Gondwana Research 97 (2021) 176-203

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

Contents lists available at ScienceDirect

Gondwana Research

GR Focus Review

New paleogeographic and degassing parameters for long-term carbon R

cycle models

Check for
updates

Chloé M. Marcilly **, Trond H. Torsvik *°, Mathew Domeier? Dana L. Royer ¢

2 Centre for Earth Evolution and Dynamics (CEED), University of Oslo, 0315 Oslo, Norway
bSchool of Geosciences, University of Witwatersrand, Johannesburg 2050, South Africa
¢ Department of Earth and Environmental Sciences, Wesleyan University, Middletown, CT 06459, USA

ARTICLE INFO

Article history:

Received 22 February 2021
Revised 21 May 2021
Accepted 21 May 2021
Available online 26 May 2021
Handling Editor: M. Santosh

ABSTRACT

Long-term carbon cycle models are critical for understanding the levels and underlying controls of atmo-
spheric CO, over geological time-scales. We have refined the implementation of two important boundary
conditions in carbon cycle models, namely consumption by silicate weathering and carbon degassing.
Through the construction of continental flooding maps for the past 520 million years (Myrs), we have
estimated exposed land area relative to the present-day (fa), and the fraction of exposed land area under-
going silicate weathering (faw-sa). The latter is based on the amount of exposed land within the tropics
(£10°) plus the northern/southern wet belts (+40-50°) relative to today, which are the prime regions
for silicate weathering. We also evaluated climate gradients and potential weatherability by examining

Ié:{g;o;(is}./de the distribution of climate-sensitive indicators. This is particularly important during and after Pangea for-
Modelling mation, when we reduce faw.fa during times when arid equatorial regions were present. We also esti-
Paleoclimate mated carbon degassing for the past 410 Myrs using the subduction flux from full-plate models as a
Phanerozoic proxy. We further used the subduction flux to scale and normalize the arc-related zircon age distribution
Paleogeography (arc-activity), allowing us to estimate carbon degassing in much deeper time. The effect of these refined
Degassing modelling parameters for weathering and degassing was then tested in the GEOCARBSULFvolc model,
and the results are compared to other carbon cycle models and CO, proxies. The use of arc-activity as
a proxy for carbon degassing brings Mesozoic model estimates closer to CO, proxy values but our models
are highly sensitive to the definition of faw.fa. Considering only variations in the land availability to
weathering that occur in tropical latitudes (corrected for arid regions) and the use of our new degassing

estimates leads to notably higher CO, levels in the Mesozoic, and a better fit with the CO, proxies.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).
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1. Introduction

Atmospheric CO, concentrations have fluctuated considerably
over geological time, driven by time-dependent solar, tectonic,
and biological forcings. A history of those fluctuations can be
reconstructed from proxies of past CO, concentrations that extend
back into the Paleozoic, but these proxy records are fragmentary
and often associated with large uncertainties (Foster et al., 2017).
In contrast, models for the long term carbon cycle, e.g. GEOCARB-
SULF (volc) (e.g., Berner, 2004; 2006; Royer et al., 2014), COPSE
(e.g. Bergman et al., 2004; Lenton et al., 2018), and GEOCLIM
(e.g., Goddéris et al., 2012, 2014; Donnadieu et al. 2006), aim to
capture the principal forcings on CO, (the time-dependent balance
of sources and sinks) to formulate retrodictions of its past atmo-
spheric concentration. Modelling, therefore, plays a key role in
not only reconstructing past CO, fluctuations (as a complement
to the proxy record) but also our attempt to understand their
causes.

The relative importance of different carbon sinks and sources is
debated, and variations in forcing factors are mostly estimated by
indirect methods. CO, sinks include silicate weathering and burial
of carbonates and organic carbon (e.g., Berner et al, 1983;
Berner, 2004; Walker et al.,, 1981; Worsley and Kidder, 1991;
Otto-Bliesner, 1995; Goddéris et al., 2012, 2014). The strength of
the silicate weathering feedback is largely tied to relief and cli-
mate, which in turn is linked to plate tectonics and continental
paleogeography (Worsley and Kidder, 1991; Gibbs et al., 1999;
Berner, 2004; Donnadieu et al., 2006; Goddéris et al., 2014;
Goddeéris and Donnadieu, 2017). For example, continents located
at tropical latitudes, and their associated warm and wet climates,
promote CO, consumption by silicate weathering. Constraining
the paleogeographic input in long-term carbon cycle models is
therefore fundamental (Donnadieu et al., 2006; Pohl et al., 2014;
Goddeéris et al., 2014; Goddéris and Donnadieu, 2017). Remarkably,
Charles Lyell proposed such a link between paleogeography and
the climate in 1830 (Lyell, 1830), long before Alfred Wegener pre-
sented his revolutionary theory of continental drift in 1912.

Plate tectonics plays an important role in shaping the long-term
climate at both regional and global scales by controlling the distri-
bution of continents and oceans (paleogeography), and erecting
and dismantling mountain ranges, thereby modulating the inten-
sity of weathering, but also by powering arc-volcanism, the main
source of CO, (e.g., Gyllenhaal et al., 1991; Zhang et al., 2012;
Lagabrielle et al., 2009; Hay et al.,, 1990; Horton et al., 2010;
Barron et al., 1989; Otto-Bliesner, 1995) Volcanic emissions and
metamorphic decarbonation in continental arcs, island arcs, mid-
ocean ridges, and continental rifts can loosely be referred to as
solid Earth or plate tectonic degassing (Berner, 2004). There is no
clear consensus on how to estimate (or even how to parameterize)
such degassing through geological time, but in the GEOCARBSULF
model (Berner, 2004) there is a time-dependent parameter for
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‘seafloor production’ (fsg) that can be considered as a proxy of plate
tectonic activity and thus solid Earth CO, degassing relative to
present-day. Ironically, CO, degassing from spreading ridges is
probably trivial with respect to degassing from magmatic arcs
and continental arcs in particular. However, on a planet that is
not expanding or shrinking, seafloor production must compensate
the global subduction flux (to first order; i.e. neglecting intraplate
deformation), and thus fsg should present a useful approximate
measure of global arc activity and thus solid Earth CO, degassing.

Seafloor production can be estimated directly from present-day
seafloor age grids derived from marine geophysical data (magnetic
anomalies), but this only provides fsz estimates back to the Creta-
ceous. For earlier times, fsg may be indirectly inferred from strati-
graphically derived global sea-level fluctuations because variations
in seafloor spreading (mid-ocean ridge volume) are the most
important driver of global sea-level change (Conrad, 2013;
Karlsen et al., 2020). However, this inversion is complicated by
the many other time-dependent contributions to sea-level and by
the difficulty of separating global (eustatic) signals from local ones.
Another approach is to estimate seafloor production in deep time
from full-plate models. The locations of subduction zones are gen-
erally better defined than the location of ridges in these models, so
it is more sensible to estimate and discuss the subduction flux
directly. Note that full-plate models, although powerful in being
constrained by multiple independent sources of data, are neverthe-
less simplifications with significant uncertainties that grow back-
ward in time. With respect to the subduction flux in particular,
the occurrence of intra-oceanic subduction zones may be under-
represented (van der Meer et al., 2012). Recently, McKenzie et al.
(2016) and Domeier et al. (2018) suggested that apparent varia-
tions in zircon production through time could mimic real fluctua-
tions in the global subduction flux, and so analyses of zircon age
spectra may provide an independent pathway toward estimating
solid Earth CO, degassing through time.

Some authors have argued that the rate of seafloor production
(and thus the subduction flux) has not varied significantly for the
past 180 Ma (e.g. Rowley, 2002; Cogné and Humler, 2006), but that
view has been repeatedly refuted by examination of extant marine
magnetic anomalies (e.g., Larson, 1991; Conrad and Lithgow-
Bertelloni, 2007; Seton et al., 2009; Coltice et al., 2013) and both
continental (e.g., Engebretson, 1992) and full-plate tectonic models
(Domeier et al. 2018; Torsvik et al. 2020). A particular triumph of
the view that the seafloor production rate varies has been the
recognition of a conspicuous peak in seafloor production in the
Early Cretaceous (Seton et al., 2009). In this context, it is important
to point out that several recent papers have attempted to estimate
the past subduction flux by simply normalizing global subduction
lengths (e.g. van der Meer et al., 2014; Mills et al., 2014, 2019;
Wong et al. 2019), but this implicitly assumes a constant globally
averaged rate of convergence. Continental rift lengths (Brune
et al.,, 2017), or combinations of subduction and continental rift
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lengths, have also been used as measures for plate tectonic degas-
sing (Mills et al. 2019; Wong et al., 2019), but are overly simplified
for the same reason—they assume the globally averaged rates of
spreading and convergence (i.e. cm/yr per unit arc/ridge length)
to have remained static through time.

In this study, we explore alternative ways to constrain CO,
sources and sinks through geological time, with a particular focus
on estimating plate tectonic degassing and the silicate weathering
potential. We explore the latter by mapping out the areas of
exposed land for the past 520 Myrs (Section 2) and determining
how much of it was within latitude bands of high theoretical
‘weatherability’. We use the term ‘weatherability’ to refer to the
potential in silicate weathering intensity, which is controlled by
the availability of land in equatorial regions and the northern
and southern wet belts. For estimating plate tectonic degassing,
we use the subduction flux as a proxy back to the Early Devonian
(410 Ma), estimated from full-plate tectonic models (Section 3).
In an attempt to proceed even further backward in time, we re-
analyzed the age distribution of arc-related zircons to explore the
possibility that they grossly mimic the subduction flux. Observing
a good temporal correspondence between the zircon age distribu-
tion and the subduction flux since the Early Devonian, we re-scale
the former to the latter to estimate absolute values of plate tec-
tonic degassing in deeper geologic time, when plate models
become increasingly uncertain. Finally, we demonstrate how the
GEOCARBSULFvolc carbon cycle model responds to our updated
estimates of the time-dependent exposed land area, the fraction
of that area undergoing chemical weathering, and the rate of plate
tectonic degassing (Sections 4 and 5).

2. Paleogeographical maps
2.1. Methods

2.1.1. Building maps of exposed land

To better constrain the amount of exposed and flooded land
areas through time we have created a set of new maps based on
the geological record, namely sedimentological data and fossil dis-
tributions. The maps were constructed in 10 Myr intervals from the
Cambrian (520 Ma) to the Late Cretaceous (70 Ma). The exposed
land maps were built following the same workflow as the maps
of the PALEOMAP project (Scotese 2014a, b, 2016). As such, the
main framework is a combination of geological lithofacies
(Scotese, 2014a, b, 2016) and paleoclimatic reconstructions
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(Moore and Scotese, 2010, Scotese and Moore, 2014, Boucot
et al, 2013) adapted to our plate tectonic framework (Torsvik
and Cocks, 2017). However, our maps differ from those of Scotese
and co-workers in several important ways, because we use a differ-
ent plate tectonic framework and we integrate additional data. The
PALEOMARP project is based on the plate tectonic model of Scotese
(2016) (http://[www.earthbyte.org/paleomap-paleoatlas-for-
gplates/), whereas our reconstructions are based on Torsvik and
Cocks (2017) with minor refinements in the Paleo- and Neotethys
domain during the late Paleozoic and early Mesozoic. Conse-
quently, there are large discrepancies between our continental
reconstructions and those of Scotese and co-workers, both in terms
of absolute longitude and latitude. These differences have a major
impact on the area of land estimated to lie within latitudes of high
theoretical weatherability, i.e. in the tropics and the northern/
southern wet belts (~+10° and 140-50°) (Gibbs et al., 1999;
Torsvik and Cocks, 2017), and so are expected to yield distinctive
silicate weathering histories in carbon cycle models like
GEOCARBSULF-volc or COPSE (Berner, 2004, 2006; Royer et al.,
2014; Lenton et al., 2018; Mills et al., 2014, 2019).

For the construction of exposed land maps, we prioritized the
paleoenvironmental reconstructions of Torsvik and Cocks (2017)
as the main source (when available); for areas and periods lacking
coverage, we used reconstructions from the PALEOMAP project and
other sources (Fig. 1; see supplementary data 1 for details). Addi-
tional mapping was done, notably for North Africa and Europe,
using detailed maps from the peri-Tethys (Dercourt et al., 2000),
Tethys project (Dercourt et al., 1993), the geological atlas of Wes-
tern and Central Europe (Ziegler, 1990) and the Middle East Basins
evolution program (Barrier and Vrielynck, 2008).

With the base maps of exposed land area, we modified the
time-dependent coastlines of the land blocks, here called polygons,
according to the distribution of climatically sensitive facies. For
this, we employed a database of coal, bauxites, evaporites, and til-
lites based on Boucot et al. (2013) but with added data and refined
time-calibration (Torsvik and Cocks, 2017). We used (for example)
evaporites as indicators for the location of coastal shallow basins.
This method helped to constrain coastlines when we did not have
matching data between the paleogeographic reconstructions of
Torsvik and Cocks (2017), the PALEOMAP project and other
sources. However, evaporites could also represent lake deposits
and we therefore considered only large concentrations of deposits,
together with gradients reflecting a transition from coast to land
(using also bauxite and coal deposits, for example).

Fig. 1.
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Phanerozoic timescale and background information for the reconstructions used to build the exposed land maps (Fig. 2). The reconstructions of Torsvik and Cocks

(2017) with minor refinements are always used to define the location of the continents, and the definition of land follows those maps when that information is available. The
second most used source is Scotese (2016) exported in Gplates. “Composite of several reconstructions” represents the use of multiple sources in defining the land area (a

complete list of sources per plate can be found in the supplementary data 1).
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Fig. 2. Maps of reconstructed exposed land for the Phanerozoic (520-70 Ma). The maps are here presented for every ~50 Myrs but are originally made in 10 Myrs intervals
(can be downloaded from http://www.earthdynamics.org/climate/exposed_land.zip). The blue shapes represent the contours of continents and microcontinents (CEED
model: Torsvik and Cocks 2017 with updates). The brown shapes represent the exposed land, i.e. above sea-level. Three yellow bands denote the high weatherability
latitudes. The more intense yellow band at + 10° of the equator represents the latitudes of most intense chemical weathering (i.e. silicate weathering for CO2 models).

