Global and Planetary Change 249 (2025) 104791

e 4

ELSEVIER

journal homepage: www.elsevier.com/locate/gloplacha

Contents lists available at ScienceDirect

Global and Planetary Change

Research Article

o

Check for

Exploring Neoproterozoic climate and biogeochemical evolution in the iz

SCION model

Benjamin J.W. Mills ", Guillaume le Hir ", Andrew Merdith ¢, Khushboo Gurung?,
Fred T. Bowyer®, Alexander J. Krause *“, Patricia Sanchez-Baracaldo ¢, Stephen J. Hunter?,

Yinggang Zhang "

@ School of Earth and Environment, University of Leeds, Leeds LS2 9JT, UK

b Université Paris, Institut de Physique du Globe de Paris, CNRS, 1 rue Jussieu, 75005 Paris, France

€ School of Physics, Chemistry and Earth Sciences, University of Adelaide, Adelaide, Australia

4 School of Earth and Environmental Sciences, Cardiff University, Main Building, Cardiff CF10 3AT, UK
€ School of Geographical Sciences, University of Bristol, Bristol, UK

f Nanjing Institute of Geology and Palaeontology, Chinese Academy of Sciences, Nanjing, China

ARTICLE INFO

Editor: Dr. Maoyan Zhu

Keywords:
Carbon cycle
Biogeochemistry
Deep time
Precambrian
Climate
Modeling

ABSTRACT

The Neoproterozoic Era (1000-539 Ma) saw extreme changes in climate and biogeochemical cycles, but the
drivers of these changes remain poorly understood. In this paper, we extend the Spatial Continuous Integration
(SCION) global climate-biogeochemical model beyond the Phanerozoic and into the Neoproterozoic using a set of
GCM simulations to update the model’s climate emulator and a plate tectonic model to estimate tectonic input
fluxes. We use the model to explore to what degree changes in paleogeography and degassing rates—which are
key drivers of Phanerozoic climate—can explain the broad pattern of Neoproterozoic environmental change. We
find that while the known Neoproterozoic climate changes are generally within the model uncertainty envelope,
and the model predicts cooling between the later Tonian and Earliest Cryogenian, we do not reproduce a clear
greenhouse to icehouse transition here, or any long-term increases in atmospheric oxygen levels before the
Ediacaran. Several key model limitations currently prevent it from testing these ideas in more detail and should
be improved in future work. These include: dynamic continental lithology, climate simulations which include
dynamic continental ice sheets, a more comprehensive estimate of degassing rates, a better representation of the
evolution of primary producer groups (i.e. planktonic cyanobacteria and green algae) and the spatial structure of
marine biogeochemistry, and a dynamic calcium cycle. We anticipate that these can all be tested in the future
within the SCION framework.

1. Climate and biogeochemistry of the Neoproterozoic Era

The Neoproterozoic Era is almost as long as the entire Phanerozoic
Eon, lasting from 1000 Ma to <538.8 Ma (>533 Ma). It directly precedes
the Phanerozoic and is generally thought to have been a time of rising
oxygen levels in both the atmosphere and oceans (Canfield et al., 2007;
Krause et al., 2022; Stockey et al., 2024), which coincided with the
evolution of the first animals towards the end of the Era in the Ediacaran
Period (e.g. Dunn et al., 2022). In this way, the Neoproterozoic appears
to document a transition from the oxygen-poor environments and mi-
crobial ecosystems of the Proterozoic towards the oxygenated and
animal-supporting ecosystems of the Phanerozoic. The Neoproterozoic
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also saw a dramatic long-term perturbation in Earth’s climate, from a
greenhouse climate state during the Tonian Period to a severe period of
icehouse climates during the Cryogenian (Hoffman et al., 1998). The
degree of cooling, and persistence and spatial extent of ice cover during
the two Cryogenian ‘Snowball Earth’ glaciations remains uncertain (e.g.
Song et al., 2023), but conditions were undoubtedly colder than at any
point during the Phanerozoic.

Several hypotheses have been developed to explain the occurrence of
Neoproterozoic oxygenation and extreme glaciation. Amongst them is
the idea that long-term oxygenation may ultimately stem from increases
in the transfer of carbon from the lithosphere to the atmosphere through
degassing, which results in greater rates of photosynthesis (Williams
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etal., 2019; Alcott et al., 2024). Alternatively, cooling may be caused by
a decrease in these same tectonic carbon inputs, which result in a
restricted supply of atmospheric CO, (Dutkiewicz et al., 2024; Mills
et al., 2017). Another line of investigation concerns changes to paleo-
geography—particularly the Neoproterozoic breakup of the supercon-
tinent Rodinia—which may have increased global runoff rates and could
have led to enhanced silicate weathering and thus cooling (Donnadieu
et al., 2004). This could also have increased the supply of the limiting
nutrient, phosphate, to drive photosynthesis and oxygenation.

