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Abstract

Plate tectonics, as the unifying theory in Earth sciences, controls the function-
ing of important planetary processes on geological timescales. Here, we present
an open-source workflow that interrogates community digital plate tectonic re-
constructions, primarily in the context of the planetary deep carbon cycle. We
present an updated plate tectonic reconstruction covering the last 400 million
years of Earth evolution and explore components of the plate-mantle system that
is involved in the exchange and storage of carbon. First, the workflow enables us
to estimate subduction zone lengths through time, which represent the “tap” of
carbon that is released at convergent tectonic margins. Second, we explore the
role of Andean-style versus intra-oceanic subduction regimes during Pangea as-
sembly and breakup. Third, we provide an improved model for carbonate plat-
form evolution since the Devonian and evaluate the interaction of subduction
zones and buried carbonate platforms. Last, we present a new model for esti-
mating oceanic age, carbon content in the upper oceanic crust, and estimated
(carbon-containing) sediment thicknesses through time and present methods
to track the subduction of this material through time. These components of the
deep carbon cycle are key mechanisms controlling, or at least modulating, atmos-
pheric CO, on geological timescales and hence strongly influencing long-term
climate. We find that the mid to Late Cretaceous greenhouse climates were likely
driven by increased subduction fluxes of volatiles and increased subduction zone
interactions with carbonate platforms in the Tethyan tectonic domain. Our work
highlights the importance of community digital plate tectonic reconstructions as
a framework for studying key systems, such as the deep carbon cycle, that influ-
ence the life-support mechanisms on our planet.
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INTRODUCTION

1|

Plate tectonics, as the unifying theory in Earth sciences,
helps contextualize geological data to provide insights on
fundamental planetary processes that are driven by the
convecting mantle and the moving tectonic plates on the
surface. A key to the planetary life-support systems on
Earth is the “deep carbon cycle” where carbon is stored
and exchanged between the mantle, lithosphere, and sur-
face reservoirs (Dasgupta & Hirschmann, 2010; Plank &
Manning, 2019). Mantle flow and plate tectonic processes
have modulated atmospheric CO, and other greenhouse
gas levels on geological timescales, while other geolog-
ical processes, such as silicate weathering, have resulted
in drawdown and return of CO, into the solid Earth (Lee
et al., 2019). These processes have been important driv-
ers of deep-time climate transitions between icehouse and
greenhouse states (Dutkiewicz et al., 2018; Isson et al.,
2020) and have fundamental influences on, and relation-
ships with, life on our planet (Sleep & Zahnle, 2001).
Although imperfect, particularly in deeper time (such
as in pre-Pangea times), the geological record provides
key constraints on Earth's past. By synthesizing geolog-
ical and geophysical data, plate tectonic reconstructions
can be constructed, which can often be used to fill spa-
tiotemporal gaps in the geological record and in our un-
derstanding of key planetary processes. The open-source
and cross-platform GPlates (www.gplates.org) software
(Miiller et al., 2018) has been used to create a range of
community plate tectonic reconstructions (Domeier &
Torsvik, 2014; Matthews et al., 2016; Miiller et al., 2019;
Zahirovic et al., 2016). These digital plate motion models
can be interrogated with tectonic parameters (e.g., slab
flux, interactions with crustal carbonates, etc.) that can be
used to infer the deep carbon cycle evolution of our planet
(Dutkiewicz et al., 2018; East et al., 2020; Johansson et al.,
2018; Merdith et al., 2019; Pall et al., 2018; Wong et al.,
2019). To overcome the simplifying assumption of plate
rigidity, a number of models now include deformation of
the lithosphere (Cao et al., 2020; Gurnis et al., 2018; Liu
etal., 2017; Miiller et al., 2019), further enhancing the use-
ability of these models in tracking the evolution of rifted
basins, orogenic systems, and implications for paleobioge-
ography and climate. The accuracy of plate tectonic recon-
structions can deteriorate deeper into the geological past,
largely due to the lack of preserved or sampled geological
constraints. The last ~250 Ma are best constrained due to
preserved seafloor spreading records (at least in the Indo-
Atlantic realm). However, continental paleomagnetism
can be used to infer synthetic seafloor spreading for ear-
lier times, but only where the terrane motions are primar-
ily latitudinal. Where these constraints are lacking, other
geological proxies of prior geographic affinity, coupled to

evidence from sedimentary, metamorphic, and igneous
data, are used to create probable, and often non-unique,
reconstructions.