We constructed maps every 10 Myrs, although some of the
underlying datasets have a coarser resolution. In some instances,
a given 10 Myr interval was based in part on the extrapolation of
patterns from before or after the interval (e.g., Early Carboniferous:
Tournaisian; Late Triassic-Early Jurassic: Rhaetian to Sinemurian;
Early Jurassic: Oxfordian). In terms of spatial uncertainty, our maps
are generally continental in scale but also contain microcontinents
and island arcs when available. However, they do not include all
local variations that potentially could have an impact on the
climate system (e.g., islands or microcontinents in the latitudes
located within 10° of the equator).

Our maps of exposed land (Fig. 2) were constructed in GPlates
and then used to compute the total area of exposed land at a given
time, as well as the fraction of that area positioned within certain
latitude bands. We also computed the same parameters from the
reconstructions of Scotese (2016) and Blakey (2009). We assume
that the maps of Blakey (2009), which were used for Paleozoic time
in the GEOCLIM model (Goddéris et al., 2012, 2014), reflect exposed
land and not total land area. Note that our maps with reconstructed
land areas are constructed between 520 and 70 Ma, but we have
extended our exposed land maps from 60 Ma to present-day using
the maps of Golonka et al. (2006). These were digitized in Heine
et al. (2015) and we used their digital outlines of exposed land
transferred to the reconstructions of Torsvik and Cocks (2017). All
our maps were crosschecked with the occurrences of terrestrial
and marine fossils (www.paleobiodb.org) and the 60, 40 and
20 Ma maps underwent some refinements according to Poblete
et al. (2021).
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2.1.2. Estimating theoretical silicate weathering strength

Weathering plays a key role in the consumption of CO, (e.g.,
Walker et al. 1981), as first recognized by Ebelmen (1845), and
Berner et al. (1983) and Marshall et al. (1988) were among the first
to introduce weathering as a key parameter in geological carbon
cycle modeling. Since then many studies have re-affirmed and fur-
ther explored the linkages between weathering and carbon con-
sumption (e.g. Francois and Walker, 1992: Goddéris and Francois,
1995; Goddéris and Joachimski, 2004; Goddéris et al., 2014, Mills
et al., 2014), and systematic investigations of these linkages have
been especially facilitated by the development of general circula-
tion models (GCMs) (Barron et al., 1989; Otto-Bliesner, 1995).

The intensity of silicate weathering is dependent on rates of
physical erosion and temperature but mostly on continental runoff,
and is thus ultimately tied to plate tectonics and paleogeography
through the changing of relief and the shifting of continental lati-
tudes (White and Blum, 1995; Gibbs et al., 1999; West et al.,
2005). Runoff is defined as the amount of discharge (mm/year) to
the ocean relative to the amount of exposed land in a particular lat-
itudinal band. Modern observations show that runoff is the high-
est, on average, in tropical latitudes between 10°N and 10°S and
between 30 and 60°N (Oki and Kanae, 2006).

For large continents, and especially supercontinents such as
Pangea, inland rainfall is strongly reduced and runoff is then lim-
ited by evaporation (Gibbs et al., 1999; Goddéris et al., 2014). Inter-
vals associated with large continental assemblies, such as the late
Paleozoic formation of Pangea, will thus tend to increase continen-
talisation of the climate, leading to aridity and the limiting of
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Table 1
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Overview of the longitude filter applied to the land area calculation to assess the effect of aridity associated with continentality during and following Pangea assembly and lasting

beyond its break-up (270-110 Ma) on the +10° latitude band.

Time (Ma)  Filtered Longitudes  Exposed land Area (10°km?)  Weighted Latitude = ABS Weighted Latitude =~ Land 10Deg (10%km?)  Land 10Deg (%)
270 —45 to 20 113.79 —16.07 38.06 7.36 6.47
260 —45 to 20 128.79 -10.70 35.88 7.84 6.09
250 -30to 5 128.27 -8.15 36.57 7.62 5.94
240 —-30to 0 133.74 -7.22 36.31 9.77 7.30
230 No filter 134.58 —5.52 36.88 16.34 12.14
220 —-30to 15 130.59 -3.52 36.27 7.29 5.58
210 —30to 15 138.10 3.04 35.14 8.28 6.00
200 —35to 30 131.17 11.79 37.27 473 3.61
190 —35to 30 132.88 8.73 36.58 7.13 5.37
180 —35to 30 136.99 6.07 36.97 7.01 5.12
170 —35to 30 120.71 3.71 37.87 5.16 428
160 -35to5 106.97 6.99 37.68 5.24 4.90
150 —-35to 10 115.08 4.06 38.50 6.34 5.51
140 —-35to 10 119.59 4.57 39.37 6.97 5.83
130 —35to 10 114.85 6.25 39.94 6.11 5.32
120 —40 to 10 105.28 12.43 40.08 5.56 5.28
110 —40 to 10 115.45 10.22 40.56 6.80 5.89

silicate weathering, and hence lower CO, consumption (Michel
et al.,, 2015; Mujal et al., 2018). We tested the effect of Pangea con-
tinentalisation on simulated CO, levels using GEOCARBSULFvolc in
Section 5. For this, we reduce the availability of land to weathering
by removing from our calculations longitude bands which include
land exposed at +10° latitudes (Table 1). The longitudes removed
were so chosen according to the distribution of evaporites and coal.

We furthermore test two ways of evaluating weatherability (i.e.
the potential of silicate weathering activity linked to paleogeogra-
phy). We first consider weatherability restricted to the equatorial
latitudes between 10°N and 10°S, corresponding to the region of
most intense silicate weathering. We then consider a revised
approach that also considers the exposed land between *40 and
50°, in addition to the equatorial band. This revision is based on
recent studies that have used the GEOCLIM model linking paleo-
geography and climate, which suggest that an important contribu-
tion to the global weatherability is provided by these mid-latitudes
(Goddéris et al., 2014; Goddéris and Donnadieu, 2017; Hilley and
Porder, 2008; Hartman and Richards, 2014). Note that because
the continents were largely confined to the southern hemisphere
in the early Paleozoic, estimates of exposed land area between
+40 and 50° latitude are exclusively derived from the southern
hemisphere before 340 Ma (Fig. 3b). After Pangea formation, the
mean continental latitude shows a systematic northward shift
(Fig. 3a) and it is only from the Early to Mid-Jurassic that the
amount of exposed land is similar for the northern and southern
wet belts (Fig. 3b).

In Section 2.2.4, we compare reconstructions in terms of the
amount of exposed land and in particular exposed land at latitudes
with a high potential for silicate weathering (i.e high runoff and
high temperature) for the different sets of reconstructions outlined
in Section 2.1.1. Notably, these reconstructions do not consider
relief, which greatly impacts weathering intensity, the develop-
ment of thick regoliths that can limit silicate weathering efficiency
(Ollier and Pain, 1996) or the occurrence of extensive lava blankets
on the Earth’s surface (following the emplacement of large igneous
provinces) that can enhance silicate weathering. The estimation
and implementation of such parameters into our paleogeographic
model thus remains an important opportunity for future work.

2.2. Paleogeographic reconstructions and weatherability

2.2.1. Early Paleozoic (Cambrian to Silurian)
In the early Paleozoic, nearly all the continents were located in
the southern hemisphere (Fig. 2, plate 1: 520-420 Ma; Fig. 3a).
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Gondwana, the largest continental unit, which mostly formed in
the late Neoproterozoic, stretched from the South Pole to the equa-
tor (western Australia) for most of the Paleozoic. Multiple other
continents (including Baltica, Siberia, and North China) drifted pro-
gressively northward during the early Paleozoic, resulting in a
string of independent landmasses along the equator in Ordovician
and Silurian time. However, the then-northern part of Gondwana
(western Australia) and Laurentia formed most of the exposed land
at the equator for most of the early Paleozoic.

The northern hemisphere was dominated by the Panthalassic
Ocean at this time, but another large ocean was present in the
southern hemisphere, the lapetus Ocean, which separated Lauren-
tia from Baltica and Gondwana. The lapetus had reached its zenith
in the Cambrian and then progressively shrank during the Ordovi-
cian (Fig. 2, plate 1: 520-440 Ma) before disappearing entirely dur-
ing the mid-Silurian collision of Baltica, Avalonia, and Laurentia
that formed Laurussia (Fig. 2, plate 1: 420 Ma). Another important
ocean, the Rheic Ocean, opened at ~480 Ma between Gondwana
and Avalonia and remained an important ocean until ~320 Ma
when Gondwana, Laurussia, and intervening terranes collided to
form the supercontinent Pangea (Fig. 2, plate 2: 310 Ma).

The total exposed land area (Landgxp toraL) Was relatively small
and stable during the early Paleozoic (Fig. 4a) but the exposed land
within £10° of the equator and between +40 and 50°, i.e. latitudes
with potentially high weatherability (Landgxp wtotr), increased
sharply between 510 and 460 Ma. A Phanerozoic maximum of
39% of the total exposed land (Fig. 4b, black curve) was reached
by 460 Ma before declining again to only 20% by 380 Ma. Through-
out this time, the latitudes between +40-50° held a relatively low
proportion of exposed land (Landgxp_wao/s0, Fig. 4b, blue curve)
compared with the remainder of the Phanerozoic, but also note
that most continents were essentially located in only one hemi-
sphere in the early Paleozoic (Fig. 3a). We observe particularly
low values for Landgxp waojs0 at 440 Ma, associated with a more
than 5% drop from the Late Ordovician. Conversely, the area of
exposed land within +10° (Landgxp wio) peaks sharply in the
Middle-Late Ordovician, when it reached the highest theoretical
tropical weathering contribution for the entire Phanerozoic (~23%
of Landgxp toraL) (Fig. 4b, red curve).

Some global sea-level curves suggest sea-levels increased dur-
ing the early Paleozoic (peaking in the Late Ordovician) but this
is not supported by our flooded land estimates (the inverse of
the total exposed land), which are indicative of high but fluctuating
sea-levels throughout the early and mid-Paleozoic (Fig. 4c). A low
of about 23% of flooded land between 450 and 440 Ma coincides
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End Cenozoic ice age ECIA). However, glacial deposits of latest Devonian, earliest Carboniferous age and the Middle-Late Jurassic probably witnessed episodes of cold climate
(Dera et al., 2011). The heat-map shows the latitudinal distribution of continental area (lighter regions) as a function of time (Torsvik et al., 2020). The south polar areas
remain dark even though it was occupied by continents several times in the past (including at present-day) because its area is small compared to the area of lower latitudes
(the pole itself has no area). The thick grey curve shows the average continental paleolatitude (weighted by area) while the blue curve corresponds to the percentage of
exposed land (10° km?). Our model covers the period from 520 to 70 Ma followed by a revision of the model from Golonka et al. (2006; digitized in Heine et al., 2015) and
Poblete et al. (2021) after 70 Ma. (b) Exposed land in the southern and northern hemisphere belts between 40 and 50° (wet belts) as well as within +10°. Note the total lack of
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starts to dominate over the southern wet belt. The grey circle highlights that ‘cross-over’.

with the end-Ordovician (Hirnantian) icehouse, which may have
lasted less than a million years (Cocks and Torsvik, 2020).

2.2.2. Late Paleozoic (Devonian to Permian)

By Early Devonian time, Gondwana had rotated such that South
Africa occupied the South Pole, but the landmass still stretched
from the pole to the equator (western Australia) and the largest
part of its exposed land was located between 40 and 90°S (Fig. 2,
Plate 1: 390 Ma). Siberia and North China continued drifting north-
ward in Devonian time, vacating the equatorial positions they had
in the Ordovician and Silurian, and reached latitudes of 10-40°N by
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the early Carboniferous (Fig. 2, Plate 2, 350 Ma). At 350 Ma, only
the northern areas of Laurussia and South China were located
between 10°N and 10°S. The Rheic Ocean between Laurussia and
Gondwana had narrowed considerably by this time, and closed
completely during the late Carboniferous formation of Pangea at
320 Ma (Fig. 2, plate 2, 310 Ma).

Pangea drifted slowly northwards (Fig. 3a) and brought the
interior of the former Laurussia to an equatorial position by the
late Carboniferous. By the beginning of the Permian (300 Ma),
the continents were widely spread in latitude (stretching from
the South Pole to at least 60°N) but restricted in longitude. Most
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of the landmasses were located between 60°W and 60°E (Fig. 2,
plate 2) and Pangea was surrounded on three sides by the large
Panthalassic Ocean. To the east, Pangea was flanked by the
wedge-shaped Paleotethys Ocean. Pangea never actually included
all continental crust, and several Asian continental blocks were
separated from the supercontinent by the Paleotethys (Fig. 2, plate
2: 310 Ma). In the early Permian, a string of terranes spalled off the
northeastern margin of Gondwana, commencing the opening of the
Neotethys Ocean, which then grew quite wide already by 250 Ma
at the expense of a narrowing Paleotethys (Fig. 2, plate 2, 250 Ma).

During the Early Devonian, from 410 to 390 Ma, Landgxp toraL
declined by ~17 mill. km? (15%) (Fig. 4a). At the same time,
Landgxp w10 dropped sharply and only 8% of Landgxp toraL 0ccurred
within those tropical latitudes from 400 to 390 Ma (Fig. 4b, red
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curve), reducing Landgxp weor to about 20% of Landgxp torar and
marking the lowest theoretical weatherability recorded for the
entire Phanerozoic (Fig. 4b, black curve). In the Late Devonian
Landgxp toraL increased again by more than 30 mill. km? (30%),
reaching values above 112 mill. km? by 360 Ma, and then fluctu-
ated around 115 mill. km? during the Carboniferous and Permian
(Fig. 4a). Landgxp wior likewise climbed sharply in the Late
Devonian to earliest Carboniferous and then fluctuated around
33% of Landgxp tora. for the remainder of the late Paleozoic
(Fig. 4b). This marked increase in Landgxp toraL OCcurred seemingly
in concert with decreasing sea-levels (Haq and Al-Qahtani, 2005;
Haq and Schutter, 2008) which appears to have started 10 Myrs
before, and is displayed by both our flooded land estimates and
reconstructed sea-levels (Fig. 4c). The lowest sea-level (and
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correspondingly largest area of exposed land) from Paleozoic time
was reached around 250 Ma, at the transition between the Paleo-
zoic and Mesozoic eras.