These hypotheses about changes in degassing rates, paleogeography
and primary production mirror key hypotheses for Phanerozoic Earth
system change—where changes to degassing and paleogeography, and
their effects on productivity, are thought to be major factors controlling
long-term global temperature and oxygen levels (Goddéris et al., 2023;
Mills et al., 2021; Lenton et al., 2018). However, while testing these
ideas in the Phanerozoic has been possible through detailed biogeo-
chemical models and comparisons to geochemical datasets, they have
remained largely untested for the Neoproterozoic. Thus, in this paper we
extend the SCION global climate-biogeochemical model for Phanerozoic
time into the Neoproterozoic to better understand whether ‘Phanero-
zoic-style’ climate and biogeochemical drivers can be responsible for
Neoproterozoic Earth system change. This is not to say that paleoge-
ography and degassing rate changes can explain all of Phanerozoic
climate, but many other proposed climate and redox state modifiers such
as Large Igneous Provinces (LIPs, e.g. Black et al., 2024) have not yet
been consistently integrated over Phanerozoic time.

2. Phanerozoic biogeochemical models and SCION

Since the first GEOCARB model (Berner, 1991), several numerical
models have attempted to reconstruct long-term Phanerozoic biogeo-
chemistry (e.g. GEOCARBSULF: Royer et al., 2014; MAGic: Arvidson
et al., 2013; COPSE: Lenton et al., 2018). These models aim to track the
movement of carbon and other important elements through nondi-
mensional reservoirs (‘boxes’) which represent the Earth’s atmosphere,
oceans and crust over multimillion year timescales. They can make
predictions about past atmospheric and oceanic compositions where

SCION (Spatial Continuous IntegratiON)
Earth Evolution Model

Global and Planetary Change 249 (2025) 104791

data are unavailable, or in cases where reliable data are available, these
models can test what processes control the Earth’s surface chemistry and
climate state.

While the structure of these ‘box models’ is simple, they are still
powerful tools. They dynamically simulate many separate elemental
cycles and their interactions with each other, and they produce these
simulations continuously over very long time periods where they can be
tested against large independent databases of geological data. This
means that there are many routes to model falsification, which makes
the models useful for hypothesis testing. Phanerozoic-scale continuous
biogeochemical models (i.e. running over the whole Phanerozoic) have
been used to test the processes driving cooling during the late Ordovi-
cian (Lenton et al., 2012; Longman et al., 2021), the Permo-
Carboniferous (Bergman et al., 2004; Berner, 1997) and the Cenozoic
(Brune et al., 2017; Van Der Meer et al., 2014). They have also been used
to test the hypothesis that early Paleozoic oxygen levels were lower than
present (Lenton et al., 2016; Krause et al., 2018), and that Permo-
Carboniferous oxygen levels were higher (Berner, 2006; Bergman
etal., 2004) and they have been used to reconstruct marine sulfate levels
over Phanerozoic time and investigate the processes which control sul-
fate availability (Lenton et al., 2018; Krause et al., 2024).

Building on these approaches, a more recent model, SCION (Mills
et al., 2021; Fig. 1), is currently the most comprehensive continuous
Phanerozoic-scale global biogeochemical model. It extends the estab-
lished box model approaches by adding a 3D climate emulator (based on
GEOCLIM; Goddéris et al., 2014) and a 2D continental weathering
scheme (based on West, 2012 and Maffre et al., 2018) to the biogeo-
chemical box model system from COPSE (Tostevin and Mills, 2020).
SCION is therefore able to represent processes like continental weath-
ering and terrestrial productivity in a much more realistic way than the
other box models (e.g. Gurung et al., 2022, 2024), while still retaining
the ability to run continuously over Phanerozoic time.

Like the GEOCARBSULF and COPSE models, SCION principally
computes the long-term carbon, oxygen and sulfur cycles. To do this it
calculates the fluxes of weathering, burial and metamorphism/degass-
ing which move compounds between the hydrosphere (a combined
ocean-atmosphere box) and crust. For both the carbon and sulfur cycles,

3D climate emulator

2D topography, hydrology
and surface processes

Single box marine
biogeochemistry

Fig. 1. SCION model overview. A 3D climate emulator is linked dynamically to a 2D surface scheme and single box atmosphere-ocean-sediment biogeochem-

ical scheme.
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the burial of reduced species (organic carbon and pyrite respectively)
oxygenates the surface system, whereas their weathering or degassing
consumes oxygen. Following COPSE, SCION includes dynamic marine
phosphate and nitrate reservoirs, and uses the concentration of these
limiting nutrients to calculate the rate of new production and carbon
burial. It also calculates isotopic ratios of carbon, sulfur and strontium
which can be compared directly to the geological record.