The models, associated data, and workflows to inter-
rogate the models represent an important resource for a
number of disciplines within and beyond Earth sciences
(e.g., paleobiogeography, biological evolution, paleocli-
mate, etc.). Here, we present a toolkit to measure sub-
duction zone lengths, track the interaction of carbonate
platforms in the overriding crust with subduction zones,
automatically characterize Andean-style versus intra-
oceanic subduction, and estimate the bulk CO, content of
the subducting upper oceanic crust from the GPlates plate
reconstructions, highlighting the power and flexibility of
a digital representation of the Earth's evolving tectonic
system.

2 | METHODS, DATASETS, AND
MODELS

2.1 | GPlates plate tectonic
reconstruction models

GPlates is a cross-platform and open-source desktop soft-
ware for the interactive construction, modification, and
visualization of plate tectonics, paleogeography, and man-
tle structure (Miiller et al., 2018). GPlates is a deep-time
geographic information system (GIS), that can handle
vector, raster, and three-dimensional (3D) volume visu-
alizations. The pyGPlates Python application program-
ming interface (API) can be used to automate many of the
vector-based functionalities of GPlates, such as interro-
gating plate reconstructions (also known as plate motion
models) and spatiotemporal analyses of the plate kin-
ematics. For the time of the Pangea supercontinent dis-
persal (~250 Ma to present), seafloor spreading histories
from the preserved oceanic crust provide a relatively high
level of confidence for relative plate motions where they
are available. For times before Pangea, continental paleo-
magnetic data supplemented by geological evidence and
kinematic ‘rules’ (Williams et al., 2015; Zahirovic et al.,
2015) are used to constrain the motions of most major
continental blocks.

In this study, the Matthews et al. (2016) plate motion
model is presented for the last 410 million years, which
combines the Miiller et al. (2016) model detailing plate
motion between 0 and 230 Ma and the Domeier and
Torsvik (2014) plate motion model for times between 410
and 250 Ma. In this study, we also consider a correction to
the absolute plate motion of the Pacific Plate, as described
by Torsvik et al. (2019). For the subducting plate area, sub-
ducting sediment volumes, and subducting oceanic crustal
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carbon, we also present an analysis of more recent plate
reconstructions. We analyze a new hybrid plate motion
model (Model Z2021-MCY); a merge of the Young et al.
(2018) (410-250 Ma), the Miiller et al. (2019), and Cao
et al. (2020) (250-0 Ma) plate reconstructions, with some
minor modifications. Pre- and post-Pangea plate recon-
structions have typically relied on different combinations
of geological constraints. Notably, post-Pangea models
make greater use of hotspot reference frames, especially in
the last 100 million years (Ma), while deeper-time models
rely more on paleomagnetic reference frames. To “stitch”
such models together temporally, one has to first apply
either the same paleomagnetic reference frame or merge
with another paleomagnetic reference frame with similar
underpinnings (i.e., ensure consistency in approach, es-
pecially with respect to the inclusion or exclusion of True
Polar Wander). Following this merge of pre- and post-
Pangea global kinematics in a paleomagnetic frame, an
optimization of the absolute reference frame can attempt
to minimise True Polar Wander, with the aim of deriving a
mantle reference frame that isolates the plate-mantle sys-
tem for geodynamic and mantle flow modeling. We derive
a new absolute reference frame using the optimization ap-
proach of Tetley et al. (2019) as presented in the study by
Miiller et al. (2019).

From 400-180 Ma, kinematics of terranes on the west-
ern North American margin (Alexander, Stikinia, Yukon-
Tanana and Klamath terranes) were modified to improve
the relative plate motions implied by the plate bound-
aries (i.e., convergence across subduction zones). First,
the back-arc seafloor spreading history of the Alexander
Terrane between 375 and 315 Ma was revised to be more
consistent with the plate boundary evolution. A westward
ridge jump is implemented at 315 Ma to ensure the self-
consistency of the regional plate kinematics. Second, the
back-arc basin seafloor spreading history representing the
Slide Mountain Ocean (related to the Stikinia-Yukon-
Tanana terranes) was improved so that the synthetic
isochrons and fracture zones follow the small circles of
relative plate motions between 340 and 270 Ma, followed
by a subduction polarity reversal to consume the back-arc
basin seafloor at a west-dipping intra-oceanic subduction
system.