2.2.3. Mesozoic-Cenozoic

Pangea drifted slowly but continuously northwards after it
formed (Fig. 3a), and by the early Mesozoic the continents were
spread in latitude from pole-to-pole (Fig. 2, plate 2, 250 Ma). Lau-
rentia abandoned its equatorial position during the Triassic,
whereas the northern part of Gondwana (North Africa and South
America) migrated progressively into the equatorial realm. Three
oceans dominated: the Panthalassic surrounded Pangea on three
sides, whereas to the east the Paleotethys was shrinking and the
Neotethys widening by the northwards movement of the Cimme-
rian and Sibumasu blocks (Fig. 2, plate 2, 250 Ma).

The most important phase of Pangea breakup started when the
Central Atlantic Ocean opened in the Early Jurassic (~195 Ma), and
by around 170 Ma the former Laurussia and Gondwana were sep-
arated by 250-400 km (Fig. 2, plate 3 170 Ma). Around that time,
Gondwana also started to break up, leading to the separation of
India, Madagascar, East Antarctica, and Australia from the rest of
Gondwana (Fig. 2, Plate 3, 130 Ma). At the same time that
Gondwana was disintegrating, Eurasia was amalgamating, and East
Asia became fully part of Eurasia at around 130 Ma, when the
opening of the South Atlantic started. By the Late Cretaceous, India
had separated from Madagascar (Fig. 2, Plate 3, 70 Ma). During
most of the Mesozoic, Africa and South America did not move
much in latitude and their northern parts occupied the equatorial
regions.

Landgxp Torar Was high (~130 mill. km?) from the late Permian
to the mid-Jurassic but dramatically decreased between 180 and
160 Ma (Fig. 4a). However, Landgxp weot increased greatly during
the late Paleozoic and early Mesozoic, reaching a peak at 160 Ma
(Fig. 4b, black curve). During the Mesozoic, Landgxp wio Showed
less variability and fluctuated between 12% and 16% of
LandExpiTOTA]_ (Flg 4b, red Cul'Ve). COnVefsely, LandExpiw‘m/SO
increased sharply between 190 and 170 Ma (blue curve in
Fig. 4b), reaching the Phanerozoic maximum of around 22% of
Landgxp Torau and producing the aforementioned peak in
Landgxp wiot (black curve in Fig. 4b). Landgxp toraL increased shar-
ply (by ~60%) between 80 and 40 Ma before stabilizing close to pre-
sent values for the rest of the Cenozoic (Fig. 4a). Conversely,
Landgxp wiot remained similar during the same period before
decreasing between 50 and 20 Ma from 31 to 27% of Landgxp ToTaL
(black curve in Fig. 4b).

Eustatic curves suggest that sea-level rose continuously over
the Mesozoic (Haq and Al-Qahtani, 2005; Haq and Schutter,
2008), from the Phanerozoic low at 250 Ma to the Phanerozoic high
in the Late Cretaceous (Fig. 4c). Sea-level then dropped
precipitously in the latest Cretaceous and through to the
present-day. These first-order eustatic trends (which are relatively
well-defined for the Mesozoic-Cenozoic) are closely reflected by
the flooded continental area curve derived from our exposed land
maps.

2.2.4. Comparison of reconstructed weatherability with other studies

In Fig. 5 we have compared our estimated theoretical weather-
ability with those derived from the reconstructions of Blakey
(2009) and Scotese (2016), and the diagram is separated into %
exposed land at tropical latitudes (Fig. 5a), the northern/southern
wet belts (Fig. 5b) and the total theoretical weatherability
(Fig. 5¢). In general, our model shows more variability than the
two others do. In terms of total theoretical weatherability
(Fig. 5c), our model shows a pronounced increase in the early
Paleozoic, peaking in the Late Ordovician (40%), just before the
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Hirnantian glaciation. Although that peak in the total theoretical
weatherability begins to abate before the onset of the Hirnantian
glaciation, we note that the peak in the weatherability at 10° lati-
tudes is sustained until the glaciation began (Fig. 5a). We consider
this to reflect a meaningful link between that glacial event and
weatherability, and more specifically the amount of land between
the latitudes of 10°N and 10°S, where silicate weathering is about
20 times more intense than in the northern and southern wet belts
(Goddéris et al., 2014). Enhanced continental weathering and CO,
drawdown may therefore have been a contributing factor to the
onset of that end-Ordovician glaciation (e.g., Kump et al., 1999;
Goddéris et al., 2017). According to our model, this Late Ordovician
peak of high theoretical weatherability is the highest recorded in
the Phanerozoic, but it is absent in the two other models.
This discrepancy is principally linked to the different positions of
Siberia and Laurentia. In our reconstruction, Laurentia and Siberia
but also the northern part of Baltica are included in the calculation
of land available within the 10° latitudes whereas in reconstruc-
tions from Scotese and Blakey, they are above and below this 10°
boundary.

During the Silurian and Devonian, there is a general (but oscil-
lating) decrease to about 20% of all exposed land near the
Devonian-Carboniferous boundary (~360 Ma), which is the lowest
recorded for the Phanerozoic in our reconstruction. However, the
three models show a drop immediately before in the +10° latitudes
triggering a general low for the reconstructions of Scotese and Bla-
key at 400 Ma. All three models then show a sharp increase in the
total theoretical weatherability up to the mid-Carboniferous
(Fig. 5a), with a peak in the £10° latitudes just prior to the initiation
of the Late Paleozoic Ice Age (LPIA). We consider the main LPIA
phase to have lasted from 330 to ~275 Ma (Torsvik and Cocks,
2017) but minor glacial deposits can be tracked to about 260 Ma
(e.g., Fielding et al, 2008; Montafiez and Poulsen, 2013;
Soreghan et al., 2019; Scotese et al., 2021). Both the Scotese and
Blakey reconstructions display a drop in land at weatherability lat-
itudes during the LPIA, whereas ours stay stable. The cause for this
discrepancy is the difference in the modelled flooded area around
Gondwana mostly in the latitudes 40-50°S and additionally over
Laurussia and northern Gondwana for Scotese’s reconstructions.

In the early Mesozoic, our model of total theoretical weather-
ability oscillates about a gradually increasing trend and ends with
a pronounced peak in the Late Jurassic at 160 Ma (Fig. 5c, red
curve). By comparison, the model of Scotese shows a more modest
peak due to smaller fluctuations in the +40-50°. However, the
model of Blakey shows an earlier peak of total theroritical weather-
ability at 200 Ma before engaging a decrease lasting into the Ceno-
zoic. This decrease is also observed in our reconstructions and
Scotese’s but from the mid-Jurassic.

Our model shows the highest variability during the early and
mid-Paleozoic and is dominated by changes in exposed land at
low latitudes (+10° red curve in Fig. 5a). The three models show
very different characteristics but the reconstructions of Blakey
(2009) show generally much less land in latitudes of potentially
high weatherability compared to both our study and that of
Scotese (2016) (Fig. 5¢). This smaller proportion of land would lead
to an underestimation of the silicate weathering potential and
linked CO, sink in long-term climate models with the use of this
model compared to Scotese’s or ours. Generally, the large differ-
ence observed can be attributed to more flooding modelled on
the coast of Gondwana as well as to the fact that many fewer
islands and microcontinent are mapped in the work of Blakey
(2009). However, this could also be due to the extrapolation neces-
sary between the available maps of Blakey over the Phanerozoic
which has a lower time resolution than the two other models dis-
cussed here.
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Fig. 6. Timescale with greenhouse (hot) versus icehouse (cold) conditions for the past 410 Myrs (see Fig. 3 caption). (a) Seafloor production rate from Coltice et al. (2013)
(thick blue line) compared with our calculations of subduction lengths and fluxes from the same full-plate model (extension of the Seton et al. 2012 model) and subduction
lengths from seismic tomography from van der Meer et al. (2014) (stippled green curve). Lengths and fluxes are shown with (upper part of shaded regions) and without filter
cut-offs (see text). P, is the Pearson product-moment correlation coefficient (r), a dimensionless index ranging from —1.0 to 1.0 that reveals the extent of a linear relationship
between two data sets. Seafloor production rate and subduction flux are well correlated for the past 160 Myrs with P, = 0.84 (unfiltered) and P, = 0.86 (filtered). For the past
250 Myrs P, = 0.76 (unfiltered) and P, = 0.79 (filtered). Notice that subduction lengths from this full-plate model show much less variability through time and are strikingly
different from that of van der Meer et al. (2014). Van der Meer et al. (2014) and Coltice et al. (2013) curves compare well for the past 150 Myrs (P = 0.9). (b) Calculated
subduction lengths and fluxes from Domeier & Torsvik (2014) and Torsvik et al. (2019; Model R) after 250 Ma. Subduction fluxes and lengths are non-correlated (P = 0.2-0.4
depending on filtering), implying that variation in fluxes depends on rate-variations and not lengths. Note a change in subduction lengths when switching between the two

full-plate models.

3. Estimating degassing for long-term carbon models

The most important long-term solid Earth degassing occurs at
continental arcs (including metamorphic decarbonation; Caldeira,
1992; Lee and Lackey 2015) and continental rifts, and to a lesser
extent at island arcs and mid-ocean ridges (Lee et al., 2020). The glo-
bal inputs from these non-plume carbon sources vary on geological
timescales, predominantly due to changes in seafloor production/-
consumption rates, and those rates are thus commonly employed
in long-term CO, models as a proxy for degassing on geologic time
scales (Berner, 2004; Berner, 2006; Royer et al., 2014; Goddéris
and Donnadieu 2017; Mills et al., 2019). However, the specific esti-
mates of those rates which have been widely employed in carbon
cycle models are rather poorly constrained. The longest such proxy
estimations have been derived from global sea-level fluctuations,
given that changes in spreading rates (and thus mid-ocean ridge vol-
ume) are the most important driver of sea-level variations (Conrad,
2013). In long-term carbon cycle models, this parameterization of
degassing is expressed as a time-dependent rate relative to
present-day and dubbed fsg in GEOCARBSULFvolc. This term was
originally defined as the ‘seafloor creation rate’ but is now more gen-
erally treated as a proxy for rates of ‘plate tectonic degassing’, ‘plate
tectonic activity’ or ‘solid Earth degassing’. In accordance with its
established use, we also adopt the term fsg to describe the degassing
rate for long-term carbon models in this study.

3.1. Degassing since 250 Ma: Rates of crustal production and
destruction vs. subduction lengths

Back to 83 Ma, seafloor production rates can be calculated with
a high degree of confidence from oceanic lithospheric age-grids
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derived from marine magnetic anomalies. Coltice et al. (2013) esti-
mated Mesozoic-Cenozoic seafloor spreading rates (fsg) by com-
puting the 0-8 Myrs area from oceanic age-grids, as a moving
average over the studied period, using an extension of the Seton
et al. (2012) full-plate model. Normalized to today (=1), their esti-
mation of fsg shows modern-day-like rates (within a factor of +0.3)
between 250 and 160 Ma, peak rates in the Late Jurassic-Early Cre-
taceous, and then, after 120 Ma, a gradual decline to modern-day
rates (blue curve in Fig. 6a). In our models developed using GPlates,
seafloor production rate and subduction flux must be equal due to
the continental area being held fixed, and so any differences
observed between them are due to the application of filters (see
below). The subduction flux calculated from the same but
unfiltered full-plate model used by Coltice et al. (2013), when
compared against their seafloor production curve, yields a Pearson
r-correlation (P;) of 0.8 and 0.9 over the 0-250 Ma and 0-160 Ma
range, respectively (where P, can range from -1 to 1 and P, = 1
denotes a perfect positive relationship). Although expected, this
confirms that the rate of seafloor spreading and the subduction
flux, as computed from the same model, closely correspond
(Fig. 6a).

In contrast to the direct computation of fsg or the subduction
flux, van der Meer et al. (2014) proposed that those fluxes could
be more simply estimated from the time-dependent length of sub-
duction zones. They mapped out the lateral extent of slabs from
seismic tomography and then converted those to time-dependent
subduction zone lengths using a geometrical correction based on
a model of mantle density increasing with depth. By assuming
the present-day, globally averaged rate of convergence (6 cm/yr.,
Schellart et al., 2008) to be constant through time, they estimated
a normalized subduction flux that grossly matched the fsg curve of
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Coltice et al. (2013) for the past 150 Ma (P, = 0.9, green stippled
curve in Fig. 6a). However, if we repeat the same experiment on
the plate model used by Coltice et al. (2013), we find that the
time-dependent length of subduction zones shows very little vari-
ation with time (grey-shaded curves in Fig. 6a). This means that the
variations earlier observed in the direct subduction flux calculation
must be associated with changes to global convergence rates and
not subduction lengths as suggested by van der Meer et al. (2014).
By extension, this also means that variations in the rate of seafloor
production are not simply due to changing ridge/rift lengths, but
also to fluctuations in the globally averaged spreading rate. Many
other studies employ normalized subduction lengths, continental
rift lengths, or a hybrid combination of these two measures, to
derive estimates of plate tectonic degassing (e.g. Mills et al. 2014,
2017), but the availability of full-plate models should now permit
the community to work with convergence/divergence fluxes rather
than boundary lengths. Interestingly, however, the coincidentally
good correlation that van der Meer et al. (2014) observed between
subduction lengths (assuming a constant average convergence
rate) and the seafloor production rate curve of Coltice et al.
(2013) back to 150 Ma implies there are important intra-oceanic
subduction zones lengths which are missing (not represented) in
the model used by Coltice et al. (2013).

To constrain the seafloor production rate through time we cal-
culated the subduction flux directly from full-plate models, after
some filtering (as described in Domeier et al., 2018) to remove
artefacts associated with kinematic imperfections that are invari-
ably present in full-plate models. For example, many transform
boundaries are not perfect small-circles, and will therefore have
some small component of transpression or transtension that is
unlikely to have resulted in true subduction/spreading and should
therefore be filtered out. Similarly, subduction zones and spreading
centers may, for some short time-interval, exhibit unrealistic rela-
tive motions of small magnitude (e.g. divergence along a subduc-
tion zone). It is also important to average calculations over a
time interval that is commensurate with the temporal resolution
of the model itself. Our calculations were conducted in 10 Myr
intervals and we imposed both orthogonal velocity (0-1 cm/yr.)
and transform (0-20°) cut-off filters. However, it is worth noting
that the subduction flux calculation is rather insensitive to even
moderate filtering (as the filtered contributions are normally of
very small magnitude), whereas the estimation of subduction
lengths is much more sensitive to such filtering (Fig. 6a); inciden-
tally, this is another reason why convergence/divergence fluxes
present a better proxy for plate tectonic degassing.

