver of reduced photosynthetic fractionation at the
time.

4.1.2. Temperature

Photosynthetic carbon isotope fractionation is often lower at high
ambient temperatures: Descolas-Gros and Fontugne (1990) report a
change of >20 %o in response to changes in temperature, from 35 %o to
14 %o. However, there is no evidence that temperatures were especially
high during the Shuram excursion; isotope palaeothermometry studies
suggest that the Ediacaran as a whole was warm (although significantly
cooler than early in the Proterozoic) with 20-30 degree ocean temper-
atures (Meng et al., 2011; Marin-Carbonne et al., 2014). However, these
studies focussed on long timescales, and so may not have captured
temperature changes on the resolution of the Shuram excursion.
Furthermore, there is some geological evidence that the Shuram
excursion falls within an extended icehouse period (Wang et al., 2023b,
c), although both the ages and depositional modes of proposed glacial
sedimentary deposits remain uncertain. In either case, it is difficult to
attribute a change in photosynthetic carbon isotope fractionation during
the Shuram excursion to a substantial increase in global temperature
because an increase in global temperature would likely be associated
with an increase in atmospheric carbon dioxide concentration (poten-
tially driven by oxidation of a DOC pool; Shields, 2017). In terms of
photosynthetic carbon isotope fractionation, increasing carbon dioxide
levels would have the opposite effect to increasing temperatures (Wang
et al., 2023a), and any effect on fractionation would therefore be
dampened.

4.1.3. pH

Photosynthetic plankton can make use of both aqueous carbon di-
oxide and bicarbonate ions, and do so at different relative rates
depending on pH (Erez et al., 1998; Wang et al., 2016). These carbon
species differ in their isotopic compositions at equilibrium (Zeebe and
Wolf-Gladrow, 2001). Consequently, photosynthetic carbon isotope
fractionation in phytoplankton is inversely related to pH. Wang et al.
(2016) reported changes in bulk fractionation rate of around 13 %o (from
around 30 %o to around 17 %o) in response to changes in pH. Constraints
on Neoproterozoic pH are relatively weak (Halevy and Bachan, 2017),
which limits the extent to which we can draw inferences about the effect
of pH on fractionation during the Shuram excursion. Nevertheless,
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carbonate formation is favoured during periods of relatively high pH
(Halevy and Bachan, 2017), and the Shuram excursion is frequently
recorded in carbonate sequences (Tahata et al., 2013), which suggests
that ocean pH might have been relatively high during the excursion.
However, while the boron isotope proxy in Ediacaran sedimentary
successions suggest that pH in the Ediacaran as a whole was relatively
high, those same reconstructions do not show a notably higher pH over
the duration of the excursion event (Ohnemiiller, 2014). Consequently,
it is unlikely that any change in carbon isotope fractionation over the
Shuram excursion was driven by changes in pH.

4.1.4. Producer growth rate

High growth rates in phytoplankton can decrease photosynthetic
carbon isotope fractionation by imposing CO3 limitation on the growing
organisms (Bidigare et al., 1997; Wilkes and Pearson, 2019), and growth
rate increases with both temperature and nutrient availability (Maranon
et al.,, 2014). Global temperatures during the Shuram excursion are
uncertain (Bjerrum and Canfield, 2011; Wang et al., 2023b,c), but the
sedimentary record suggests that the Ediacaran oceans were rich in
phosphorus relative to the earlier Neoproterozoic (Laakso et al., 2020;
Dodd et al., 2023). Furthermore, nutrient availability may plausibly
have changed significantly over the period of the Shuram excursion;
through elevated phosphorus availability during both the onset and
termination of the Shuram excursion (Dodd et al., 2023), or through
upwelling, leading to increased organic carbon burial and the termina-
tion of the excursion (Canadas et al., 2022). To the extent that any pulses
of increased nutrient availability led to increased productivity, they may
also have plausibly decreased photosynthetic fractionation.