2.2 | Evolving model of carbonate
platforms and subduction zone
interactions

Arc volcanism results from the release of volatiles (H,O,
CO,, and SO,, followed by H,S, HCIl, HF, H,, CO, N,,
Ar, and He) (Edmonds & Wallace, 2017; Fischer, 2008)
from the slab in the mantle wedge, with the location of
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volcanism on the overriding plate determined to an extent
by the slab dip. Predicting the precise arc interactions with
(buried) carbonate platforms in deep time is difficult be-
cause of the complex relationship between oceanic crust
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FIGURE 1 Distance between volcanoes and the subduction
zone trench locations at present-day is used to infer the typical
range of volcanic arc distances from active margins and their
interactions with buried carbonate platforms. (a) Subduction
zones and their polarities are plotted as red lines with triangles
on the overriding plate, and volcanoes from the Smithsonian
Institution's Global Volcanism Program (Venzke, 2013) are
plotted as blue (subduction-related) and yellow (non-subduction-
related) circles. Slab depth contours from SLAB2 (Hayes et al.,
2018) are plotted to provide an insight into volcanic arc locations
and slab dips. (b) Interaction between arc volcanoes and (buried)
carbonate platforms has been shown to increase CO, liberation
from carbonate rocks. Present-day cool- and warm-water reefs
(UNEP-WCMC, 2018) in magenta and ancient carbonate platform
systems are in light green (Kiessling et al., 2003; Pall et al., 2018).
(c) Present-day distance histogram between subduction-related
volcanoes and subduction zones (see Supporting Information 1.1)
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200 Ma

FIGURE 2 Reconstructions of active carbonate platforms (green) in the study by Matthews et al. (2016) as adapted from Kiessling et al.
(2003) and presented by Pall et al. (2018) and updated in this study. The interaction between subduction zones (teethed lines) and carbonate
platforms within 436 km away from the trenches, in the overriding plate, is tracked through time in the workflow presented here. Light
beige areas represent continental crust extents, while dark beige regions are reconstructed present-day coastlines
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FIGURE 3 Time-evolving distribution of oceanic crustal age in the last 200 Myr from the Matthews et al. (2016) plate motion model.
Gray regions are reconstructed present-day terranes/coastlines, black lines indicate mid-oceanic ridge or transform plate boundaries, and

teethed red lines indicate subduction zones

age, plate kinematics, and slab dip (Cruciani et al., 2005;
Lallemand et al., 2005). Instead, we measure the range
of distances between arc volcanoes and subduction zone
trenches at the present-day (Figure 1), with most (~84%)
arc volcanoes occurring within 436 km from the trenches
on the overriding plate (Supporting Information 1.1).
Subduction zone geometries, and their polarity, are
extracted from time-evolving plate topologies using pyG-
Plates. First, global subduction zone lengths are computed
by removing duplicate or overlapping subduction zone ge-
ometries (Supporting Information 1.2). Second, the sub-
duction zone lengths interacting with carbonate platforms
to a maximum distance of 436 km from the trench on the

overriding plate are extracted using Generic Mapping
Tools (Wessel et al., 2019) (Supporting Information 1.3).
The carbonate platform maps from Kiessling
et al. (2003) were georeferenced and reprojected into geo-
graphic coordinates, and using GPlates, the geometries
were forward-rotated into present-day geometries — al-
lowing the platforms to be connected to any plate tectonic
reconstruction (Figure 2) (Supporting Information 1.3).
Given that carbonate platforms tend to accumulate on
continental margins, and are also ‘consumed’ in decar-
bonation processes during arc volcanism, it is difficult to
know how much a carbonate platform is eroded, buried,
or consumed during volcanism and tectonism. We present
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CO, in Upper Crust [wt %]

FIGURE 4 Estimated CO, (wt. %) content in the oceanic upper crust following Jarrard (2003), derived from the oceanic crustal age in

the Matthews et al. (2016) model. Gray regions are reconstructed present-day terranes/coastlines, black lines indicate mid-oceanic ridge or

transform plate boundaries, and teethed red lines indicate subduction zones

a conservative end-member where only actively growing
major reefs and carbonate platforms are considered in the
analysis. Future research will be required to estimate the
thicknesses and carbon contents of these crustal features
to better evaluate the CO, degassing potential during mag-
matic interactions.