3.2. Degassing since the Early Devonian (410 Ma) based on subduction
fluxes

Investigation of a more recent full-plate model (Fig. 6b), cor-
rected for published flaws in the reconstruction of the Pacific-
Panthalassic (Torsvik et al., 2019), also demonstrates that the sub-
duction flux and subduction lengths are uncorrelated (P, = 0.2-0.4,
dependent on filtering). In fact, all published full-plate models (e.g.,
Torsvik et al. 2010; Seton et al. 2012; Matthews et al., 2016;
Torsvik et al. 2019) that we have analysed show that the subduc-
tion flux is linked to variations in the average convergence rate
whilst subduction lengths vary little with time (Fig. 6).

In Fig. 6b, subduction fluxes and lengths were calculated from
two separate models, i.e. the Mesozoic-Cenozoic model of Torsvik
et al. (2019), which is based on refinements of the Matthews
et al. (2016) model for the past 250 Myrs, and the late Paleozoic
model of Domeier and Torsvik (2014), which extends backwards
from 250 to 410 Ma. The subduction flux curve is almost identical
to that calculated in Domeier et al. (2018) and Torsvik et al. (2020).
During the Devonian and early Carboniferous (410-340 Ma), the

187

Gondwana Research 97 (2021) 176-203

degassing rate was approximately twice that of present-day, and
during the late Carboniferous and Permian, the degassing rate
was approximately 1.5 times present-day rates. Interestingly, the
mid-Carboniferous transition between those distinct rates (decline
from >2 to <1.5 present-day rates) started shortly before the onset
of the Late Paleozoic Ice Age (LPIA) at ~330 Ma, and continued until
shortly after Pangea assembly at ~320 Ma. Following a mostly
stable but slowly rising flux in the late Carboniferous and Permian
(through the LPIA), there was a sharp drop at the Paleozoic-
Mesozoic boundary, whereafter the subduction flux reached the
lowest levels of the Phanerozoic (around 1.2) during the Triassic
and Early Jurassic (Fig. 6b). Conspicuously, subduction lengths,
which otherwise show very little variation with time, also show
a pronounced drop near the Paleozoic-Mesozoic transition at
around 250 Ma; we therefore suspect that this is an artefact of
the switch between the different full-plate models. During the
Jurassic, there was a systematic increase in the subduction flux,
which peaked in the Early Cretaceous, at 130 Ma (Fig. 6b). Subse-
quently, in the remainder of the Mesozoic and Cenozoic, the sub-
duction flux progressively waned toward modern times.

3.3. Constraining degassing in deep time: The use of detrital zircon
ages

Plate models generally become increasingly uncertain with
increasing time. Prior to Jurassic time the reconstructed oceanic
lithosphere is entirely synthetic (Torsvik et al., 2010) and before
Pangea formed (~320 Ma) the longitudinal location of the conti-
nents is not strictly known. In recent years, a method using deep
mantle structures as a reference frame for surface movements to
resolve paleolongitude has emerged (Torsvik et al., 2014). That
method is exploited in the reconstructions herein, as well as in
the full-plate model of Domeier and Torsvik (2014), but the validity
of this method in deep time is debated. It is therefore prudent to
seek additional, complementary methods that can quantify the
subduction flux and thus solid Earth degassing in deep time. One
exotic pathway could be to consider the history of geomagnetic
reversals, which may be tied to the global subduction budget since
subducted slabs affect the core-mantle boundary heat flow and
thus the geodynamo (Hounslow et al. 2018). However, the history
of geomagnetic polarity is not generally well-defined prior to the
Permian, and the specifics of this relationship are still poorly
resolved. Another more promising pathway is to consider the
age-frequency relationship of detrital zircons, the production of
which may mimic true variations in the subduction flux, both
regionally and globally (Domeier et al., 2018). Indeed, the use of
zircon abundances to infer changes in plate tectonic degassing
and greenhouse vs. icehouse climates has already been pioneered
by McKenzie et al. (2016).

Here we further explore the use of detrital zircon age distribu-
tions to estimate the subduction flux. To accomplish this we quer-
ied the large global zircon database of Voice et al. (2011; V11).
Although there are larger, more recent databases available (e.g.
Puetz et al. 2018), we elected to use V11 because it includes conve-
nient tectonic environment metadata tags, which make it easier to
extract zircon ages that can be linked to arc environments. V11 and
the database of Puetz et al. (2018), however, are broadly similar,
with highs and lows in zircon abundance observed at approxi-
mately the same ages throughout Earth history (see also Domeier
et al. 2018), and they yield a P, correlation of 0.92 over the entire
studied age range.

The V11 database was first quality-filtered to eliminate impre-
cise/poor data, which was achieved by removing: (i) all results
associated with a one-sigma (1) level error that exceeded 20%
of the best-estimated age of the grain, (ii) all results with a best-
estimated age less than the youngest-estimated depositional age
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Fig. 7. (a) Timescale over the past 4,500 Myrs and the estimated assembly/dispersal of super-cratons/superterranes (Slavia, Superia, Valbara, and Gondwana) and
supercontinents (Columbia, Rodinia, and Pangea; after Torsvik & Cocks, 2017). Note that the main phase of Gondwana took place during late Neoproterozoic-early Paleozoic
times but the core of this superterrane lasted until merging with Laurussia to form Pangea at around 320 Ma. (b) Normalized zircon age frequency (Voice et al. 2011; V11),
first quality-filtered (black curve), then area-filtered (stippled black curve), and finally arc-filtered (red curve) (see text for details). The quality-filtered curve shows seven
major peaks since the late Archean. Those peaks are also seen after area filtering but the main Cretaceous quality-filtered peak (peak 6) is shifted to the early Cambrian
(540 Ma, i.e. during Gondwana formation). There is also an additional peak in the early Mesoarchean. The latter is also pronounced after arc filtering that also shows a minor
peak in the Paleoarchean and an additional peak at around 350 Ma (prior to Pangea assembly). Yellow shading shows the difference between quality-filtered and area + arc-

filtered curves.

of the strata minus the one-sigma error of the grain age, and (iii)
ages older than the age of the solar system and Earth
(>4567 Ma). These filtering steps reduced the total number of zir-
con ages by ~3% (leaving 186,812 entries) but did not result in a
significant alteration of the shape of the age distribution. This
post-filtering distribution (shown using 30 Myr bins in Fig. 7) is
similar to that of Domeier et al. (2018) except that ages in excess
of 3.6 Ga were excluded from their histograms. There are seven
main age-frequency peaks, the two oldest (peaks 1 and 2) are con-
temporaneous with some major craton interactions starting at
~2.7 Ga, whilst peaks 3 to 5 broadly coincide with the assembly
of the two first supercontinents—Columbia (1.9-1.8 Ga) and Rodi-
nia (1.1-1.0 Ga)—and the formation of the large landmass of Gond-
wana (peak 5). In Phanerozoic time, one peak is approximately
coincident with Pangea formation, but the largest age-frequency
peak is observed in the Early Cretaceous, when Pangea was rapidly
disintegrating (peak 7 in Fig. 7).

We also applied an area-scaling to the V11 dataset in an
attempt to compensate for the very uneven geographic distribu-
tion of the zircon sampling. The area scaling adds more weight to
under-sampled regions (or equivalently, reduces the weight of
over-sampled regions). The effect of this area scaling (stippled
curve in Fig. 7) is significant, especially in reducing the amplitude
of the peaks of the last ~300 Myr (mostly coming from North
America) and in increasing some of the older peaks; for example,
the peak around 540 Ma coincident with Gondwana assembly.

A third filtering step was applied to reduce the signal from non-
arc related contributions. All entries in V11 are tagged with a tec-
tonic environment, and of the eight varieties, three environments
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(fore-, back- and retro-arc basins) are directly associated with arc
volcanism. We therefore removed all other entries from the
quality- and area-filtered version of the dataset (Fig. 7), leaving
47,231 entries. There are some notable caveats to be mentioned
with regard to this last filter. First, in addition to igneous rocks,
both sedimentary and metamorphic rocks can exist in arc-related
environments, and thus recycled zircons are not entirely stricken
from the dataset by this filter. Second, most ‘arc-related’ zircons
now exist in non-arc-related environments (e.g., recycled into pas-
sive margin sediments). We note that the general shape of the arc-,
quality- and area-filtered V11 curves remain similar, but two new
peaks appear in the Precambrian after application of the last filter.
There is also a notable augmentation of a formerly subtle inflection
in the age-frequency curve at around 350 Ma (red curve in Fig. 7).
Finally, we de-trended the age-frequency curve, assuming the
background monotonic decrease in zircon frequency with increas-
ing age to be a reflection of preservation issues, but the slope
(—0.0004) over the past 800 Ma is minor, and consequently the
de-trended and non-trended curves are almost identical. In Fig. 7,
the zircon age-frequency histograms resulting from these various
filtering steps are compared after being scaled to their highest indi-
vidual peaks.

As observed by Hounslow et al. (2018), we find that the shape of
our final V11 zircon age-frequency distribution resembles the
directly computed subduction flux of the last 410 Ma, with a minor
temporal offset (Fig. 8a; see also Domeier et al. 2018). Specifically,
since the start of the Phanerozoic, the zircon age-frequency distri-
bution shows five main peaks. The oldest, in the Cambrian at
around 520 Ma (P#1, Fig. 8a), is too old to be compared against
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Fig. 8. Timescale with greenhouse (hot) versus icehouse (cold) conditions for the past 520 Myrs (see Fig. 3 caption) and (a) revised fsg (this study) based on two degassing
proxies, i.e. subduction flux from full-plate models (red curve) and scaled arc-zircons (stippled orange). Subduction flux (filtered) for the past 410 Myrs (0-250 Ma also shown
in Fig. 7b) shows peaks in the early Carboniferous (340-360 Ma), late Permian (~260 Ma), and the Early Cretaceous (~130 Ma). Two lows (late Carboniferous and Recent times)
coincide with icehouse conditions whilst a third low in subduction flux (~190 Ma) coincides with greenhouse conditions. Subduction flux is compared with the frequency of
arc-related zircons (Voice et al. 2011, V11) that have been quality- and area-filtered. Assuming that the general trend of decreasing zircon frequencies through time may
reflect real preservation problems we have de-trended (with very little effect) the arc-zircons curve for the past 800 Myrs (slope = —0.004). The arc-zircon curve was then
rescaled to the subduction flux by fitting three peaks of approximately the same age (P#2, #3, and #5) and a Permo-Carboniferous low at around 300 Ma (yellow boxes). The
zircon data were binned in 10 Myrs intervals. Values for present-day and 10 Ma were set equal to unity (=today). The M# labels refer to the models including the presented
proxy for their simulations (see Table 2). (b) Comparison of scaled arc-zircons and other proxies for fsg. Only three have been estimated for the entire Phanerozoic. The
“seafloor production” curve of Berner (2004) from sea level inversion, is the default fsg in GEOCARBSULF(volc) whereas the hybrid curve of Mills et al. (2019) is the default in
COPSE. For comparison we also plotted the subduction fluxes calculated from the full-plate model of Merdith et al. (2021) (stippled black curve).

the subduction flux curve, but a second peak observed in the early since 410 Ma. We did this by fitting (i) early Carboniferous to Early
Carboniferous (P#2) and a smaller high in the late Permian (P#3) Triassic highs and lows (360-250 Ma; yellow box in Fig. 8a), (ii)
are both comparable to similar inflections in the subduction flux. Early Cretaceous peaks at 130 and 115 Ma, and (iii) normalizing
A fourth peak observed in the zircon age-frequency distribution, the zircon distribution by the youngest value (giving the youngest
in the Middle Jurassic (P#4), is not evident in our subduction flux, bin a value of 1). The latter is important because the zircons gener-

whilst the fifth peak (P#5 at 120 Ma, Fig. 8a) is observed about 10 ated by recent-to-ongoing arc-activity have mostly not been
Myrs after the subduction flux peak. Both peaks P#3, P#5, and a accounted for, since the formation of a zircon, and subsequent

Permo-Carboniferous low show an offset of about 10-15 Myrs, uplift and exposure of its host lag behind ongoing subduction.
which is similar to the temporal offsets found by Domeier et al. Thus, one cannot assign present-day or very recent zircon counts
(2018), who conducted comparisons between zircon age- as representative of today.

frequency distributions and the subduction flux on a regional scale.

Given the first-order correspondence of these independent
datasets since the late Paleozoic, we postulate that the zircon 4. Revision of paleogeographic and degassing input parameters
age-frequency distributions of earlier time may present a useful in GEOCARBSULFvolc
subduction flux proxy (and thus a proxy for ‘plate tectonic activity’
or solid Earth degassing). However, to use the arc-zircon record as GEOCARBSULFvolc is a popular long-term carbon and sulfur
a potential measure of the relative subduction flux we must  cycle model (Berner, 2006). This model estimates atmospheric
re-scale the arc-filtered zircon curve to the subduction flux curve CO, and O, levels by reconstructing the important long-term
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sources and sinks through time (Royer et al., 2014; Berner 2004,
2006). If sources are defined mostly through the degassing input
(translated by fsg), the sinks are more highly parameterized and
are mostly represented by silicate weathering intensity and carbon
burial through time. The silicate weathering activity is constrained
by different forcings affecting its rate, such as land plant evolution
(translated by LIFE, GYM and FERT parameters), land temperature
(GEOG), runoff (fp), effect of relief on the weathering rate (fr), and
is scaled in its expression by the land area parameters that we
revise here. The GEOCARBSULFvolc model has 68 input parameters,
12 of which are time-dependent. Our study concerns three of these
time-dependent variables, namely (1) fa, the exposed land area, (2)
faw fa, the fraction of exposed land undergoing chemical weather-
ing and (3) fsg, the seafloor creation rate (=subduction flux), as dis-
cussed above. f, is expressed as the time-dependent total exposed
land area relative to the presently exposed land area, for which we
use a value of 149 x 10® km? in Eq. (1):

__exposed land,
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For faw fa We estimate the amount of exposed land at latitudes
with a high theoretical weatherability through time. We consider
both +10° only (called fawio.fa), and £10° plus +40-50° (called
faw_fa), and its expression can be written as in Eq. (2):

exposed land at high weathering latitudes;
total exposed land;

(2)

wa,fA: (

exposed land at high weathering latitudes,_q
total exposed land;_q

The considered present-day ratio values are 0.26 for faw fa and
0.145 for faw1o_fa- Those values are based on our paleogeographic
model at time zero.