The spatially-resolved climate and surface processes in SCION allow
it to represent the paleogeographic enhancement of weathering. For
example, microcontinents in humid latitudes are subject to intense
weathering, whereas continental interiors (especially in the drier sub-
tropics) tend to be arid and have more restricted weathering (e.g.
Goddéris et al., 2014, 2023). The model also represents the topo-
graphical enhancement of weathering, where mountain belts drive
orographic uplift, rainfall and erosion, which can contribute to rapid
chemical weathering in these areas (Maher and Chamberlain, 2014).
Silicate weathering is a key long-term sink of atmospheric COy—both
directly through delivery of alkalinity and subsequent precipitation of
carbonates, and indirectly through the delivery of nutrients like phos-
phate to the oceans, which drives organic carbon burial (Witkowski
etal., 2018). The spatially-resolved representation of silicate weathering
means that SCION is able to produce a long cooling interval roughly
coincident with the Late Paleozoic Ice Age (LPIA, ~360-260 Ma), which
is driven in the model by the uplift of the low latitude Hercynian
mountain belt (Goddéris et al., 2017a, 2017b; Mills et al., 2021). It also
produces a high-CO,, Triassic period, broadly consistent with geological
data, due in part to the aridity of Pangaea during this time which
restricted weathering and CO, removal (Mills et al., 2021), as well as
limiting the geographic range of plants (Gurung et al., 2024).

SCION also makes reasonably consistent predictions for atmospheric
oxygen concentrations over the Phanerozoic. A key feature of the
geological reconstruction of Phanerozoic O3 is an apparent rise in oxy-
gen levels between the Ordovician and Devonian periods (Dahl et al.,
2010; Sperling et al., 2015; Mills et al., 2023). This is reproduced in
SCION through the assumption that land plants expanded at this time,
and in doing so they increased the rates of terrestrial-derived organic
carbon burial—as was previously explored in the COPSE model
(Bergman et al., 2004; Lenton et al., 2016). A further rise in O5 levels to
>30 % of the atmosphere during the Carboniferous-Permian is a feature
of several proxy-derived interpretations (Berner and Canfield, 1989;
Algeo and Ingall, 2007; Berner, 2009), but is not currently reproduced
by SCION. The model also fails to reproduce low marine sulfate in the
Cambrian to Carboniferous periods which has been inferred from the
generally low fractionation between pyrite and sulfate from these times,
alongside fluid inclusion data (Algeo et al., 2015). It is likely that this is
at least partly because the model does not have a dynamic calcium cycle
(Krause et al., 2024).

Overall, neither the box models or the 3D approaches in SCION and
GEOCLIM have convincingly replicated the whole timeline of Phaner-
ozoic biogeochemistry and climate. Efforts are underway to further
investigate the mismatches noted above and to increase model
complexity, and the process of extending the model timeframe in this
paper is part of that effort. By exploring new timeframes and events it
may be possible to make a discovery that improves our understanding
for other time periods. We now discuss our extension of the model
timeframe, but return to further discuss model limitations and possible
improvements for both the Neoproterozoic and Phanerozoic at the end
of the paper.

3. Extending SCION into the Neoproterozoic

We begin this work with model version 1.1.6, which can be accessed
freely using the repository link at the end of the manuscript. To extend
the model to cover Neoproterozoic time, we first update the climate
emulator with Neoproterozoic runs of the FOAM climate model (Jacob,
1997). We use a previously computed set of model runs for six
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paleogeographical configurations between 825 Ma and 580 Ma
(Goddéris et al., 2017b), where the paleogeography is taken from Li
et al. (2013). The topography and shallow marine bathymetry here
follow the facies analysis of Li et al. (2013), considering geological
constraints to classify orogens by age and deriving elevation estimates
from Cenozoic analogues for young orogens and through denudation
estimates for old orogens. To avoid unrealistically flat regions over large
areas, these maps include a noise function for regions outside of elevated
terrain. Shallow shelf depths are informed by Phanerozoic examples,
and deep marine bathymetry is fixed at a ~ 4 km depth. These climate
model runs were performed at a range of CO5 concentrations between
3x and 48x preindustrial, allowing the emulator in SCION to dynami-
cally prescribe climate fields as the model time and CO; level changes
(see Mills et al., 2021 for a schematic and description of the emulator).