4.1.5. Plankton biology

Different species of producers fractionate carbon isotopes to different
extents during photosynthesis, even under the same environmental
conditions (Descolas-Gros and Fontugne, 1990). Consequently, signifi-
cant changes to the composition of producer communities during the
Shuram excursion could have resulted in changes to photosynthetic
carbon isotope fractionation. While modern photosynthesis is domi-
nated by the Calvin cycle, other photosynthetic pathways exist, and
often exhibit different photosynthetic carbon isotope fractionations
(Ward and Shih, 2019). A shift in the relative contributions of these
photosynthetic pathways to global productivity would result in a shift in
the observed mean carbon isotope fractionation. However, it is not
necessary to invoke a fundamental reorganisation of producer photo-
synthetic pathways; a less extreme change to producer biochemistry that
could have resulted in a decline in photosynthetic carbon isotope frac-
tionation involves expansion of the activity of carbon concentrating
mechanisms (CCMs). CCMs are extremely common in modern plankton,
and serve to increase photosynthetic efficiency under certain environ-
mental conditions (Wang et al., 2016). CCM activation often reduces the
carbon isotope fractionation associated with photosynthesis (Fielding,
2000). As such, the Shuram excursion could be explained as a transient
period of environmental conditions under which CCM activity in
plankton was favoured. Carbon dioxide concentration is a major deter-
minant of CCM activity; when carbon dioxide concentrations are low,
CCMs concentrate inorganic carbon around the rubisco enzyme in order
to increase its efficiency (Fielding, 2000). Carbon dioxide may have
been low during the Shuram excursion, but the lack of global glaciations,
and proxy ocean acidity record, suggest that it was not particularly low
relative to the rest of the Neoproterozoic (Ohnemiiller, 2014; Wang
et al., 2023b,c). However, another important control on CCM activity is
oxygen concentration; oxygen reduces the photosynthetic efficiency of
the rubisco enzyme and, consequently, favours the activity of CCMs
(Wang et al., 2016). Thallium and uranium isotopic analysis of shelf
sediments indicate that bottom-water oxygen concentrations may have
increased in many shallow-marine environments during the Shuram
excursion (Zhang et al., 2019; Fan et al., 2020). Producers in these newly
oxygenated waters may have increased CCM activity for the purpose of
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increasing their photosynthetic efficiency and, in so doing, reduced the
carbon isotope fractionation that they imparted on organic matter.
Despite the potential adaptive value of increased CCM activity, there is a
lack of primary fossil evidence for a substantial change in plankton
biology over the Shuram excursion (Brocks et al., 2017), and so this
hypothesis remains unsubstantiated.

4.1.6. Partitioning of carbonate and organic carbon formation

The conventional carbon flux model (Fig. 1) assumes a well-mixed
pool of inorganic carbon. However, if inorganic carbon is instead par-
titioned (either spatially or temporally) into two pools, one of which is
predominantly incorporated into carbonates and the other of which is
predominantly incorporated into organic matter, then the effective
fractionation rate observed in the rock record between carbonate and
organic carbon could theoretically fall as low as 0 %o, since both the
carbonate and organic carbon records in this scenario would represent
the extremes of the conventional carbon flux model where they were the
only product (far left of Fig. 1 for carbonate material, far right of Fig. 1
for organic carbon). This partitioning could occur if, for example, car-
bonate and/or organic matter formation was highly seasonal, or if car-
bonate formation shifted from being, prior to the Shuram excursion,
predominantly biologically-induced in the boundary layers of producers
(where DIC is locally enriched in heavy carbon by photosynthetic
removal of light carbon) (Hecky and Hesslein, 1995), to being more
frequently inorganic during the excursion (and therefore derived from
the wider DIC pool) (Dupraz et al., 2009).

4.2. Ultimate drivers of a change in fractionation

While a range of factors could be invoked as drivers of change in
photosynthetic carbon isotope fractionation, these factors must them-
selves be controlled by contemporaneous environmental processes. Two
of the most interesting such processes are discussed here: weathering,
and the origin of macroscopic metazoans.

4.2.1. Abiotic drivers — weathering

Weathering has significant effects on global climate, and geological
evidence from strontium isotope geochemistry suggests that weathering
rates were relatively high in the Ediacaran, and peaked during the
Shuram excursion; Ohnemiiller (2014) records an increase in 87y /865y
of 0.004 during the Shuram excursion (from 0.709 to 0.713), which
would indicate a substantial increase in weathering rate. Other studies
have also reported (often smaller) increases (Narbonne et al., 2012; Wei
et al., 2022). This rapid weathering may have been the result of orog-
enies associated with supercontinent formation in the late Neo-
proterozoic (Och and Shields-Zhou, 2012). Chemical weathering of
silicate minerals reduces carbon dioxide levels and stabilises tempera-
tures on geological timescales (Walker et al., 1981). However, while
weathering of silicate minerals reduces atmospheric carbon dioxide
levels, which could result in a drop in photosynthetic carbon isotope
fractionation, it is unlikely that any such change during the Shuram
excursion was directly driven by low carbon dioxide levels (section
4.1.1), unless weathering was also associated with the release of
greenhouse gasses other than carbon dioxide, which has been proposed
previously (Bjerrum and Canfield, 2011). An intriguing alternative
mechanism involves the weathering not of silicates, but of evaporites
(Shields et al., 2019). Weathering of gypsum (CaSO4) from continental
evaporite deposits has been hypothesised to have driven an increase in
bacterial sulphate reduction during the Shuram excursion, which may
have resulted in an increase in ocean oxygen concentrations (Shields
et al., 2019). Bottom-water oxygenation is a feature of the Shuram
excursion not recorded during other Neoproterozoic isotope excursions
(Bristow and Kennedy, 2008; Lenton et al., 2014; Fan et al., 2020), and
could have driven a change in photosynthetic carbon isotope fraction-
ation through the activation of bacterial and algal CCMs (section 4.1.5),
as well as directly impacting DIC §'>C. Driving an intense and temporary
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(~7My) change to the Earth system through evaporite weathering is
plausible: the rate of evaporite dissolution required to create a signifi-
cant perturbation in the carbon cycle is comparable with realistic
Cenozoic rates (Shields et al., 2019).