This parameter was first introduced by Royer et al. (2014) in
view to depict more realistically the expression of chemical weath-
ering in the model. The resulting “Goddéris” version of the param-
eter in Royer et al. (2014) uses simulations from GEOCLIM
(Goddeéris et al., 2012) to select the fraction of land area that had
non-zero runoff (based on paleoreconstructions of land and topog-

fa = 1) raphy) to calculate faw fa. If this version of the parameter is
149+ 10 valuable progress for the model, as it allows to exclude cold and
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Fig. 9. Timescale with greenhouse (hot) versus icehouse (cold) conditions for the past 520 Myrs (see Fig. 3 caption). (a) Revised f, (this study) compared with the two
different options available in GEOCARBSULFvolc, i.e. Berner or Goddéris weathering parameters (Royer et al. 2014). (b) Revised faw.sa (this study) compared with the Goddéris
values in GEOCARBSULFvolc (Berner is set to 1 for the entire period). Two considerations of weatherability are here tested. The red curve corresponds to the total
weatherability formed at latitudes of +10° & +40-50°, whereas the red curve displays the weatherability only at £10° (faw1o-fa). From the mid-late Permian to the mid-
Cretaceous, climate gradients were much different from today, with arid tropical areas; we have excluded those areas between 280 and 100 Ma, and the resultant faw-fa is
shown by the stippled curves for both definitions of weatherability considered. All values for the parameters are presented in the Table S1 of the supplementary data 2. The
M# labels refer to the models including the proxy selected in their simulations. A list of the models is presented in Table 2. ECIA, End Cenozoic Ice Age; LPIA, Late Paleozoic Ice
Age.
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dry environments from the calculation of weathering, it also cre-
ates some limitations. The coarse grid size used in the model from
Goddéris et al. (2012) retricts the integration of the effect of micro-
continents and volcanic islands in their climatic simulations and
linked weathering calculation. Those small land areas are particu-
larly important in the early Paleozoic for example. Moreover, the
input for those simulations comprised only 22 maps used to repre-
sent the entire Phanerozoic, and thus large extrapolations were
required. Furthermore, the land availability was overestimated
and the runoff simulations were based on extremely poorly
constrained paleotopography, leading to an increased (and
highly uncertain) silicate weathering activity throughout the
Phanerozoic.

Here, we used a more simplified definition of land availability
through time by extracting the amount of land, including some
microcontinents and islands, located in specific latitudes. This
assumes that climate gradients are constant through geological
time (e.g. wet and warm tropics) and that runoff is globally similar
to that determined from GEOCLIM reconstructions, both of which
are important limitations. However, the distinct advantage of this
approach is that we are able to evaluate the underlying effects of
paleogeography, which is relatively well-constrained (and further
improved herein), independently of the significant but poorly con-
strained effects of changing relief and climate zonation (which are
ultimately tied back to paleogeography). In other words, we seek
an improved understanding of the relationship between well-
determined base paleogeography and climate, providing a frame-
work on which progressively more sophisticated analyses can
build.

Gondwana Research 97 (2021) 176-203
4.1. Revision of fa and faw fa

The GEOCARBSULFvolc model can be operated in two different
modes in the most recent R-code: ‘Berner’ and ‘Goddéris’ (Royer
et al., 2014). These modes have different weathering-related
parameters, based on Berner (2004) and Goddéris et al. (2014),
respectively. In Fig. 9a, we compare the ‘Goddéris’ and ‘Berner’ val-
ues for fa against our own (calculated from the total land area esti-
mations and their fluctuations as detailed in Section 2). There are
broad similarities from the early Carboniferous to the Early Jurassic
(about 360-180 Ma) but there are relatively large differences in the
early and mid-Paleozoic (520-360 Ma) and during the Late Jurassic
and Cretaceous. It is also noteworthy that the f values of ‘Goddéris’
are systematically higher than the ‘Berner’ values. All models hold
similar levels during and directly following the LPIA as the low sea-
level maximized the amount of exposed land (Figs. 9a & 4c).

Our estimates of faw fa, calculated from the estimations of
exposed land area in selected latitude bands (Section 2) extend
from 520 Ma (we use the original GEOCARBSULFvolc parameters
from 570 to 520 Ma) (Fig. 9b). They are very different from
‘Goddéris’ (green curve in Fig. 9b), as well as the ‘Berner’ model,
which holds faw fa always = 1 (Fig. 9b; Supplementary data 2,
Table S1). In the model of ‘Goddéris’, f aw fa shows hardly any differ-
ences from the Cambrian to the late Carboniferous, whereas our
estimation exhibits strong fluctuations, including both the
Phanerozoic maximum and minimum. Near the Carboniferous-
Permian boundary, during the LPIA, the faw fa of ‘Goddéris’ exhibits
a distinct reduction to about 0.8 that lasted until the Early Jurassic.
By contrast our estimation of faw fa exhibits a gradual increase
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Fig. 10. Reconstruction of Central Pangea and the western parts of the Paleotethys together with exposed land and the distribution of evaporites, coal, and bauxite at (a)
300 Ma and (b) 270 Ma. Both reconstructions are in the paleomagnetic reference frame and the theoretical low-latitude belt of high weatherability is shaded yellow (+10°).
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throughout that interval, and thus the estimates of faw fa by ‘God-
déris’ are consistently lower than ours from the early Permian to
the mid-Cretaceous (compare green and red solid curve in
Fig. 9b). From ~100 Ma to present-day the curves are in closer
agreement.

Paleogeographic biome maps for the early phase of the LPIA and
Pangea assembly (Fig. 10a) suggest that climate gradients then
were grossly similar to those of the present-day (Torsvik and
Cocks, 2017). However, as the Pangean climate aridified in
response to growing continentality, the rain forests collapsed and
were eventually replaced by seasonally dry biomes in the early
Permian (Sahney et al. 2010). Subsequently, in middle-late Per-
mian time, an expansive arid region extended across much of Pan-
gea (Fig. 10b), spanning both northern and southern latitudes, and
crossing both the Americas and Europe (Boucot et al. 2013; Torsvik
and Cocks, 2017; Torsvik et al. 2020). Low global climatic gradients
and a low latitude arid region traversing most of central Pangea
characterized the Triassic and Jurassic, but even long after Pangea
breakup, many equatorial regions appeared arid until about
100 Ma.

To account for the low climate gradients between 270 and
110 Ma, revised calculations of exposed land at high weathering
latitudes were made by removing exposed land polygons where
paleoclimate indicators (evaporites) suggest low-latitude (+10°
arid conditions (Table 1). This reduces faw fa considerably (stippled
red curve in Fig. 9b), and brings it into closer agreement with the
‘Goddéris’ curve (green line in Fig. 9b).

Considering that numerical simulations suggest that CO, con-
sumption by silicate weathering in the tropics is perhaps 20 times
higher than that achieved by the northern/southern wet belts
(Goddeéris et al. 2014), we also explore the use of fawio_fa (Fig. 9b
blue curves). This has some important consequences: fawio_fa is
about 1.6 times higher than present-day values in the mid-Late
Ordovician compared to 1.45 for faw_fa. The latter is already the
highest potential CO, sink by silicate weathering observed from
the entire Phanerozoic, but it becomes even higher with fawio_fa.
A steep decline immediately follows this peak, coincident with
the Hirnantian icehouse. Conversely, fawio_fa values during the
LPIA and the End Cenozoic Icehouse Age (ECIA) remain comparable
to the original values (faw_fa around 1). The values during the
Devonian, which already had the lowest Phanerozoic faw_fa,
become even lower. However, if we further adjust fawio_fa for
the effects of equatorial aridity between 270 and 110 Ma (“ad-
justed fawio_fa”), then the late Permian to mid-Cretaceous green-
house is characterized by the lowest recorded Phanerozoic
faw1o_fa values (around 0.4). In fact, these refinements made to
account for aridity in the adjusted fawio_fa result in a lowering of
the values to less than half of that of the present-day for the major-
ity of the Mesozoic (Fig. 9b). Given the large differences exhibited
by these alternative estimations of faw_fa, the specific selection of
faw1o_fa unsurprisingly has a profound influence on CO, modelling
(Section 5).

4.2. Revised degassing (fsg)

For CO, modelling (Section 5) we have defined fs in two differ-
ent ways. In the first case, we use a hybrid version where fsy is esti-
mated from the subduction flux back to 350 Ma and then we
switch to using the normalized zircon age distribution (hereafter
‘arc-activity’) as a measure of fs for all earlier times. In the second
case, we simply use arc-activity as a measure of fsg for the entire
time range (Fig. 8a; Supplementary data 2, Table S1). Continental
arc-activity has been argued to play an important role in regulating
long-term climate changes, and McKenzie et al. (2016) argued that
reduced continental arc activity explains all icehouse climates.
Only the LPIA, however, shows a clear relation with the zircon
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record, and the ECIA occurred long after the onset of a large reduc-
tion in arc activity which started in the Cretaceous. In our analysis,
there is a general decrease in arc activity during the Ordovician but
the short-lived end-Ordovician (Hirnantian) icehouse was not pre-
ceded by any notable changes in the arc activity curve, which con-
tinued descending until reaching a minimum during the Devonian
(Fig. 8a). That was at a time when the climate was generally warm,
although there are rocks of glacial origin in the latest Devonian and
earliest Carboniferous of South America (Torsvik and Cocks, 2017).
Another minimum in arc activity that coincided with prevailing
greenhouse conditions occurred during the Triassic-Early Jurassic.
Thus, variations in plate tectonic activity/degassing cannot alone
explain greenhouse versus icehouse conditions.

Over the past few years, fsg has been estimated in many ways,
and in Fig. 8b we compare our estimate of fsg, using normalized
arc activity (as in Fig. 8a) as a proxy, with two other estimates that
are available for the entire Phanerozoic (and older times): the stan-
dard fsg in GEOCARBSULF (Berner, 2004) and a hybrid fsg estimate
based on subduction and rift lengths (Mills et al., 2019). Our esti-
mates of fsg (based on arc activity) show a minimum during the
late Neoproterozoic (Cryogenian) Snowball Earth events (not
shown in the diagram), followed by a steady increase in the late
Precambrian-early Cambrian, and peak at 520 Ma (P#1 in Fig. 8).
A corresponding fsg value of about 1.8 is similar to the two other
estimates but the fsg curves are very different for most of the Pale-
ozoic. The Hirnantian Icehouse (probably lasting less than a million
years) is not recognized in any of the curves for fsg (Fig. 8b) and our
fsr values vary between 1.5 and 1.4 during the Ordovician. Our arc
activity peak in the early Carboniferous (P#2, Fig. 8b) is not recog-
nized in the two other curves but a general low during the LPIA is
seen in all curves. During the Mesozoic, the hybrid curve of Mills
et al. (2019) is close to our curve, whilst the Berner (2004) seafloor
production curve is much lower. All curves peak in the Early
Cretaceous with fsg values of 2.4-1.5, followed by decreasing val-
ues toward recent times. Our arc activity peaks P#3 and P#4 are
not reflected in the two other curves, but on average the trend of
the fsg curve of Mills et al. (2019) follows our arc activity curve
(Fig. 8b). Note, however, that we have shown subduction lengths
from full-plate models to be an over-simplified measure of fsg (Sec-
tion 3.3) and thus the hybrid fsg estimate of Mills et al. (2019) may
be less reliable prior to 200 Ma.

Merdith et al. (2021) recently published a full-plate model for
the past one billion years, from which we can extract a subduction
flux. Some similarities to our subduction flux in the late Paleozoic
could be anticipated given that this model is based on the model of
Young et al. (2019), which in turn modified the model of Domeier
and Torsvik (2014). Young et al. (2019) made substantial changes
to the model of Domeier and Torsvik (2014), but several of these
involved latitudinal adjustments that violated paleomagnetic con-
straints and were subsequently reverted by Merdith et al. (2021),
so the latter model more closely resembles that of Domeier and
Torsvik (2014). However, significant differences remain in the
assignment of longitudes between these models (see below). For
500-410 Ma, the Merdith model is adapted from two regional
models (Domeier, 2016, 2018) and in earlier time it connects with
the Neoproterozoic model of Merdith et al. (2019).

Differences in the late Paleozoic subduction flux (Fig. 8b)
between Merdith et al. (2021) and this study, most notably a peak
at 320 Ma (start of LPIA), result largely from longitudinal changes
made with respect to the model of Domeier and Torsvik (2014).
The observation of a large difference at 320 Ma might initially
appear counterintuitive since Pangea is assembled by this time in
both models, and positioned at similar longitudes (although note
Merdith et al. (2021) reconstruct Pangea farther north than what
the bulk of paleomagnetic data suggest at this time). Recalling that
the subduction fluxes shown in Figs. 6 and 8 are scaled (relative to
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Overview of the 12 different models we have used to estimate atmospheric CO, in the GEOCARBSULFvolc program. All parameters as in Royer et al. (2014) except time-dependent
changes in fsg, fa and faw_fa. In the original GEOCARBSULF code these parameters are described as “Seafloor creation rate at time (t) relative to the present-day” (fsr), “Land area at
time (t) relative to the present-day” (fa) and “Fraction of land area undergoing chemical weathering” (faw_fa & faw1o_fa). For the latter two parameters we use those of Royer et al.

(2014) before 520 Ma.