We next update the global tectonic degassing rate in the model,
which is used as a scaling for all metamorphic and degassing processes
(Fig. 2). The Phanerozoic SCION model used an uncertainty window for
degassing rates to incorporate different estimation methods. The overall
window was bounded by estimates of overall plate convergence and
destruction rates (Domeier and Torsvik, 2017; Marcilly et al., 2021) as
the upper estimate, and combined lengths of subduction zones and rifts
as the lower estimate (Mills et al., 2017, 2019). For the Neoproterozoic
extension we first add the estimates of Krause et al. (2022), who defined
upper estimates as the mantle-to-crust plate fluxes or rift lengths, and
lower estimates as the subduction zone lengths, with these datasets
extracted from the plate model of Merdith et al. (2021). We then also
add the alternative estimate of Marcilly et al. (2021) who scale the
global degassing rate over Earth history to the age-distribution fre-
quency of detrital zircons, reasoning that zircon age distributions are
closely related to magmatic productivity (Domeier et al., 2018). The
combined Phanerozoic and Neoproterozoic windows from previous
work show reasonable agreement with the zircon-based estimate, and
thus we combine all three to define a grouped minimum and maximum
for this study (Fig. 2b).

Finally, we modify the model ‘basalt area’” and ‘granite area’ forcings
to best represent how they may have been different during the Neo-
proterozoic (Fig. 2c). These functions affect the isotopic ratio of
weathered strontium in the model, so only impact the 87Sr/%6Sr record
the model produces, with no effect on climate or biogeochemistry. For
basalt area, we retain the original model approach, which uses the
database of reconstructed initial areas of Large Igneous Provinces (LIPs)
alongside a decay curve to estimate total continental flood basalt area
(Ernst and Youbi, 2017; Mills et al., 2014), and add a further term for arc
weathering, scaled to global volcanism (Mills et al., 2019). For granite
area, we retain the original curve, derived from geological maps of non-
volcanic silicates (Bluth and Kump, 1991; Lenton et al., 2018) and make
the simplifying assumption that the value begins at the present-day area
in the Tonian and slowly interpolates towards the Cambrian value. The
evolutionary model forcings, which control the spread of plants and
marine bioturbators, do not need to be extended into the Neo-
proterozoic, as they only become significant during Phanerozoic time.
We also omit the FLORA vegetation model from this version of SCION, as
it has not yet been fully integrated before the Mesozoic (Gurung et al.,
2024).

3.1. Results and comparisons

The key biogeochemical model outputs are shown in Fig. 3. Here, the
yellow window represents the full range of outputs generated over 1000
model runs when randomly varying the model forcings for degassing
rate, pre-plant weathering enhancement, basalt and granite areas, and
fractionation effects for carbon and sulfur isotopes. The ranges of vari-
ation are described in Mills et al. (2021) and are typically +20-30 %,
except for the pre-plant weathering value which varies between 1 (no
change) and a seven-fold enhancement, and the degassing rate which
varies between the maximum and minimum values shown in Fig. 2.
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Fig. 2. Model degassing rates and weatherable areas. A. Degassing rates from previous studies. B. Combined degassing rate used for the current model. Note that
smoothing has been applied to remove rapid transitions in the Neoproterozoic record, which are uncertain, and to make the overall variability of the combined record
consistent, despite the merging of different approaches. C. Weatherable areas of granite and basalt.

These large degrees of variation explain the wide uncertainty window
for model results in the Neoproterozoic and Paleozoic. Here, the
degassing rate is less certain, due to underlying uncertainty in plate
reconstruction for pre-Pangaea times, and the reduction in continental
weathering efficiency due to the absence of forests before the Devonian,
and absence of all plants before the Ordovician, is not well quantified
(Lenton, 2001).

The trend for Neoproterozoic oxygen, sulfate and carbon dioxide
levels is similar, with all concentrations rising slightly across the early-
mid Tonian and declining into the Cryogenian. This behaviour follows
the model degassing rate: CO, degassing is a first-order control on at-
mospheric CO; levels, and high rates of carbon input will ultimately lead
to high rates of carbon output—including organic carbon burial—which
raises atmospheric oxygen in line with CO; (e.g. Williams et al., 2019).
Warmer climates and higher oxygen levels favour weathering inputs of
sulfate from evaporites and pyrite, so marine sulfate levels also tend to
track CO; and O,. This coupled behaviour continues until the Devonian
in the model, where the evolution of plants—which produce Oy but
draw down CO» through photosynthesis and enhancement of silicate
weathering—changes the global relationship between CO3 and O,.

