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Abstract Supercontinent assembly and breakup can influence the rate and global extent to which
insulated and relatively warm subcontinental mantle is mixed globally, potentially introducing lateral
oceanic-continental mantle temperature variations that regulate volcanic and weathering controls on
Earth’s long-term carbon cycle for a few hundred million years. We propose that the relatively warm and
unchanging climate of the Nuna supercontinental epoch (1.8-1.3 Ga) is characteristic of thorough mantle
thermal mixing. By contrast, the extreme cooling-warming climate variability of the Neoproterozoic
Rodinia episode (1-0.63 Ga) and the more modest but similar climate change during the Mesozoic Pangea
cycle (0.3-0.05 Ga) are characteristic features of the effects of subcontinental mantle thermal isolation with
differing longevity. A tectonically modulated carbon cycle model coupled to a one-dimensional energy
balance climate model predicts the qualitative form of Mesozoic climate evolution expressed in tropical
sea-surface temperature and ice sheet proxy data. Applied to the Neoproterozoic, this supercontinental
control can drive Earth into, as well as out of, a continuous or intermittently panglacial climate, consistent
with aspects of proxy data for the Cryogenian-Ediacaran period. The timing and magnitude of this
cooling-warming climate variability depends, however, on the detailed character of mantle thermal mixing,
which is incompletely constrained. We show also that the predominant modes of chemical weathering and
a tectonically paced abiotic methane production at mid-ocean ridges can modulate the intensity of this
climate change. For the Nuna epoch, the model predicts a relatively warm and ice-free climate related to
mantle dynamics potentially consistent with the intense anorogenic magmatism of this period.

1. Introduction

The intermittent assembly of supercontinents punctuate an otherwise continuous redistribution of con-
tinental landmasses that has been an expression of Earth's mantle convective regime since at least 2 Ga
(e.g., Bleeker, 2003; Hallam, 1987; Jacoby, 1981; Li et al., 2008, 2013; Meert, 2012; Pesonen et al., 2012; Rogers
& Santosh, 2004; Rolf et al., 2014; Wegener, 1924; Zhang et al., 2012). These transient 300- to 500-million-year
long events, which are expressed in plate reconstructions (e.g., Evans, 2009; Li et al., 2008, 2013; Merdith
et al., 2019; Rogers & Santosh, 2004; Zhang et al., 2012) and emerge in three-dimensional geodynamic mod-
els (e.g., Hoink et al., 2012; Li & Zhong, 2009) are inherent features of the punctuated character of mantle
convective stirring and thermal mixing that define the highly time-dependent heat transfer properties of
plate tectonics (Lenardic et al., 2016). Aspects of the myriad expressions of key processes such as orogenesis
at continental arcs, sea-level change, the opening of oceans, arc-continent collisions, and the clustering of
mantle plumes and large igneous provinces (LIPs) in space and time on the volcanic sources and particu-
larly the surface and seafloor weathering sinks for CO, that govern Earth's climate are explored explicitly
and implicitly in many modeling as well as observational studies (e.g., Ahnert, 1970; Brady & Gislason, 1997
Brune et al., 2017; Coogan & Gillis, 2013; Cox et al., 2016; DiBiase & Whipple, 2011; Donnadieu et al., 2004;
Ferrier & Kirchner, 2008; Ferrier et al., 2010, 2016; Gaillardet et al., 1999; Gillis & Coogan, 2011; Gernon
et al., 2016; Goddéris et al., 2003, 2008, 2017; Goudie & Viles, 2012; Kump, 2018; Kump et al., 2000; Lee &
Lackey, 2015; Macdonald et al., 2019; Maher & Chamberlain, 2014; McKenzie et al., 2016; Montgomery &
Brandon, 2002; Ouimet et al., 2009; Plank & Manning, 2019; Roe et al., 2008; Swanson-Hysell & Macdonald,
2017; Whipple & Tucker, 1999; Whipple & Meade, 2006).

During the assemblies of supercontinents Nuna (~1.8-1.3 Ga) (Zhang et al., 2012), Rodinia (~1.1-0.6 Ga)
(Li et al., 2008, 2013), and Pangea (~0.335-0.173 Ga), continental fragments were drawn together through
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continent-continent collisions to form transient but relatively long-lived and large landmasses. The forma-
tions of all three supercontinents reduced the global chemical weathering sink for atmospheric CO, by
concentrating the majority of topography production and erosion within the very dry interiors of these land-
masses, at large distances from moisture sources (Cox et al., 2010; Donnadieu et al., 2006; Fiorella & Poulsen,
2013; Goddéris et al., 2008; Otto-Bliesner, 1995; Veevers & Powell, 1994). During the breakups of Pangea
and Rodinia, plate reconstructions and geological data suggest that disaggregating supercontinental frag-
ments overran neighboring island arcs forming an initial perimeter (Lee et al., 2013; Macdonald et al., 2019;
Merdith et al., 2019; Spencer et al., 2019). A resulting relatively rapid tectonic transition into continental arc
modes is also correlated with large increases in mid-ocean ridge and arc magmatism (Brandl et al., 2013;
Kelemen & Holbrook, 1995; Van Avendonk et al., 2017) and continental arc magmatism (Lee et al., 2013;
McKenzie et al., 2016) and also marked by extensive orogenesis and chemical weathering occurring close to
oceans (e.g., Donnadieu et al., 2004; Goddéris et al., 2017; Hartmann et al., 2017).