Model Revised parameter descriptions (others as in Royer et al. 2014)

M1 Revised fa and faw_fa scaled by exposed land within £10° and between 40 and 50°N/S (Fig. 11a, 9)
M2 As M1 but faw_fa adjusted for arid equatorial regions (Fig. 11a, 9)

M3 Revised fsg (arc-zircon model) (Fig. 11b, 8a)

M4 Revised fsg (hybrid model: Subduction flux 0-350 Ma and arc-zircon model for older times) (Fig. 11b, 8a)
M5 M2 + M3 (Fig. 11c, 13a)

M6 M2 + M4 (Fig. 11c)

M7 Revised fa and faw1o_fa (Fig. 12a, 9)

M8 M7 + M3 (Fig. 12a, 9)

M9 M7 + M4 (Fig. 12b, 9)

M10 As M7 but faw1o_fa adjusted for arid equatorial regions (Fig. 12b, 9)

M11 As M8 but fawio_fa adjusted for arid equatorial regions (Fig. 12b, 9)

M12 As M9 but faw10_fa adjusted for arid equatorial regions (Fig. 12b, 9, Fig. 13a)

present-day rates), this difference arises because the model of
Domeier and Torsvik (2014) includes stronger longitudinal
motions prior to Pangea formation necessitated by the absolute
reference frame (Torsvik et al., 2014). By contrast, the models of
Merdith et al. (2021) and Young et al. (2019) are not longitudinally
anchored, and therefore have generally smaller rates of tectonic
motion for all times prior to Pangea formation.

In early Paleozoic time, the subduction flux from Merdith et al.
(2021) shows large fluctuations in the late Cambrian and Early
Ordovician, and very low (as today) rates in the earlier Cambrian.
Interestingly, an accelerated subduction flux (increased CO, sour-
cing) occurs during the Hirnantian glaciation, although this signal
is not recognized in any other models (Fig. 8b). Importantly, this
subduction flux does not resemble the normalized arc-related zir-
con age distribution prior to 400 Ma. Although improving plate
models certainly hold the promise of providing stronger con-
straints on solid Earth degassing in such deep time, there remain
substantial uncertainties and ambiguities in global paleogeography
in Ediacaran and earliest Paleozoic time (e.g. Abrajevitch and Van
der Voo, 2010), which have a direct impact on reconstructions
extending into the early Paleozoic. We therefore consider the nor-
malized arc-related zircon age distribution to be a presently better
proxy for arc-activity and potential carbon degassing in deep time.

5. CO, modelling

The most recent GEOCARBSULFvolc model (described in Royer
et al., 2014) can be run with two different sets of paleogeographic
parameters (that we here revised) but also runoff (fp) and temper-
ature (GEOG) input parameters (‘Berner’ or ‘Goddéris’ in Royer et al.,
2014). We used the Goddéris weathering parameters (fp and GEOG,
Fig. 1 in Royer et al., 2014) with our modifications of f 4, faw fa, and
fsr to generate new CO, estimates presented here. The code and
resampling strategy were applied as in Royer et al. (2014): the
model was run with 10,000 iterations for each of our tests. Follow-
ing the strategy of Royer et al. (2014), each revised parameter was
tested separately with decreasing error percentage applied, from
50 to 30% on average, until the model failure rate reached levels
below 5%. The presented simulations estimate atmospheric CO,
for the past 570 Myrs in 10 Myr intervals and assume a steady state
between those time steps (Berner, 2004). Only simulations
between 520 Ma and present-day are shown here to coincide with
the resolution of our paleogeographic reconstructions and there-
fore our revised paleogeographic input.

We tested many different scenarios to assess the relative influ-
ence of the revised input parameters (Table 2). We first tested sep-
arately the influence of paleogeography by changing only the
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paleogeographic inputs, as well as considering revised climate gra-
dients for parts of the late Paleozoic and Mesozoic. We then tested
the influence of two different proxies for degassing (i.e. subduction
flux vs. arc activity). Finally, we tested different combinations of
changes in paleogeography and degassing. Revised simulations
(Models 1-12) are shown in Figs. 11 and 12 and reconstructed
CO, levels are plotted together with proxies extending back to
the Early Devonian (Foster et al., 2017) as well as the GEOCARB-
SULFvolc simulation of Royer et al. (2014) for comparison.

5.1. Phanerozoic CO; fluctuations from GEOCARBSULFvolc model
simulations (Royer et al., 2014)

The Royer et al. (2014) model predicts very high CO, levels in
the early Cambrian (520 Ma), close to 5000 ppm on average, which
peak at 6000 ppm at 540 Ma (see supplementary data 2, Table S2).
Those values drop rapidly throughout the late Cambrian and Early
to mid-Ordovician to about 2000 ppm, followed by a further drop
in the Late Ordovician-early Silurian to about 1800 ppm. The early
Paleozoic, therefore, witnessed a reduction in CO, levels of about
4000 ppm (Fig. 11, blue curve). During the late Silurian-Early Devo-
nian, there is an increase in CO, levels to about 2400 ppm before a
major decline to about 350 ppm by the early Carboniferous
(350 Ma). This major shift in Earth history is contemporaneous
with the origin and expansion of Devonian forests (Berner, 1997),
and the reduction in modelled CO, (Fig. 11, blue curve) closely fol-
lows that of the proxies (red stippled curve with yellow confidence
envelope).

CO, levels average 357 ppm between the early Carboniferous
(350 Ma) and the late Permian (260 Ma). Those low values (extend-
ing throughout the LPIA) are comparable to ‘modern-day’ CO,
levels. Near the Permo-Triassic boundary, there is a sharp increase
in modelled CO, levels from about 380 ppm at 260 Ma to about
1250 ppm at 250 Ma. This increase is due to the combined effect
of low land-availability for silicate weathering and low runoff trig-
gering a low weathering activity, but also to the low values in the
isotopic time series of 8'C and §34S used to track carbon burial
through time (Fig. 1b,c,h in Royer et al. 2014). This important
reduction of the CO, sinks with stable degassing (Fig. 1k in Royer
et al. 2014) lead to the simulation of this peak. Furthermore, the
peak is partly driven by a drop in climate sensitivity from 6 °C
per doubling of CO, during the LPIA (330-260 Ma in the GEOCARB-
SULFvolc code) to 3 °C from 250 Ma and onwards (until 30 Ma and
the start of the end-Cenozoic Ice Age); a lower climate sensitivity
leads to larger changes in atmospheric CO, due to weaker associ-
ated silicate weathering feedbacks. This change in climate sensitiv-
ity implemented in GEOCARBSULFvolc is based on geological
evidence of a long-term climate sensitivity of 6 °C or higher during



Chloé M. Marcilly, T.H. Torsvik, M. Domeier et al.

Gondwana Research 97 (2021) 176-203

g 500 . , . 400, . . 300, , , .20, . . 100 , 0 Ase
s, /. s s 5. 5. 1. 5. 5. 3. /. 5. s 3. 5. 1. 3. 5. 5. %, 1. F. T, %, %, (Ma)
Paleozoic Mesozoic [Cenozoic
Triassic Cret: | Paleogene [NeogHd
hot hot cold hot | cold
a
—— M1: GEOCARBSULFvolc revised fa, faw-fA
----- M2: GEOCARBSULFvolc revised fa, faw-fA
corrected for aridity = 2500
——— GEOCARBSULFvolc
=== Proxy values
= 2000
£
1500 Q.
&
o
L 1000 O
~ Lo )
iy / \\
1 \ 1 \
NS R - 500
Paleogeographic input test -
< 0
b)
= M3: GEOCARBSULFvolc revised fsR zircon
----- M4: GEOCARBSULFvolc revised fsR hybrid
~——— GEOCARBSULFvolc [~ 2500
=== Proxy values
- 2000
€
F1500 O
L=
o
d - 1000 O
\ ~ o )
\ /N AN
\ I\ / \
N & \ [ \
\‘Jl \\\ ”/ \\\ L 500
Degassing input test
S 0
£/
= M5: GEOCARBSULFvolc revised fa, faw-fa
corrected for aridity & fSR zircon
----- M6: GEOCARBSULFvolc revised fa, faw-fA |~ 2500
corrected for aridity & fSR hybrid
- ——— GEOCARBSULFvolc
\ === Proxy values I 2000
1500 £
Q.
&
l= 1000 ON
)
I~ 500
Combined inputs test
0

Fig. 11. Timescale with greenhouse (hot) versus icehouse (cold) conditions for the past 520 Myrs (see Fig. 3 caption) and modelled CO, levels with GEOCARBSULFvolc (a)
Simulations with revised input for paleogeography (full line) and reduced exposed land due to arid climate during Pangea (dotted line) (b) Simulations with revised degassing
input parameter with arc zircons as a proxy (full line) and subduction flux (dotted line). (c) Simulations with both revised parameters from a) and b). The yellow shaded area
corresponds to CO, proxy values from Foster et al. (2017). The purple dashed line shows the median value of the proxies. Simulated CO, levels for the Cambrian-Early
Ordovician exit the scale of display (levels reaching above 6000 ppm) but can be found in Table S2 in the supplementary data 2. The blue curve in a) b) and c) is the simulation

for the Phanerozoic using GEOCARBSULFvolc as in Royer et al. (2014).

those icehouses (Hansen et al., 2008; Pagani et al., 2010; Park and
Royer, 2011; Rohling et al., 2012; in Royer et al., 2014). Subse-
quently, a drop in modelled CO, levels follows the 250 Ma peak
and CO, levels in the Royer et al. (2014) model remain below
500 ppm from the Early Jurassic onward.

5.2. Revised models

When considering only the revised paleogeographic (weather-
ing related) input parameters, i.e. f; and with total weatherability

taken to be faw fa (brown line in Fig. 11a, Model M1), we observe
two notable changes in the modelled CO, levels compared to the
previous GEOCARBSULFvolc model (blue curve, Fig. 11a). First,
modelled CO, levels in the early Paleozoic (Caldeira, 1992;
Hansen et al.,, 2008; Pagani et al., 2010; Rohling, 2012) are on
average 300 ppm higher until the Late Devonian. Second, the
Permo-Triassic peak at 250 Ma is reduced by 500 ppm. The revised
quantification of exposed land being weathered at low latitudes in
‘Central Pangea’ from 270 Ma due to aridity (Fig. 9b, red stippled
curve), only result in marginally higher CO, levels during the late
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Fig. 12. Timescale with greenhouse (hot) versus icehouse (cold) conditions for the past 520 Myrs (see Fig. 3 caption) and (a) simulations with revised paleogeographic input
for only the +10° latitudes as weatherability (orange curve), together with new degassing input using zircon as a proxy (red curve) or hybrid subduction flux/zircon as a proxy
(green curve). The yellow shaded area corresponds to CO, proxy values from Foster et al. (2017). The purple dashed line shows the median value of the proxies. Simulated CO,
levels for the Cambrian-Early Ordovician exit the scale of display (levels reaching above 6000 ppm) but can be found in Table S3 in the supplementary data 2. (b) Similar
simulations as in panel (a) but with additional refinements in paleogeographic input due to arid tropical areas between 270 and 110 Ma. The blue curve in both a) and b) is the
simulation for the Phanerozoic using GEOCARBSULFvolc as in Royer et al. (2014). Simulated CO, levels for the Cambrian-Early Ordovician exit the scale of display (levels
reaching above 6000 ppm) but can be found in Table S3 in the supplementary data 2.

Paleozoic and Mesozoic. Indeed, CO, levels are only 50 ppm higher
on average after 250 Ma, even though these revisions reduce the
weathering sink quite considerably (Fig. 11a, Model M2).

The revision of the degassing parameter (fsg) leads to a different
response compared with the reference model of Royer et al. (2014)
(blue curve in Fig. 11b). Our revised model(s) show lower CO,
levels during the early Paleozoic (except for the Cambrian) and
higher levels during the late Paleozoic and Mesozoic until the
mid-Cretaceous (Fig. 11b, red curves). We modelled CO, with
two different estimates of fsg: In the first case, we used subduction
flux as a proxy back to 350 Ma and then continued backward in
time with the use of arc activity as a proxy for fsz (hybrid version;
stippled red curve in Fig. 11b, Model M4). In the second case, we
only used arc activity for the fsg proxy (thick red curve in
Fig. 11b, Model M3). Both cases yield similar CO, levels for the
Paleozoic results, whilst the Permo-Triassic CO, peak and Mesozoic
levels differ more markedly (Fig. 11b). Using arc activity as a proxy
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for degassing leads to higher CO, estimates at the Permo-Triassic
boundary with values above 2000 ppm, whilst the subduction flux
proxy yields levels around 1500 ppm. This drop is probably linked
to the switch in the full-plate models used to calculate the subduc-
tion flux (Fig. 8a). Globally, the use of arc activity as fsg proxy leads
to higher CO, levels during Triassic to Early Cretaceous times and
brings the modelled CO, estimates closer to the envelope of proxy
values for CO,. Subduction flux as a proxy for degassing during the
Mesozoic (Model M4) leads to a single pronounced CO, peak at
130 Ma compared with the standard model (Fig. 11b).