The model is compared to previous estimates from geological proxy
and model systems which are plotted in blue (see Fig. 3 and caption).
Some of these estimates also have large uncertainty windows, and tend
to be broadly defined such that an invariant upper or lower boundary
does not necessarily mean that values did not fluctuate considerably
within these limits. Considering this high uncertainty, the predicted CO,
and global average temperature values are broadly compatible with
previous estimates. CO5 levels in SCION overlap with those from

previous dimensionless numerical modeling (Krissansen-Totton et al.,
2018). The mean global average temperature predicted by the model for
the Neoproterozoic is around 15-20 °C, similar to many periods of the
Phanerozoic and representing a mild icehouse to mild greenhouse
climate state with ice caps restricted to the polar regions. However,
within the model uncertainty window, it is possible to reach global
average temperatures of between approximately 0-30 °C and to see deep
glaciation on par with the coldest times in the Phanerozoic. We do not
create ‘Snowball Earth’ globally ice-covered scenarios in the model.
Partly this is because we likely do not see cold enough surface temper-
atures (Le Hir et al., 2014), and also because the climate model used to
build the emulator does not have dynamic continental ice sheets, so
cannot simulate the descent into a ‘Snowball Earth’ state through ice-
albedo feedback (e.g. Hoffman and Schrag, 2002; Hoffman et al., 2017).

Model atmospheric Oy predictions are compatible with some proxy
inferences which suggest that the Neoproterozoic atmospheric oxygen
level was around half or less of the Present Atmospheric Level (PAL: 0.5
PAL = ~10 % atm.) (Mills et al., 2023), based on requirements of
broadly anoxic marine bottom waters (e.g. Sperling et al., 2015; Can-
field, 1998). However, recent analyses of trace metal abundances in
sediments suggest an upper limit of only around 0.1 PAL or 2 % atm
(Stockey et al., 2024). Inversion of Neoproterozoic carbon isotope re-
cords suggests large swings in carbon burial and atmospheric Oy during
the Era, with potential minimums of 0.01-0.1 PAL (~ < 2 % atm.;
Krause et al., 2022). These lower values, or large swings, are not
reproduced by SCION and are not within the uncertainty window, but
they could feasibly be driven by other events not included in the model
such as ‘Snowball Earth’ glaciations, or by more rapid variations in
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Fig. 3. Key model time-dependent outputs compared to geological estimates. A. Atmospheric oxygen (compared to Mills et al., 2023). B. Marine sulfate (compared to
Algeo et al., 2015; Canfield and Farquhar, 2009). C. Atmospheric carbon dioxide (compared to Foster et al., 2017; Witkowski et al., 2018; and the model of Kris-
sansen-Totton et al., 2018 (JKT18) for the Precambrian). D. Ice line latitude — extent of ice caps (compared to Scotese, 2021). E. Global Mean Surface Temperature
(GMST, compared to Scotese et al., 2021 for the Phanerozoic, with the Cambrian greenhouse temperature range extended into the Neoproterozoic except for during
the Snowball Earth glaciations). Model ensemble range is shown in yellow with the centre line showing the mean estimates. The grey dashed line shows the mean
from an alternative model simulation, which assumes a fixed present day degassing rate for the whole run.

included processes like degassing rates.

As with previous SCION simulations for the Paleozoic (Mills et al.,
2021), Neoproterozoic sulfate levels in SCION are higher than those
inferred from the geological record (which is largely based on the
observed isotopic fractionation between sulfate and pyrite and the
proposed lack of gypsum deposition; Canfield and Farquhar, 2009).
Recent work (Krause et al., 2024) concluded that overestimation of
Paleozoic sulfate levels in biogeochemical box models was primarily
driven by a poor representation of the calcium cycle in these models. We
therefore speculate that adding a dynamic calcium cycle to SCION
would improve the model-data mismatch here. Lower modelled oxygen

levels would also reduce pyrite weathering and associated sulfate inputs,
likely lowering marine sulfate concentrations further. Outputs of evap-
orite gypsum may also be related to basin restriction, but although the
SCION model uses a loose approximation of this for the Phanerozoic
based on coastline length, further variation in this process is not
explored for the Neoproterozoic due to high uncertainty in coastlines.