4.2.2. Biotic drivers — metazoan evolution

The onset of the Shuram excursion appears to coincide with the
appearance in the fossil record of the first widespread, complex,
macroscopic life (Gong and Li, 2020; Rooney et al., 2020). The first
appearance of these macrofossils pre-dates the Shuram excursion itself
(Rooney et al., 2020; Boag et al., 2024) ruling out the possibility that
geochemical changes associated with the Shuram excursion were
responsible for the initial evolution of widespread Ediacaran macro-
fossils. However, it is possible that the evolution of Ediacaran organisms
may have been a driving factor in the isotope excursions of the Shuram
excursion. Major evolutionary innovations frequently cause large
changes in their abiotic environments (Schirrmeister et al., 2015;
McMahon and Davies, 2018). The organisms in the first widespread
macroscopic Ediacaran assemblage, the Avalon, were sessile, benthic,
and fed from the water column (Liu et al., 2015; Butterfield, 2022).
Avalon organisms were very different to modern organisms, but this
same filter-feeding ecology is frequently associated with ecosystem en-
gineering in the modern day (Gutiérrez et al., 2003; Sousa et al., 2009;
Holker et al., 2015). Filter-feeding organisms increase oxygen levels and
water clarity by removing organic matter from the water column (Sousa
et al., 2009; Lenton et al., 2014), and select for plankton morphologies
that are resistant to filter-feeding (Drenner et al., 1984; Yahel et al.,
2006). Avalon organisms likely lived in an environment in which re-
sources were abundant (Xing et al., 2022) — as demonstrated by the
relative weakness of resource competition (Mitchell and Butterfield,
2018; Mitchell and Kenchington, 2018; Mitchell et al., 2019) — and
macroscopic predators were entirely absent, the first such predators not
having yet evolved (Narbonne, 2005). Under such conditions, it is
plausible that the Avalon biota might have exerted considerable
ecosystem engineering and/or trophic pressure upon hitherto
microorganism-dominated ecosystems, just as filter feeders do when
introduced into microbe-rich communities in the modern day (Holker
et al., 2015).