2.3 | Oceanic crust CO, content and
seafloor sediment thickness

Oceanic crustal age is an inherent component of a plate
reconstruction model such as the one by Matthews et al.
(2016), and is used to ‘undo’ seafloor spreading in order
to restore the Pangea supercontinental arrangement.
Oceanic crustal age, particularly through time, can be
used to estimate sediment thickness (Anderson & Hobart,
1976; Bird & Pockalny, 1994; Dutkiewicz et al., 2017), CO,
crustal content (Jarrard, 2003), and other parameters,
largely driven by the progressive ageing of oceanic crust
away from the mid-oceanic ridge. As the Matthews et al.

(2016) model was not released with a seafloor age-grid, we
updated the seafloor spreading history and computed sea-
floor age-grids in 1 Myr intervals for 200 to 0 Ma (Figure 3).
The updates to the Matthews et al. (2016) model presented
here also include corrections to the Pacific Plate motions
following Torsvik et al. (2019).

To estimate the total amount of carbon being sub-
ducted at a given time step and at 0.1° great circle inter-
vals along the subduction zone, orthogonal convergence
velocities (cm/yr) were combined with CO, (wt. %),
assuming that CO, (wt. %) estimates of Jarrard (2003)
apply only to the upper 300 m of the oceanic crust where
hydrothermal alteration is greatest (Gillis & Coogan,
2011) (Figure 4). We follow the approach of Muller
and Dutkiewicz (2018), but do not consider the role of
bottom-water temperature in hydrothermal reactions.
We compute the area of the subducting plate using the
East et al. (2020) workflow, apply the 300-m thickness of
the upper oceanic crust layer, and compute the volume
of the subducting uppermost oceanic crust. The vol-
ume is converted to a weight of basalt with a density of
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FIGURE 5 (a)Present-day oceanic crust age from the plate
reconstruction of the Matthews et al. (2016). (b) Oceanic sediment
thickness from GlobSed-v2 (Straume et al., 2019). Gray regions are
present-day emergent continental regions, black lines indicate mid-
oceanic ridge or transform plate boundaries, and teethed red lines
indicate subduction zones

2,900 kg/m?, and the weight of carbon is computed from
CO, (wt. %) (Supporting Information 2.1).

A relationship between seafloor age and passive
margin distance from the Matthews et al. (2016) model
and the sediment thickness from the Straume et al.
(2019) model was derived at the present day (Figure 5,
Figure S3) following the technique in the study by
Dutkiewicz et al. (2017). Thirteen major river mouth
regions were excluded from the analysis as they would
bias the oceanic crust age-sediment thickness relation-
ship, also following Dutkiewicz et al. (2017). The work-
flow was updated to use a global spherical icosahedral
sampling mesh with an approximate mesh node spac-
ing of 150 km using Stripy (Moresi & Mather, 2019)
(Supporting Information 2.2). Sediment thickness esti-
mates were computed only back to 200 Ma (Figure 6)

Data Journal

as this is the period where pelagic marine calcifiers
contributed significant amounts of sediments to the sea-
floor (Hull, 2017).

The sediment thicknesses arriving at subduction zones
were combined with the orthogonal plate convergence
rates using an updated variant of the East et al. (2020)
approach using pyGPlates rev. 28 and Python 3, which
now also enables the interrogation of plate reconstruc-
tions that include deformation (e.g., Miiller et al., 2019).
This enabled the comparison of subduction zone (and im-
plied volcanic arc) lengths (Figure 7) with the subducting
plate area and predicted subducting volumes of sediments
(Figure 8).

2.4 | Dataand model reproducibility

The most recent version of the toolkit, and related data,
described here can be accessed from https://github.com/
sabinz/DCO-Modelling-of-Deep-Time-Atmospheric-
Carbon-Flux-from-Subduction-Zone-Interactions. = The
workflows presented here work best in Unix-like envi-
ronments such as Linux (including in virtual machines),
macOS, or the Windows Subsystem for Linux available
since Windows 10. Currently, pyGPlates (revision 28 or
more recent; www.gplates.org) requires Python 3. The
open-source Generic Mapping Tools (GMT 6.2, www.
generic-mapping-tools.org) are used for geospatial data
processing and visualization (Wessel et al., 2019). Full dig-
ital supplement (~15 Gb), including the workflows, input
grids, plate motion model, time series, and animation, is
available from Zenodo repository accessible from https://
zenodo.org/record/4729046.