3.2. Drivers of Neoproterozoic climate and biogeochemistry

Our work set out to test to what degree changes to paleogeography
and degassing rates impacted Neoproterozoic surface conditions. For the
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degassing rate, the impact is large, and within the large uncertainty on
this forcing we can produce icehouse or greenhouse climates on par with
the hottest and coldest stages of the Phanerozoic. We see a mean ~ 6 °C
of global cooling moving from the Tonian to the Cryogenian in our
model, driven partly by the assumed reduction in degassing rates be-
tween these periods. A reduction in ridge generation rate, based on the
same underlying tectonic framework, has recently been proposed to
have driven the Sturtian Snowball Earth initiation (Dutkiewicz et al.,
2024). Our work supports this as a possibility, but more work is clearly
needed to reduce the uncertainty in overall tectonic CO, degassing rates,
which are a function of different plate boundaries and processes (e.g.
Miiller et al., 2022).

We see a moderate effect from paleogeographic weathering
enhancement in our simulations. The paleogeographic model used for
the FOAM simulations has a clear transition from an amalgamated
Rodinia supercontinent in the Tonian, to largely dispersed continents in
the Cryogenian (Fig. 4), but this does not translate to a dramatic change
in the overall availability of surface runoff in the way that earlier simpler
models had shown (Donnadieu et al., 2004). The dashed line in Fig. 3
shows an alternative model ensemble mean where the degassing rate
remains constant at the present-day value for the whole run, to better

Paleogeography (km) Air Temp (C)
g

HEN T
40 20 0 20 40
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view the paleogeographic effect on the model. This model output retains
the general trend of mid-Tonian warming and subsequent cooling into
the Cryogenian, but the overall temperature change is around 3 °C.
Thus, the overall effect of degassing and paleogeography on driving
Tonian-Cryogenian cooling appears roughly equal in this model, and
both act to drive cooling into the Cryogenian. Nevertheless, as above, we
do not recreate a major ice sheet expansion and deep cooling event in the
Cryogenian because we do not take into account the formation of con-
tinental ice sheets (i.e. the ice/snow albedo feedback), and we also do
not consider the weathering of continental flood basalts at this time
which could reduce temperature further, although these effects are un-
certain and would depend on the location of LIPs (Donnadieu et al.,
2004; Black et al., 2024). Furthermore, the model also predicts a cool
early Tonian, so the broad transition from greenhouse to icehouse dur-
ing the Neoproterozoic is not clearly reproduced in the model.

3.3. Neoproterozoic isotopic records

The model carbon isotope record (Fig. 5) is stable at about the mean
value of the geological record but does not produce any of the well-
documented large excursions. Even more so than atmospheric oxygen,
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Fig. 4. Model 2D snapshots at keyframe timepoints. A-F. Paleogeography used in the FOAM climate model to produce runs for the emulator in SCION. G-L. SCION
model surface air temperature. M-R. SCION model global runoff. S-X. SCION model silicate weathering rate. Note that SCION emulated climate fields are interpolated
from GCM runs.
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Fig. 5. Model isotope tracers. A. Carbonate carbon isotopes (compared to Cramer and Jarvis, 2020). B. Oceanic sulfur isotopes (compared to Crockford et al., 2019).
C. Ocean strontium isotopes (compared to McArthur et al., 2020). Model ensemble range is shown in yellow with the centre line showing the mean estimates. The
grey dashed line shows the mean from an alternative model simulation, which assumes a fixed present day degassing rate for the whole run.

the carbon isotope record is likely to respond greatly to events like
Snowball Earth and rising marine oxygen levels, which would dramat-
ically alter productivity and remineralization (Hoffman and Schrag,
2002; Rothman et al., 2003). The geological sulfur isotope record has a
coarser time resolution, although individual carbon isotope events like
the Shuram negative excursion, and subsequent late Ediacaran to early
Cambrian positive excursions, do appear to have synchronous excur-
sions in §°*S (Osburn et al., 2015; Tostevin et al., 2017; He et al., 2019).
As with the carbon isotopes, the model can capture the general long-
term trend in sulfate sulfur isotopes, but not the individual excursions.
Again, this may be because the model does not capture major climatic
events throughout this period. Also, these excursions are typically over a
shorter timeframe than the variations in the forcings applied to the
model, which typically vary significantly only over periods of ~10 Myrs
or more. In other words, these excursions are likely not directly caused
by long-term tectonic and degassing processes, but by processes with
shorter characteristic timescales, such as those associated with the
organic carbon cycle.

The model strontium isotope record rises between the Cryogenian
and Cambrian due to our assumption that the global area of granitic
lithologies rises over this time, and due to radioactive decay, which
drives a slow but continuous rise in strontium isotopes over time. More
detailed work using the same climate simulations, but which also uses
spatial maps of radiogenic and unradiogenic crust (i.e. continental
shield, arcs and LIPs) also predicts a rise in 873r/80Sr over this time, and
to a greater degree, due primarily to weathering of radiogenic crust
during the Pan-African orogens (Goddéris et al., 2017a, 2017b).