When used simultaneously, the use of our revised input param-
eters (i.e. faw_fa and fsg together) leads to higher CO, levels in the
Cambrian and Early Ordovician (570-450 Ma) with levels on aver-
age 1500 ppm higher than the previous model (Fig. 11c and Sup-
plementary data 2, Table S2 for the early Cambrian). During the
mid-Ordovician to Devonian, the levels are similar to the previous
GEOCARBSULFvolc model (Fig. 11c). From the mid-Devonian, the
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Fig. 13. Timescale with greenhouse (hot) versus icehouse (cold) conditions for the past 520 Myrs (see Fig. 3 caption) and (a) CO, simulations with GEOCARBSULFvolc using
revised paleogeography weathering parameters (with correction for aridity) and arc activity (zircons) as a proxy for degassing (Model M5: red thick curve; Tables S2-S3 of the
supplementary data 2), and with weatherability only at +10° and hybrid proxy for degassing (Model M12: green curve). GEOCLIM (GEOCLIMTec in Goddéris and Donnadieu,
2017; Goddéris et al., 2014), and COPSE (Mills et al., 2019) are also plotted against CO, proxy values from Foster et al. (2017) with 95% standard deviation confidence
envelopes for each 10 Myrs interval. The green arrows with numbers at the onset of the Hirnantian and Late Paleozoic Ice Age are estimated CO, thresholds to initiate
continental-scale glaciations with a fainter sun back in time and assuming a modern threshold of 500 ppm for recent times (Royer, 2006), and considering temperature
changes due to luminosity only. High (low) numbers assume a climate sensitivity of 3 °C (6 °C) per doubling of CO,. Simulated CO, levels for the Cambrian-Early Ordovician
exit the scale of the diagram (levels reaching above 6000 ppm) but can be found in Tables S2 and S3 of the supplementary data 2. (b) Model-Proxy anomalies for all the
models in panel a plus GEOCARBSULFvolc (Royer et al., 2014) shown with 95% confidence envelopes. Anomalies have been smoothed with a moving window (40 Myrs) and
thus start at 400 Ma. (c) Sea surface temperatures (SSTs) shown as 95% confidence envelope in yellow shading (Song et al., 2019) and a filtered running mean (5 Myr window)
SST curve (blue line) extended back to 520 Ma (see Section 6 for details). The red line is the temperature (GAT) curve of Scotese et al. (2021), extensively based on the SSTs of
Song et al. (2019), but modified (most notably for the Paleozoic) by adding or subtracting temperatures from the SSTs based on geological and paleontological criteria

according to the authors. The labels refer to the Pearson coefficient analysis ran between the two curves mentioned in the label and over the interval shown between the
arrows linked to the label.
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use of our revised parameters leads to higher modelled CO, levels,
and the response is even higher for the small peak simulated at
380 Ma where levels go up by 500 ppm (Fig. 11c). This increase
in CO, can clearly be attributed to the change in paleogeographic
input as simulations remain similar to the previous GEOCARBSULF-
volc model (blue curve) when testing the effect of degassing in M3
or M4 (Fig. 11 b). However, higher estimates in the Mesozoic
clearly relate to the choice of degassing input. Even associated with
the revised paleogeographic input, the use of arc activity as a proxy
for degassing leads to a higher estimated peak in CO, at 250 Ma,
and generally higher CO, levels throughout the Jurassic and Early
Cretaceous (solid green line in Fig. 11c, Model M5).

To assess the impact of the definition of weatherability, we also
ran simulations wherein weatherability was restricted to the equa-
tor where silicate weathering potential is at its maximum (if phys-
ical erosion allows it). With this definition, we recalculated faw fa
by only considering exposed land near the equator (+10°, e.g. using
fawio.fa) and tested its influence with and without refinement
linked to aridity that developed across central Pangea, as well as
combined with our revised degassing estimates. This change from
faw fa to fawio fa does not drastically change the CO, estimates,
even when associated with our degassing revisions, but intensifies
the CO, peak at 400 Ma (Fig. 12a, orange curve, Model M7) and
results in a minor elevation of modelled CO, levels during
Triassic-Jurassic time. However, when refined for aridity in the
equatorial belt (Models M10-12), changes in fawio fa make the
models highly responsive and sensitive to changes in degassing
(Fig. 12b).

Indeed, the reduction of exposed land available to weathering
during Pangea times is translated into a sharp rise in CO, levels
(orange curve in Fig. 12b) and the additional effect of elevated
degassing leads to much higher CO, estimates for most of the
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Mesozoic (Fig. 12b). The increased CO, levels lead overall to a
better apparent fit with the proxy values, even if the peaks simu-
lated are higher than the proxy values between 160 and 120 Ma
(Fig. 12b). A particularly good fit is observed between the estimates
and the proxy values between 230 and the peak at 220 Ma, which
is triggered by a rebound in land availability and is notably absent
in the previous GEOCARBSULFvolc model of Royer et al. (2014)
(Figs. 12b & 9b).

6. Discussion

In Fig. 13 we compare two of our GEOCARBSULFvolc models
(M5 and M12; see supplementary data 2, Tables S2 and S3 for
times before 520 Ma) with (i) two other long-term carbon cycle
models (GEOCLIM and COPSE), (ii) proxies for CO, (when avail-
able), and (iii) sea surface temperatures (SSTs). SSTs are plotted
in 10 Myrs intervals and each mean temperature is calculated over
a five Myr window (blue thick curve in Fig. 13c). We use the data-
set of Song et al. (2019), assuming an invariant oxygen isotope
composition of seawater to calculate SSTs, and data-selection
includes only 8'0 from phosphate fossils (apatite conodonts)
before the Mesozoic. We have extended the dataset of Song et al.
(2019) to ~520 Ma with §'%0 data from phosphatic Siberian bra-
chiopods (Wotte et al. 2019). To assure that we only included fos-
sils that once thrived in (shallow) seas at low latitudes, we
excluded reconstructed fossil locations above +30°. Because of this
and the fact that our SST curve is smoothed our mean values may
at times not overlap with the 95% confidence envelope of Song
et al. (2019). The mean reconstructed latitude is 16 + 9° for the past
520 Myrs (based on own reconstruction parameters) and mean lat-
itudes are similar for Paleozoic (14 + 8°) and Mesozoic/Cenozoic
times (17 = 9°).

Pearson correlation coefficients for different time-series. (a) Testing correlation between models and CO, proxies for different time periods. (b) Testing correlation between
models. (c) Testing correlation between models and sea surface temperature for different time periods. All the revised paleogeographic inputs include corrections for aridity
(Models M5 and M12; see Table 1 and Fig. 13a). In Table 3a we have also averaged model-proxy differences over selected time periods (see also Fig. 13c). *'Royer et al. (2014);

#2Goddéris and Donnadieu (2017); **Mills et al. (2019).

(a) Pearson C - models versus CO, proxies (Coverage 420-0 Ma)

Time period (Ma) MS5 (this study) M12 (this study) GEOCARBSULFvolc#! GEOCLIM*? COPSE*?
Late Paleozoic (420-250) 0.87 0.83 0.94 0.41 0.53
Paleozoic selection (420-270) 0.91 0.89 0.95 0.76 0.62
Mesozoic/Cenozoic (230-0) 0.78 0.61 0.79 0.76 0.40
Cenozoic (70-0) -0.95 -0.43 -0.29 -0.29 0.11
Phanerozoic (420-0) 0.56 0.57 0.61 0.38 0.36
Mean Model-Proxy offsets (in ppm) and standard deviation (1c)
Phanerozoic (420-0) 426 + 345 467 + 487 465 + 348 1084 + 1045 363 + 339"
Paleozoic selection (420-270) 290 £ 271 428 + 482 305 + 308 1174 £ 374 351 £ 270
Mesozoic/Cenozoic selection (230-0) 476 + 332 382 + 307 554 + 325 726 + 932 349 + 386"
(b) Pearson C - Our new models against other models

M5 vs GEOCARSULFvolc M12 vs GEOCARBSULFvolc M5 vs GEOCLIM M5 vs COPSE
Early Paleozoic (540-420) 0.92 0.92 0.86 0.82
Late Paleozoic (420-250) 0.96 0.93 0.65 0.41
Early Mesozoic (250-150) 0.93 0.85 0.71 0.84
Late Mesozoic (150-70) 0.86 0.90 0.88 -0.02
Cenozoic (70-0) 0.17 -0.17 0.89 0.17
PHANEROZOIC (520-0) 0.98 0.96 0.67 0.86
(c¢) Pearson C- models versus sea surface temperature (SST, coverage 520-0 Ma)

M5 M12 GEOCARBSULFvolc GEOCLIM COPSE Proxies vs SST

Early Paleozoic (520-420) 0.70 0.70 0.61 0.50 0.72
‘Ordovician’ (490-440) 0.97 0.99 0.93 0.66 0.83
Late Paleozoic (420-250) 0.65 0.55 0.56 0.34 0.12 0.53 (0.94 for 370-320 Ma)
Early Mesozoic (250-150) 0.32 0.27 0.44 0.31 0.10 0.12
Late Mesozoic (150-70) -0.17 -0.33 -0.26 -0.32 0.49 -0.42
Cenozoic (70-0) -0.17 0.00 0.52 -0.35 -0.36 0.27
PHANEROZOIC (520-0) 0.82 0.77 0.81 0.44 0.73 0.40 (420-0 Ma)
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Models M5 and M12 are especially highlighted because they
yield the lowest model-proxy residuals, notably for the Mesozoic
(Fig. 12 and Table 3a). Model M5 also has low residuals (mean =
290 + 271 ppm) during the late Paleozoic (420-270 Ma). Con-
versely, M12 has comparatively low residuals over the last 230
Myrs (382 + 307 ppm; Table 3a). As a reminder, model M5 incor-
porates changes in both paleogeographic/weathering (fa and faw_-
fa scaled by exposed land within the warm/wet tropics and the
northern/southern wet-belts, and corrected for arid equatorial
regions) and degassing (fsg) parameters. The latter is based on nor-
malized arc-activity (zircons) and this fsg proxy is available for the
entire Phanerozoic. Model M12 differs in two ways: faw_fa is only
scaled by exposed land within the warm/wet tropics (faw1o_fa) and
as a proxy for fsg we use the hybrid model (Table 3). To quantita-
tively compare different models against proxy CO,, we compute
the residuals for each step as well as the Pearson’s correlation coef-
ficients (P;) (Table 3). We also show graphically a 40 Myr moving
average of the residuals in Fig. 13b. Over the last 420 Myrs, COPSE
has a slightly lower P; than GEOCLIM (0.36 and 0.38, respectively)
(Fig. 13b), whilst the GEOCARBSULFvolc models provide higher
values (P, = 0.56-0.61; Table 3a). However, CO, models are associ-
ated with considerable uncertainties (not shown for our models),
and one sigma errors in the GEOCARBSULFvolc model (e.g., Royer
et al,, 2014) averages to 350 ppm for the past 570 Myrs. Thus, most
of the model and proxy CO, values (Fig. 13a,b) overlap within error
at the 95% confidence level.

There are no reliable CO, proxies before the Early Devonian and
therefore the reliability of long-term carbon cycle models is more
difficult to evaluate for the early Paleozoic. Although CO, proxies
based on marine organic matter have been presented by
Witkowski et al. (2018), we note that there are outstanding ques-
tions concerning the fidelity of these proxies under conditions of
high CO,, and we therefore disregard them (Witkowski et al.,
2019).

All models, including ours, suggest a systematic decrease in CO,
levels of 3000-4000 ppm in the early Paleozoic (Fig. 13a,
supplementary data 2, Tables S2-S3). This decrease corresponds
to an increase in theoretical weatherability (Fig. 5c, red curve),
and notably exposed land within the warm and wet tropics
(Fig. 5a, red curve). This drop in CO; levels coincides with a strong
reduction in sea surface temperatures (SSTs) from ~500 Ma
(Fig. 13c), reaching a low just prior to the short-lived Hirnantian
icehouse at ~445 Ma. In our analysis, this cooling correlates with
a peak in land availability to weathering in the Late Ordovician
but also to a reduction in arc-activity during the early Paleozoic
(Fig. 8). Thus, the combination of enhanced silicate weathering
and decreased degassing can explain a global cooling towards the
end-Ordovician in our models.

The Hirnantian cooling event has been considered paradoxical
due to its apparent association with high CO, levels (e.g.,
Vandenbroucke et al., 2010, Crowley and Baum,1995), as observed
in all our tested carbon cycle models (1620-2430 ppm, Fig. 13a;
Supplementary data 2, Tables S2-S3). Low atmospheric CO, is a
principal variable in controlling continental-scale glaciations, but
the solar energy was lower (by 3-5%) in the Late Ordovician
(Crowley and Baum, 1995). Consequently, the CO, threshold for
nucleating ice sheets during this period may have been 4-8 times
higher than pre-industrial levels of ~280 ppm (Gibbs et al. 2000;
Herrmann et al. 2003; Royer, 2006; Lowry et al. 2014). The study
of the response of temperature per doubling of atmospheric CO,,
i.e climate sensitivity, can help us to estimate the threshold for
glaciation initiation. The combined study of CO, proxies and tem-
perature generally show climate sensitivities of about 3 °C per
CO, doubling during ice-free periods, and about 6 °C per doubling
CO, with land ice (Royer, 2016). Estimated CO, thresholds to initi-
ate continental-scale glaciations with a fainter sun in the end-
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Ordovician varies between 1035 and 2142 ppm (Fig. 13a) based
on a climate sensitivity of 6 °C and 3 °C per doubling of CO,, respec-
tively. These estimates assume a modern threshold of 500 ppm for
recent times (Royer, 2006) and only consider temperature changes
due to luminosity differences. All models are within or close to the
theoretical threshold values (Fig. 13a). In our GEOCARBSULFvolc
simulations, we wused a constant climate sensitivity of
3.0 £ 1.25 °C per CO, doubling, except during glacial periods (LPIA,
ECIA) where climate sensitivity doubles to 6 °C as in Royer et al.
(2014).

The proxy record shows high levels at 410 Ma followed by a
decrease in CO, levels toward the LPIA (Fig. 13a), whereas all mod-
els suggest a peak at 400 Ma. Considering uncertainties in both
proxies and models, CO, levels in our GEOCARBSULFvolc model
M5 and COPSE overlap with CO, proxy levels for the late Paleozoic
and with strong to moderate P,’s of 0.87 and 0.53, respectively
(420-250 Ma, Table 3a). Our GEOCARBSULFvolc simulations sug-
gest a strong decrease of more than 2500 ppm during the Devonian
and early Carboniferous and bring CO, levels under 500 ppm dur-
ing the LPIA, as also indicated by the proxies (Fig. 13a, b). The GEO-
CLIM model shows a more modest drop of 1000 ppm and modelled
CO, levels are above 1500 ppm during the LPIA, twice that of the
proxy estimates, and the P, for the late Paleozoic is poorer
(P; = 0.41, Table 3a) than the other models for the period 420-
250 Ma. However, new simulations using GEOCLIM that focus
specifically on the late Paleozoic yield lower CO, levels (down to
400 ppm for some simulations) during the LPIA (Goddéris et al.,
2017), more in line with with simulations using GEOCARBSULF-
volc, including ours, and the proxy record.