3 | RESULTS AND DISCUSSIONS
Global total subduction zone lengths have fluctuated
since the Devonian, reaching almost 100,000 km at
~260 Ma, followed by lows of ~60,000 km at ~240 and
140 Ma (Figure 7a) in the Matthews et al. (2016) plate
reconstruction. By comparison, the peak in subduction
zone lengths of ~75,000 km occurs at ~330-320 Ma in the
hybrid alternative model that we present here (Z2021-
MCY). Unsurprisingly, the pre-Pangea (pre-250 Ma) time-
frame shows greater uncertainty and disagreement in the
Paleozoic reconstructions in the Domeier and Torsvik
(2014) model that are adopted and modified in Matthews
et al. (2016), while the Young et al. (2018) Paleozoic re-
constructions are incorporated in the hybrid Z2021-MCY
model presented here.

More directly pertinent to the deep carbon cycle, the
interaction of subduction zone magmatism and carbonate
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FIGURE 6 Estimated evolution of oceanic crust sediment thicknesses over the last 200 Myr using the Matthews et al. (2016) plate
reconstruction model. Gray regions are reconstructed present-day terranes/coastlines, black lines indicate mid-oceanic ridge or transform

plate boundaries, and teethed red lines indicate subduction zones

platforms in the overriding plate is a critical process for
liberating CO, from the (buried) limestone. The results
presented here are conservative as we analyze only the
presence of actively accumulating carbonate platforms in
the overriding plate above a subducting slab (Figure 7b).
This process appears to be at a minimum (0 to 1000 km)
during the Pangea supercontinent timeframe (~300-
250 Ma), but steadily increases to ~5,000 km of subduc-
tion zone lengths interacting with carbonate platforms
between ~170 and 120 Ma, and peaks by ~100 Ma to totals
of ~10,000 km. As we do not consider the role of inactive
buried carbonate platforms, nor the variable thickness of
carbonate platform accumulations, our estimates are likely
to represent a minimum. However, they do provide some
interesting insights, including the relatively elevated val-
ues of carbonate platform-subduction interactions during
the Cretaceous greenhouse climate, the increase between
~80 and 50 Ma during Tethyan subduction and oceanic
gateway closures, as well as the more recent (~15-5 Ma)
subduction-carbonate platform interactions in the
Mediterranean, Southeast Asia, and central Americas.

Continental arc lengths in the plate reconstructions
are at a minimum in the Pangea assembly phase (~380-
320 Ma) with values of ~10,000-20,000 km, increasing to
~25,000-40,000 km by 320 Ma (Figure 7c). Continental
arc lengths fluctuate between ~35,000 to 50,000 km be-
tween 150 Ma and the present; however, some of these
higher recent values may be amplifying the problem of
retro-deforming and accurately reconstructing the past
shape of continental blocks in deeper time. The propor-
tion of subduction zones that interact with the overrid-
ing continental crust, such as Andean-style subduction
systems, show an increasing trend during these super-
continent final assembly and early breakup phases. This
estimate grows from a value of ~20%-50% at ~400 Ma to
~60%-80% by 150 Ma (Figure 7d). However, the size of
continents in the Paleozoic (pre 250 Ma) is more difficult
to constrain as many have been deformed and shortened
during Pangea assembly, with a small portion having been
potentially lost to subduction, meaning that our continen-
tal arc length portions of the global subduction system are
conservative in the pre-Pangea timeframes. Overall, the
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FIGURE 7 (a)Subduction zone lengths in the Matthews et al. (2016) model [black], and for comparison, subduction zone lengths in

the hybrid model presented in this article (Model Z2021-MCY) [grey]. (b) Carbonate platform interactions with subduction zones in the

Matthews et al. (2016) model [green] are plotted using a range of arc-trench distances from 254 km (mean) to 436 km (mean + 1SD). (c)

Continental arc lengths in the Matthews et al. (2016) model [maroon], and for comparison, continental arc lengths in the hybrid model

presented in this article (Model Z2021-MCY) [gray], with the uncertainty derived from assuming arc-trench distances of 254 km (mean) to

436 km (mean + 1SD). The mean continental arc lengths from Cao et al. (2017) are presented for comparison [purple]. (d) Continental arc

length portions (%) of the global subduction zone lengths. Continental arc lengths, and also intra-oceanic arc lengths, are more uncertain

pre 250 Ma (pre-Pangea) times due to the difficulty in capturing continental deformation and the difficulty in reconstructing intra-oceanic

subduction systems (particularly in the proto Pacific)

analysis provides a first-order estimate for the relative in-
fluence of Andean-style versus intra-oceanic subduction
since the Devonian.

