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Figure 1 (Color online) Schematic diagram of the long-term carbon cycle and the prediction of atmospheric CO, content from the Phanerozoic earth
system box models. (a) Schematic diagram of the long-term carbon cycle. Modified from Ref. [1], where reservoir, flux size, and isotopic composition
data refer to Refs. [2,3]. (b) The prediction of atmospheric CO, content from the Phanerozoic earth system box models. 1 ppm=1 pumol/mol
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Figure 2 (Color online) Milestones of the Phanerozoic Earth system box models. Dashed lines indicate developmental dependencies between models
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Figure 3 Schematic diagram of the SCION model. Modified from Ref. [3]. (a) Representation of climate model datasets and interpolation methods
used in the SCION model; (b) single box marine biogeochemical module, modified from Refs. [7,8]. Black arrows represent biogeochemical cycling

fluxes; green arrows represent data flow directions
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Figure 4 Modelled Phanerozoic atmospheric CO, variations by the SCION model and the paleogeographic maps and ice extent predictions from the
latest SCION version v1.1.5. (a) The paleogeographic maps and ice extent predictions from the latest SCION version v1.1.5. (b) Modelled Phanerozoic
atmospheric CO, variations by the SCION model. The solid orange line is the latest prediction result and the orange shaded area is the modelling result
interval after taking into account the errors in the main boundary conditions, where the major driving forces have been added with an error of 20% (for
example, the change of degassing rate, the relative area change of basalt and granite lithologies). At the same time, the biotic weathering enhancement
factor due to }gant evolution is varied between 1 and 7. The dashed line is the prediction result in the original SCION model™, which is compared to
proxy data'®
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Over geological timescales, Earth’s atmospheric CO, concentration is determined by the long-term carbon cycle. Here the
principal CO, sources are tectonic degassing and the weathering of carbonate or organic-rich rocks, and the sinks are the
deposition of carbonate minerals and organic carbon in sediments. The global carbon cycle has a self-regulation
mechanism because the weathering of silicate rocks, which provides key elements for marine carbonate formation, is
temperature dependent and can remove more carbon when Earth’s CO, levels and temperature rise. Nevertheless, changes
in carbon inputs and outputs can drive substantial variation in CO, levels over geological time, and this has been the most
important factor controlling the long-term variations in global average surface temperature over the Phanerozoic.
Therefore, reconstructing the long-term carbon cycle and Phanerozoic changes in atmospheric CO, levels is an important
area of geochemical research.

Earth system box models have traditionally been used to study the long-term carbon cycle and to understand what
controls changes in CO, concentration. Early box models, such as the GEOCARB and COPSE (Carbon-Oxygen-
Phosphorus-Sulphur-Evolution) models, mathematically expressed the physical and chemical properties of the Earth’s
surface in a dimensionless way, using a single box for the ocean or land surface and a single value for global temperature or
rate of precipitation. These models succeeded in reconstructing some aspects of atmospheric CO, variations during the
Phanerozoic but were limited because they cannot represent Earth’s surface in 3D, so could not properly represent
continental weathering processes. The GEOCLIM model improved on this method by using a large dataset of physical
climate model simulations to approximate a 3D climate and land surface for a set of specific times in Earth’s history, which
allowed it to evaluate weathering processes and simulate uplift-driven glaciation in the late Palacozoic.

A further step was made in the SCION (Spatial Continuous Integration) model to approximate between different
continental maps and therefore run the 3D weathering functions continuously over geological time by a method of
interpolation. The variations of Phanerozoic atmospheric CO, levels predicted by the SCION model show the following
major features: (1) High atmospheric CO, content (>1000 ppm) from the Cambrian to Silurian period; (2) a significant
decrease of atmospheric CO, concentration in the carboniferous and a following recovery in the Permian; (3) low
atmospheric CO, content in Jurassic; (4) a peak in CO, concentration during the Cretaceous and a decline through the
Cenozoic. However, the modelling results still show some inconsistencies with the proxy records of atmospheric CO,, such
as a higher atmospheric CO, prediction during the Palacozoic and a lower atmospheric CO, prediction during the Jurassic.
Future work is needed to more accurately simulate the Earth’s carbon cycle in these models. This includes revising the plate
tectonic and paleogeographic boundary conditions to modern standards, replacing the one-box ocean with a multi-box or
3D ocean component, distinguishing the more reactive silicate lithologies on the continental maps to better represent their
influences on silicate weathering, and improving the expression of land plant evolution and biogeography.

atmospheric CO, levels, long-term carbon cycle, Phanerozoic, Earth system box model, biogeochemical box model
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