A rough approximation of the impact that these Ediacaran organisms
had on their environment can be made by using known values of modern
organisms and ecosystems to constrain our calculations. The organisms
in the earliest metazoan dominated communities likely fed from the
water column, for example through filter feeding (Laflamme et al., 2009;
Butterfield, 2022). In terms of analogue organisms, while sea pens are
different to frondose Ediacaran taxa, their similar ecology makes them a
reasonable analogue. On the E Surface, Mistaken Point, Newfoundland,
specimens of Charniodiscus range in length from ~1 cm to 15 cm, with a
modal length of around 3.9 cm (Clapham et al., 2003). Modern annual
net primary productivity in coastal ecosystems is around 300gC/m?
(Boyd et al., 2014) but in the Ediacaran, limited nutrient cycling in low-
oxygen conditions means this value was likely at least an order of
magnitude lower (Laakso and Schrag, 2018) (30 gC/mz) (although see
Canadas et al. (2024)). Given that phytoplankton plankton are approx-
imately 16 % carbon by weight (Hedges et al., 2002), the annual net
primary productivity of coastal Ediacaran plankton, in biomass terms,
was probably no more than 190 g/m?. A single 8 cm long modern sea
pen, feeding under optimum current speed conditions (~9 cm/s), can
capture ~10,000 plankton-equivalent particles per second, each aver-
aging around 10 pym in diameter (Best, 1988). This rate declines to
~4,000 per second at very low current speeds (~1 cm/s) (Best, 1988).
Assuming a plankton biomass density of around 1.1 g/cm® (Padisdk
et al., 2003), a single 10 pm plankton particle might have a mass of
around 4.32 x 107!° g, and so 10,000 such particles consumed per
second for a year would equate to approximately 136 g of plankton
biomass consumed per frond per year under optimum flow conditions,
or 54 g per frond per year when current speeds are very low. If each
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Ediacaran organism consumed 136 g of plankton biomass per year, then
an estimate of 190 g/m? for annual net primary productivity of coastal
Ediacaran plankton would imply that each Ediacaran organism could
monopolise 0.72 m? of shelfal marine plankton production on average,
resulting in significant effects on the phytoplankton. Even under very
slow flow conditions, a density of one Ediacaran organism per 0.28 m?
would be expected to have the same effect. On the E surface, fossils can
be found at densities of 37.9/m> (1 per 0.026 m?) (Clapham et al., 2003);
more than an order of magnitude denser than the calculated monopo-
lisation threshold for even very slow flow conditions. Furthermore, some
Ediacaran organisms from the Avalon assemblage are substantially
larger than 8 cm long, and can grow up to 2 m (Laflamme et al., 2007)
and, in modern sea pens, a doubling of height results in feeding rate
increasing by an order of magnitude (Best, 1988). Our calculation as-
sumes that: 1) the Ediacaran ocean was less productive than the modern,
which is supported by some isotope record and modelling studies but
disputed by others (Laakso and Schrag, 2018; Canadas et al., 2024); 2)
flow rates in Avalon ecosystems were relatively low, which is probably
reasonable given the sedimentary evidence (Ghisalberti et al., 2014); 3)
feeding ecology is comparable between Ediacaran organisms and mod-
ern sea pens, which is very likely as rangeomorphs are generally
reconstructed as filter-feeders (Butterfield, 2022); and 4) feeding rates
are comparable in Ediacaran organisms and modern sea pens. Feeding
rates of organisms are dependent upon their metabolic rates, which
depend primarily upon biomass and environmental temperature
(Gillooly et al., 2001), and so differences between the ecosystems of
rangeomorphs and modern sea pens are unlikely to have significantly
influenced their food requirements. Differences in feeding efficiency
could change the food requirements of one group relative to another, but
a significant difference is unlikely given their apparently similar ecolo-
gies (Butterfield, 2022). Furthermore, our results are quite robust to
errors in these assumptions: an order of magnitude error in our calcu-
lation would not change the conclusion that the evolution of Ediacaran
organisms would have had an impact on coastal plankton communities.

Such an impact could have resulted in changes to the community
composition and physiology of producers (Liirling, 2021), including
changes in producer ecology (Hecky and Hesslein, 1995), and growth
rates (Ward et al., 2017). An increase in phytoplankton growth rate, or a
change in producer community composition, could both result in re-
ductions in photosynthetic carbon isotope fractionation (Bontes et al.,
2006; Wilkes and Pearson, 2019; Henderson et al., 2024). Evidence for a
dramatic change in shallow-marine producer biology during the Shuram
excursion is limited. While there is potential evidence of an increase in
acritarch diversity around the time of the Shuram excursion, followed by
a decline in diversity around the time of its termination (Gaucher and
Sprechmann, 2009), the precise dates of these events are not well con-
strained, nor was the precise age of the Shuram excursion itself until
recently (Rooney et al., 2020). The lack of temporal constraint, coupled
to the lack of certainty over the ecologies of many acritarch taxa, means
that the implications in terms of ecological change during the Shuram
itself are ill-defined (Butterfield, 1997). Furthermore, while the termi-
nation of the Shuram excursion appears to coincide with a decline in
global rangeomorph diversity, rangeomorphs persist until the end of the
Ediacaran (Cui et al., 2016; Mussini and Dunn, 2024). Consequently, if
any change in photosynthetic carbon isotope fractionation was driven
by the appearance of widespread metazoan communities, it is not clear
what driver could undo that metazoan influence, and bring an end to the
excursion.

5. Conclusion

Studies of photosynthesis in modern phytoplankton have stressed the
potential importance to the geological carbon isotope record of changes
in photosynthetic carbon isotope fractionation (Wang et al., 2023a). We
have shown that a temporary decline in fractionation of approximately
20 %o, in conjunction with the presence of a large pool of detrital organic
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carbon, is sufficient to explain a large fraction of the observed variation
in both the carbonate and organic carbon isotope records over the
Shuram excursion. Unlike alternative proposed mechanisms, this
mechanism does not require either massive unbalanced oxidation of
organic carbon (Rothman et al., 2003; Shields et al., 2019) or globally
synchronous diagenetic alteration of carbon isotopes (Derry, 2010; Cui
et al., 2017). We cannot conclude from this analysis that the Shuram
excursion was driven by a change in photosynthetic carbon isotope
fractionation, but given the large number of factors that influence such
fractionation, any significant perturbation to the carbon cycle is liable to
also have modified fractionation. Such a change in photosynthetic car-
bon isotope fractionation could have occurred as a result of abiotic
forcings on Ediacaran primary producer communities, or as a result of
the evolution of the first widely distributed macroscopic suspension
feeding communities.
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