SSTs and modelled CO, (GEOCARBSULFvolc and GEOCLIM) cor-
relate well for the early Paleozoic (520 to 420 Ma, see also Cocks
and Torsvik, 2020) yielding a P, of 0.6 (0.70 for our revised models
M5 & M12) and 0.5, respectively (Table 3a). During the Devonian
(400-370 Ma) a marked increase in SSTs (9 °C) occurs 30 Myrs
after a prominent increase in CO, levels. Afterwards, both SSTs
and CO, levels declined progressively towards the initiation of
the LPIA in the mid-Carboniferous.

The link between CO, levels and tropical climate change on
million-year timescales has been debated (e.g., Crowley, 1991).
The Song et al. (2019) SST curve (yellow confidence envelope in
Fig. 13c) included temperature (5'%0) data from fossils that once
lived at tropical and subtropical latitudes (<40°N/S). In our recon-
structions, a small number of their data points come from paleolat-
itudes in excess of 40° and so we have restricted the Song et al.
(2019) SST curve to only include temperature data from those fos-
sils which lived at latitudes below 30°N/S (Fig. 13c, see supplemen-
tary data 3 for SST values). When comparing those selected and
smoothed SST data (averaged over 5 Myr bins) to CO, proxies for
different time intervals over the period 420-0 Ma, we observe a
similar trend between SST and CO, proxies (P, = 0.55, Table 3c)
until the late Carboniferous, with a close fit between 370 and
320 Ma (P, = 0.94). However, for the rest of the Phanerozoic major
discrepancies arise between these time series (P, in Table 3c).
Some of these discrepancies could be related to underlying incon-
sistencies in the data, associated with parameters such as seawater
pH, age and the spatial distribution of the SST and CO, proxies. In
addition, the presence of continental ice caps and diagenetic alter-
ation can also affect the accuracy of oxygen isotope paleother-
mometry (e.g., Song et al., 2019; Scotese et al., 2021; Goldberg
et al,, 2021). The SST curve also assumes that the sampled organ-
isms lived at shallow water depths and we have assumed an
invariant oxygen isotope composition of seawater.

There are also other types of temperature curves such as global
average temperatures (GATs), which are an area-scaled integration
of all the climate belts. The most recent GAT curve of Scotese et al.
(2021) combines geological constraints (e.g., biome maps) and iso-
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topic temperature data. This curve shows many similarities to SSTs
(Fig. 13c), but its pre-Carboniferous estimates differ radically from
high early Paleozoic SSTs, which they reject (but see Goldberg et al.
2021). As a consequence, the GAT curve of Scotese et al. (2021)
exhibits minimum temperatures during the Hirnantian Icehouse
and maximum temperatures near the Permo-Triassic boundary
(Siberian Traps temperature anomaly).

During the mid-late Carboniferous and Permian, GEOCARB-
SULFvolc models and COPSE simulate low and stable CO, levels,
which are well below the CO, threshold for nucleating ice sheets
during the LPIA (1020-2100 ppm; Fig. 13a). GEOCLIM yields sub-
stantially higher CO, levels during the LPIA followed by a sharp
CO, increase at the end of the LPIA. GEOCARBSULFvolc model M5
yields a noticeable CO, spike of 2000 ppm at 250 Ma linked to
the reduction of CO, sinks and change in climate sensitivity at this
time. This peak is also sensitive to the choice of degassing (see
Fig. 11b, c¢) and is most pronounced when using arc-activity (zir-
cons) as a proxy for fsg. The GEOCARBSULFvolc model peak is 20
and 30 Myrs older than the peak in the GEOCLIM model and the
proxy peak, respectively. This particular feature but also the differ-
ence in intensity of the peak between GEOCARBSULFvolc and GEO-
CLIM are discussed in Goddéris et al. (2014) and are attributed to
the expression of silicate weathering in the models, and how it
relates to runoff. Theoretical weatherability is rather constant dur-
ing the Permian and early Mesozoic (Fig. 9b, red curve) or lowered
from about 270 Ma if we consider an arid equator across central
Pangea. However, even with variations in the faw_fa parameter,
the GEOCARBSULFvolc model is not very sensitive at the Permo-
Triassic boundary (Fig. 11a) and it is the increase in degassing
(fsr, Fig. 8a) that controls the increased CO, levels in the model.

Whilst there are first-order, long-term correlations between
modelled CO, levels (GEOCARBSULFvolc and to some extent GEO-
CLIM), SSTs, CO, proxies, and the geologic record (continental
glaciations) during parts of the Paleozoic (see Pearson correlations
in Table 3c), the transition from the LPIA to super-greenhouse con-
ditions at the dawn of the Mesozoic is intriguing. The three carbon
cycle models predict very different CO, levels during this
transition; at 230 Ma, for example, modelled CO, levels vary by
more than 5000 ppm. Furthermore, while COPSE shows a peak in
the middle Permian, GEOCARBSULFvolc shows a peak (250 Ma)
near the Permo-Triassic boundary and GEOCLIM peaks in the
mid-Triassic. Note, however, that the elevated CO, levels in the
GEOCARBSULFvolc models (250 Ma) coincide with a reduction in
imposed climate sensitivity (from 6 °C to 3 °C), and the large
changes in faw fa (M10-12; Fig. 9¢), which we impose from
280 Ma, have a relatively negligible effect on modelled CO,
(Fig. 13a; green line 280-260 Ma) at high climate sensitivity.

From the Jurassic until the Late Cretaceous, CO, proxy levels
remain relatively stable around 1000 ppm, whereas model values
for GEOCARBSULFvolc and GEOCLIM are closer to 500 ppm. COPSE,
on the other hand, shows an increase in CO, from 500 ppm in the
Jurassic to 1000 ppm during the mid-Cretaceous (Fig. 13a) and is
more compatible with proxy data (Fig. 13b). Our GEOCARBSULF-
volc M12 but particularly M5 simulations with revised degassing
yield higher CO, estimates and better match the Mesozoic proxies
compared with Royer et al., (2014). However, P, for both models
are poor (Table 3c) and modelled CO, levels are consistently lower
than the proxy values (as with the GEOCLIM model, Fig. 13a).

When including all our revised parameters (fa, faw fa, and fsg),
one notable difference from the Royer et al. (2014) model is the
elevated CO, levels in the Early Cretaceous, which visually appear
to better fit the proxies, but P’s remain quite similar for all the
GEOCARBSULFvolc models (Table 3a). We have, for some recon-
struction times, made rather dramatic changes to estimates of
the area of exposed land, but surprisingly, GEOCARBSULFvolc is
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not very sensitive to these changes, except in the early to mid Pale-
ozoic (until the Late Devonian; Fig. 13a) and at the Permo-Triassic
boundary. GEOCARBSULFvolc is more sensitive to our degassing
rate (fsg) modifications, notably during the Ordovician-Silurian,
Carboniferous, Early Triassic and Early Cretaceous.

The testing of a more reduced weatherability (fawio_fa) With
refinement for aridity (Fig. 12b) highlights the lack of sensitivity
of the model to changes in paleogeography. Indeed, strong differ-
ences between the models arise only when the faw fa is changed
by a factor >2, as for the peak at 400 Ma between M (1-2, 5-6)
and M (7-12) and for the Mesozoic between M (7-9) and M (10-
12) with the refinements for aridity (Figs. 11 and 12). Park and
Royer (2011) observed this need for a strong reduction in land-
availability to achieve a better fit in the model/proxy levels but dis-
carded this option. However, we show here that with refinement
due to climate gradients, such a reduction may be reasonable.

With respect to the past 230 Ma, the GEOCARBSULFvolc model
with our faw fa and fsg (hybrid model) revisions yields the lowest
model-proxy difference (382 + 307 ppm; Table 3a, M12). P,’s, how-
ever, remain quite similar between the GEOCARBSULFvolc models.
Models using land within + 10° as a measure of land-area undergo-
ing chemical weathering (e.g. M10 to 12 in Figs. 12b, 13a) are the
first simulations that show high CO, levels in the early Mesozoic
and a peak at 220 Ma that better fit the proxy values. However,
some important discrepancies remain with the proxy records. Most
notably, our refinements for aridity for the models M10-12 lead to
very high CO, being simulated at the Permo-Triassic boundary due
to a strong response of the models to the reduced paleogeographic
input associated with the already existing low CO, sinks (i.e., car-
bon burial and runoff, see Section 5.1) and high climate sensitivity.

The Jurassic is commonly portrayed as a greenhouse world, but
episodes of cooler climates have been argued from SSTs (notice the
reduction in our smoothed SST curve from about 180 Ma in
Fig. 13c; blue thick curve), notably during the Middle and Late Tri-
assic (Dera et al., 2011). Model M12 shows an early Mesozoic low
of about 670 ppm in the Middle Jurassic, and proxy data also show
a low towards the end of the Jurassic, followed by increasing CO,
levels during the Early Cretaceous. A major discrepancy remains
during the late Mesozoic and the Cenozoic between the CO, prox-
ies (averaging to 500 ppm) and lower simulated levels of CO, from
all of our models (averaging to 250 ppm) (Figs. 11 and 12). The
proxy record shows two peaks at 80 and 40 Ma with a mean aver-
age value of 800 ppm, whereas our models remain stable at
250 ppm. This discrepancy, notably in the Eocene, was investigated
by Park and Royer (2011), who observed an improvement with an
enhanced climate sensitivity and a reduction in land availability.
On the contrary, our estimations suggest a sharp increase of
exposed land during the same time period, leading to greater CO,
consumption (with the caveat that a change of model occurs at
70 Ma) (Fig. 9). In conjunction with that increased CO, consump-
tion, we also implement a sharp decline in degassing values from
120 Ma (Fig. 8), creating even lower simulated CO, levels during
the Cenozoic.

7. Conclusions and challenges

By mapping out the areas of exposed land and reconstructing
their spatial distribution for the past 520 Myrs, we have estimated
the theoretical silicate weathering potential linked to land avail-
ability, here called ‘total weatherability’ (i.e. the equatorial regions
and the northern and southern wet belts). Our new model predicts
much larger variations in weatherability than previous models,
notably for the Paleozoic, where we estimate the Phanerozoic max-
imum during the Ordovician and minimum during the Devonian.
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This variability largely results from the amount of exposed land
within the equatorial regions (+10°), and for most of the Paleozoic
the continents were largely restricted to the southern hemisphere
and there was no land in the northern continental wet belt.

The difference between exposed and total land at a given time
provides an estimate of flooded land through time, which should
closely track eustatic changes. The trends in our estimates of
flooded land exhibit many similarities to the sea-level curve of
Haq and Al-Qahtani (2005) and Haq and Schutter (2008)
(Fig. 4c). Both show high values, albeit fluctuating, during mid-
Ordovician to mid-Devonian times, lows during the time of Pangea
(although somewhat offset in time), and a remarkably similar
increase during Jurassic and Cretaceous times. This correspon-
dence provides us with some additional confidence that our maps
of exposed land provide reliable estimates.

To constrain plate tectonic degassing, we argue that normalized
subduction flux is a reliable proxy. Subduction flux has been calcu-
lated from full-plate models back to the Early Devonian (410 Ma),
and we observe two notable peaks during the early Carboniferous
(~350 Ma) and the Early Cretaceous (~130 Ma), both periods of
mild greenhouse conditions, whereas the LPIA and ECIA are charac-
terized by a reduced subduction flux. As noted previously (e.g.
Domeier et al. 2018), age distributions of arc-related zircons
appear to grossly mimic subduction fluxes, and here we present
a new approach to estimate degassing through time by rescaling
the global zircon age distribution to the subduction flux. Impor-
tantly, this approach permits estimation of plate tectonic degassing
in deep time when full-plate models become increasingly unreli-
able. Since the Late Devonian, there are some noticeable differ-
ences between the subduction flux and arc-activity, but mostly
in the early Mesozoic, which could in part be an artefact of the
plate model transition.

In general, our revised estimates for f4 and faw fa (leaving all
other parameters as in Royer et al. 2014) do not radically change
modelled CO, levels but lead to somewhat higher levels in late
Cambrian to Late Devonian times. Our results are (still)
consistently lower than proxy estimates for the Mesozoic and
especially Cenozoic times. However, if we normalize faw fa to the
amount of exposed land within the tropics (£10°, fawio fa), i.e.
the regions with the highest potential CO, consumption by silicate
weathering, and correct for arid equatorial areas between 270 and
110 Ma (as judged from biome maps), then there are rather dra-
matic changes in modelled CO,. This results in a better model-
proxy fit over the Mesozoic, but important discrepancies remain
at 400 Ma and at the Permo-Triassic boundary. This better fit with
refinements for aridity suggests that estimates of theoretical
weatherability which assume static climatic belts (similar to those
of the modern-day) could lead to poor estimation of land availabil-
ity through time. Therefore, future enhancements in paleogeo-
graphic maps should focus on constraining climate gradients and
linked land availability to weathering through time.

Leaving parameters as in Royer et al. (2014) and only imple-
menting changes in fsg (based on normalized subduction flux to
380 Ma and thereafter normalized arc-activity) leads to rather
lower CO, levels from the mid-Ordovician to the Early Devonian,
slightly higher levels from the Devonian to the late Permian, and
elevated highs in the Early Triassic (~250 Ma) and the Early Creta-
ceous (~130 Ma). The use of normalized arc-activity as a proxy for
fsr improves slightly the model-proxy differences for Triassic to
mid-Cretaceous times.

If we implement our changes in both fsg and faw fa in the GEO-
CARBSULFvolc model, improvements in the CO, model-proxy fit
only occur in models constraining weatherability to + 10° latitudes.
These result in higher modelled CO, for the early to mid-Mesozoic
and are in closer agreement with proxies. This is most evident in
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late Permian to mid-Cretaceous times, when (except for the ele-
vated CO, peak at 250 Ma) modelled CO, levels for all our simula-
tions are within the CO, proxies uncertainties envelope.

In conclusion, we consider our new estimates of fsg and faw fa
to be important improvements to some of the key parameters in
deep time CO, modelling. Nevertheless, CO, model-proxy mis-
matches remain, and clearly indicate a need for further revisions.
Future research in enhancing long-term carbon cycle models
should focus on constraining climate sensitivity through time, as
well as better resolving the time-dependence of major CO, sinks
and their dynamics, including carbon burial, the effects of plants
on weathering (LIFE, GYM, FERT, and their time dependencies)
and other poorly constrained parameters elaborated by Royer
et al. (2014).
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