3.4. Sensitivity to long-term forcings

In Fig. 6 we explore the model sensitivity to changing the values of
the basalt area, granite area and degassing rate by fixing these at
different assumed static values throughout the model run, while
allowing all the other model parameters to vary as normal. The exposed
granite and basalt area forcings (Fig. 6a,b) influence only the model
strontium isotope ratios, as differential reactivities of these lithologies
are not included. Predictably therefore, higher granite areas cause the
model Sr/30Sr ratio to rise, and higher basalt areas cause it to fall.
Much of the Phanerozoic strontium isotope record can be explained by
basalt and granite area variations within this framework, although this
analysis ignores the geographic location of these lithologies, which is
very important for their weathering fluxes. Instead, when varying the
model degassing rate (Fig. 6¢), large variations in the 8Sr/%0Sr record,
that broadly encompass the proxy range, can be achieved. Overall,
known processes seem potentially capable of driving the 8Sr/%0Sr var-
iations seen in the geological record, although reproducing the very low
values in the early Tonian would require a combination of very high
degassing rates, high basaltic areas and low granitic areas. In Fig. 6d, we
explore the effects of modifying the model degassing rate, on the pre-
dicted global mean surface temperature. The geological temperature
reconstruction shown is broadly reproducible in the model with
degassing rates ranging from 50 % to 400 % of present-day rates. Out-
liers here are the early Triassic, where additional carbon was added from
the Siberian Traps LIP (Svensen et al., 2009), and the Cryogenian gla-
ciations, where ice albedo effects not included in the model likely drove
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Fig. 6. Fixed forcing model runs. A-C. Model seawater strontium isotope ratios for fixed forcing runs where a single forcing (A — granite area; B — basalt area; C —
degassing rate) is fixed at the given value for the whole model run. D. Model Global Mean Surface Temperature for fixed degassing rate runs.

extremely low temperatures (Hoffman et al., 2017). Very high sustained
global temperatures above 30 °C, as have been proposed for several
hothouse periods (e.g. Grossman and Joachimski, 2022; Judd et al.,
2024), would require degassing rates above 400 % of the present day in
SCION (similar to conclusions based on the GEOCLIM model — Marcilly
et al., 2022).

4. Conclusions and future work

Our extension of SCION into the Neoproterozoic produces a long-
term baseline estimate for atmospheric Oy, CO; and global average
surface temperature that is reasonably in line with the long-term
geological record. We show that, according to the available continen-
tal distribution, climate model ensemble and tectonic degassing rate
reconstructions, our model predicts that combined paleogeographic
weathering enhancement and a reduction in CO; degassing could have
driven ~6 °C of global cooling between the mid-late Tonian and Cryo-
genian. However, the uncertainty range on these results is very large,
and the model also predicts a cool early Tonian, which is not clearly
supported by the geological record. Furthermore, our model does not
produce the dramatic climate and biogeochemical changes that are ex-
pected during the initiation and termination of Snowball Earth

glaciations, and the large isotope excursions that are broadly associated
with these. This is most likely because we have only considered the long-
term tectonic setting (e.g. degassing, paleogeographies) to reconstruct
the Earth’s deep time climate. However, even a longer-term descent into
a Snowball Earth glaciation could not convincingly occur in the model
because it does not consider variable continental ice sheets. The SCION
model also has a low climate sensitivity, which is set by the climate
sensitivity of the FOAM climate model used to produce the emulator,
and may drive overestimation of atmospheric CO, levels (Mills et al.,
2021). The long-term ‘Earth System Sensitivity’ to a doubling of CO2 is
about 3 °C in SCION, as opposed to the 5-8 °C suggested by some proxy
compilations (e.g. Honisch et al., 2023; Judd et al., 2024). Thus, larger
variations in modelled temperature and surface conditions may also be
possible if a climate model with higher COs-sensitivity were used to
build the emulator.