Arc volcanism is at least partially controlled by vola-
tiles, such as water and carbon, entering the subduction
system. As a result, a key constraint of volatile input into
the trench comes from quantifying the subducting plate
area (East et al., 2020) over time. The three plate recon-
structions presented here show similar trends in the sub-
ducting plate area for the post-Pangea timeframe, with a
significant peak between ~160 and 120 Ma (Figure 8a).
This peak was previously discussed by East et al. (2020),
implicated in strengthening mantle return flow to produce
the Darwin Rise in the Pacific (McNutt et al., 1990), and
potentially triggering the eruption of the Ontong-Java-
Manihiki-Hikurangi super-Large Igneous Province at
~123 Ma (Ernst & Buchan, 2002) and other LIP eruptions
in the mid to Late Cretaceous (East et al., 2020). This pulse
in subduction also corresponds with elevated volumes of
sediment (Figure 8b) and carbon (Figure 8c) being sub-
ducted, and may explain the shift to a greenhouse climate

in the mid Cretaceous (Figure 8b), as well as the magma
flare-up events recorded in continental arcs (Ratschbacher
et al., 2019) (Figure 8b).

Ongoing efforts are focused on improving the plate
tectonic reconstructions, particularly where the seafloor
spreading history has been lost. For example, the oldest
reliably-dated seafloor spreading occurred from ~190 Ma
in the equatorial Atlantic during Pangea breakup, while
the earliest portions of the Pacific Plate only formed from
~170 Ma (Miiller et al., 2019). Although paleomagnetic
data collection and compilations have tremendously im-
proved our understanding of pre-Pangea continental ar-
rangements, emerging data and interpretations require
major re-evaluations of fundamental assumptions of
Pangea assembly scenarios (e.g., Wu et al., 2021), which
also impacts the tectonic evolution of central and east
Asia, as well as the trajectory of Tethyan terranes toward
Eurasia.

The workflow presented here is the first step toward
creating quantifiable links between tectonics and the
planetary carbon cycle. For example, it remains difficult
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to estimate the time-evolving volatile content and sedi-
ment thickness on the oceanic crust (Dutkiewicz et al.,
2018; Merdith et al., 2019), considering that only small
parcels of seafloor are drilled to reach the basement
(Jarrard, 2003). In addition, it remains difficult to con-
strain the balance of inputs and outputs in a subduction
system — namely, how much carbon is subducted (as
opposed to scraped off in the accretionary prism), how
much of the subducted carbon is returned to the atmo-
sphere through arc volcanism, how much is trapped in
lithospheric reservoirs, and how much may be returned
to the convecting mantle (Dasgupta & Hirschmann,
2010; Kelemen & Manning, 2015). More broadly, these
workflows can also be adapted to consider the plane-
tary water cycle on geological timescales, which has
received renewed interest in recent times (e.g., Karlsen
et al., 2019; Merdith et al., 2019). However, incorporat-
ing the components of the deep carbon cycle presented
here, while also capturing other geological sources and

100
Age [Myr]

sinks, such as the role of Large Igneous Provinces (Jones
etal., 2019), silicate weathering (Brady, 1991), and meta-
morphic degassing in orogens (Kerrick & Caldeira, 1993,
1998) will form a key input for carbon box models and
our broader understanding of carbon cycle and climate
perturbations in deep time.

4 | CONCLUSION

We have presented an open-source toolkit for the analysis
of subduction zone kinematics and interactions between
active margins and carbonate platforms over the past
410 million years. For more recent times, where seafloor
spreading histories are preserved, subducted volumes of
oceanic sediment thicknesses and carbon contributions
from the oceanic upper crust are estimated for the last
200 million years during Pangea breakup. The plate re-
constructions with evolving plate topologies compared
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in this study suggest a significant perturbation to plan-
etary carbon cycling and climate in the Early Cretaceous
and suggest that the mid-Cretaceous greenhouse climate
was driven by tectonic remobilization of carbon into the
atmosphere. The subduction of Tethyan ocean basins in
the Late Cretaceous likely led to significant decarbonation
of carbonate platforms that were forming on the Tethyan
passive margins (e.g., Greater India). These examples
highlight the need for future work to quantify carbonate
platform thicknesses (and carbon contents), as well as
the relative contributions of these carbon reservoirs and
fluxes in driving long-term climate change. Importantly,
the tools presented here enable the interrogation of digi-
tal plate motion models built in GPlates, and the results
provide crucial insights into the planetary carbon cycle,
deep-time climate, and could even aid frontier exploration
of skarn ore deposits that are formed from the interactions
between limestone and volcanism.
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