Large swings in carbon isotope ratios in the Neoproterozoic geolog-
ical record underscore the premise that large changes to production and
remineralization processes may have occurred during these periods,
which are not modelled here. These excursions may also be related to
the evolution of novel planktonic cyanobacteria (i.e. Trichodesmium,
Crocosphaera, Synechococcus, Prochlorococcus; Sanchez-Baracaldo et al.,
2014, Sanchez-Baracaldo, 2015, Boden et al., 2021; Fournier et al.,
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2021) and the rise of algae to ecological dominance (Brocks et al., 2017,
2023). The Neoproterozoic saw the ecological expansion of both
planktonic  cyanobacteria  (Sanchez-Baracaldo et al, 2014
Sanchez-Baracaldo, 2015; Fournier et al., 2021) and green algae (Brocks
et al., 2017; Del Cortona et al., 2020; Sanchez-Baracaldo et al., 2017),
and it has been proposed that the emergence of these novel primary
producers could have increased the strength of the marine biological
pump, contributing to the Neoproterozoic collapse of widespread euxi-
nia and dominance of oxygenic photosynthesis in the ocean
(Sanchez-Baracaldo et al., 2014). Remineralisation processes may also
have changed fundamentally, including and the potential oxidation of
dissolved organic carbon in the ocean during periods of ventilation (e.g.
the Shuram excursion; Rothman et al., 2003). It has been shown in the
COPSE model — which models the ocean in the same way as SCION - that
large excursions in Ediacaran seawater 8'3C and 8°*S values could be
driven by the input of sulfate from weathering and subsequent oxidation
of marine dissolved organic carbon (Shields et al., 2019). It has also been
shown in COPSE that prolonged periods of high global temperatures and
elevated weathering following Snowball Earth deglaciation could drive
large and protracted positive excursions in seawater 5'3C (Mills et al.,
2011). These ideas can be more fully tested in future versions of SCION
that build on the baseline presented here. Finally, our model also
overestimates Precambrian marine sulfate concentrations considerably,
which perhaps may be resolved by consideration of a dynamic calcium
reservoir in future model versions (Krause et al., 2024).

Nevertheless, we believe that this model provides a useful baseline
for further investigation of the drivers of Neoproterozoic climate and
biogeochemical change. We suggest that the following processes or
mechanisms should be added to the model—or others of this type—to
better understand these:

- Dynamic continental lithology, including the Franklin LIP and con-
tinental arcs. These areas should produce additional silicate weath-
ering fluxes, and variable Sr isotope ratios (e.g. Park et al., 2021).
Dynamic continental ice sheets. These are essential for simulating the
degree of cooling during Snowball Earth glaciations (e.g. Hoffman
et al., 2017). This could be achieved by coupling an ice sheet model
(parameterised or full 3D thermomechanical representation) with
the GCM to incorporate ice sheet-climate positive feedbacks (i.e. ice-
albedo and orography-lapse rate) and other climate responses asso-
ciated with ice sheet inception and growth.

Evolution of primary producers and their ecological expansion.
Changing relationships between productivity and nutrients, the ef-
ficiency of the biological pump, and the depth of remineralization,
may impact the carbon cycle considerably (e.g. Lenton et al., 2014).
Calcium cycling. Large mismatches in sulfate concentrations may be
driving additional mismatches (e.g. through over-abundance of ox-
idants), and this may be solved by including a dynamic calcium cycle
(Krause et al., 2024).

It is likely that these additions would also improve the model’s
ability to reproduce Phanerozoic climate and biogeochemistry. How-
ever, for both the Neoproterozoic and Phanerozoic, further work to
better constrain paleogeography (including topography and bathyme-
try) and degassing rates are also essential. Degassing is a first-order
driver of CO, levels and climate, while different paleogeographic re-
constructions (e.g. Torsvik and Cocks, 2017) may place important
landmasses inside or outside of warm and wet climate zones, which
could make significant differences to global silicate weathering. Differ-
ences in heights and locations of mountains, and in seafloor bathymetry,
may also change global climate in ways that are difficult to predict. The
positioning of coastlines and overall area of flooded versus exposed
continents is also important in setting global weathering rates and is
extremely uncertain for the Neoproterozoic. Building climate emulators
with alternative paleogeographies and underlying physical climate
models is essential, but is an extremely time-consuming process. Indeed,
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the emulator constructed here would benefit from higher time-
resolution. Paleogeographic features may change substantially be-
tween the current climate model timepoint separation of around 50
Myrs in ways that cannot be well-approximated by even advanced
neural network interpolation methods, and physical climate simulations
should ideally be made on resolutions of around 20 Myrs or less (Zheng
et al., 2024). Finally, it is important to build better time-constrained
series of geological and geochemical indicators for the Neoproterozoic
and especially the Tonian period. The apparent lack of variability in
climate, atmospheric oxygen and marine sulfate proxies here is largely
due to a lack of data.

Code access

Model code for SCION version 1.2.0 including full documentation
and derivation can be accessed at https://github.com/bjwmills/SCION

Tutorials on running the SCION model can be accessed at: https://ear
thevolutionmodelling.com/code
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