As we discuss in the next section, a shifting behavior of volcanic CO, sources as well as the predominant
weathering sinks over supercontinental assembly and breakup is expressed in proxy data for Pangea and
Rodinia. Intense Cretaceous global warming and volcanic CO, outgassing following the breakup of super-
continent Pangea were, for example, preceded by a protracted period of unusual global cooling characterized
by polar ice caps extending well into the midlatitudes (e.g., Bléttler et al., 2012; Blittler & Higgins, 2014;
Feulner, 2017; McKenzie et al., 2016; Royer et al., 2004; Veizer et al., 2000). A more intense cooling-warming
climate variability is mirrored in form albeit with far greater intensity in the Neoproterozoic and is associ-
ated with the formation, breakup, and fragmentation of the longer-lived supercontinent Rodinia (Hartmann
et al., 2017; Hoffman et al., 2017; McKenzie et al., 2014). The protracted Sturtian (717-659 Ma) and rela-
tively short Marinoan (645-635 Ma) global glaciations mark the cold Cryogenian period that was terminated
as Earth entered the Ediacaran period (Hoffman & Li, 2009; Hoffman et al., 2017). This period is initially
marked by an advance of polar ice to potentially midlatitudes (60°-<40° S, Trindade & Macouin, 2007) dur-
ing the relatively short-lived <340-kyr-long Gaskiers event at 580 Ma (Hoffman & Li, 2009; Ivanov et al.,
2013; Pu et al., 2016; Trindade & Macouin, 2007), possibly less than 10 million years before the abrupt rise of
complex animals (see Hoffman et al., 2017; Knoll, 2011; Pu et al., 2016, and references therein) and Earth's
transition to the nonglacial Cambrian period at 541 Ma.

Such temporal correlations between extreme variability in Earth's tectonic and climatic regimes suggest
that this class of ~100-million-year cooling-warming variability is an inherent feature of the way in which
supercontinental cycles modulate the volcanic sources and weathering sinks for CO, that define Earth's
long-term carbon cycle (e.g., Lee et al., 2013; McKenzie et al., 2016). Indeed, because the temporal patterns
differ primarily only in the magnitude of the climate change, it is tempting to hypothesize that they were
each driven by a common set of underlying processes, which simply acted over a longer period during the
Rodinia epoch. However, a no less engaging feature of Earth's record of long-term climate variability is
that the formation and breakup of the most long-lived supercontinent Nuna are correlated with a climate
variability that is exceptional for a monotony expressed partly a protracted absence of significant polar ice
sheets (Kaufman & Xiao, 2003; Meert, 2012; Planavsky et al., 2015).

In this paper we draw on the results of extensive theoretical, numerical, and laboratory studies of the
mechanical and insulating effects of continents on mantle convection (Coltice et al., 2009; Grigné et al.,
2007; Jellinek & Lenardic, 2009; Korenaga, 2007; Lenardic et al., 2005, 2011; O'Neill et al., 2009; Phillips &
Coltice, 2010; Rolf et al., 2012) to investigate a hypothesis that the temporal cold-warm climate pattern char-
acteristic of the Pangean and Rodinian climates and the absence of any significant climate change related to
the Nuna epoch are primarily consequences of differing effects of the formation and breakup of supercon-
tinents on the structure and heat transfer properties of Earth's mantle convective regime. A more general
motivation for this paper is the question of the extent to which Earth's record of long-term climate variability
can rigorously constrain key features of Earth's current plate tectonic mode of mantle convection.

In particular, on the basis of published theoretical, numerical, and experimental studies (Lenardic et al.,
2011, and references therein), we will argue that the cooling-warming climate pattern expressed in through
proxy data for the Rodinia and Pangea epochs reflects a “Mantle thermal isolation-to-remixing” mode of
supercontinental climate control that is characterized by dramatic temporal shifts in global volcanic CO,
outgassing rates as well as in the predominant modes of chemical weathering (cf. Figures 1 and 2). Operat-
ing in this regime, Pangea and Rodinia were bounded to a potentially large extent by curtains of subducting
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Figure 1. Schematic illustration of the effects of supercontinent assembly on volcanic sources and temperature-dependent surface and seafloor weathering
sinks for CO,. Continental fragments are drawn together to form a supercontinent that eventually becomes centered near the equator. If the resulting
supercontinent is, say, (a) only partly bounded by a subducting slab at an island arc or (b) surrounded predominantly by passive margins, mantle convective
thermal mixing will remain extensive, and lateral mantle temperature variations are minimized. The global rate of volcanic CO, outgassing at mid-ocean ridges
(MORs) and at arcs is unchanged, as is the rate of CH, production at MORs. However, continent-continent collisions will drive the growth of intracontinental
plateaux with a height and aspect ratio that increases during this collision in proportion to time t'/3 (Appendix B), causing the majority of mechanical erosion
to become increasingly concentrated within the dry supercontinent interior. The combined effects of an expected reduced precipitation rate and a greater
distance between the sources of divalent cations such as Ca*, Mg?*+, and Fe?* (alkalinity) by chemical weathering processes and the oceans will cause the
strength of the terrestrial surface weathering sink for CO, to decline while the seafloor weathering sink strength remains approximately constant. An
unchanged volcanic source for CO, and a reduced overall weathering sink leaves relatively more CO, in the atmosphere, leading to a warmer world. If the
resulting supercontinent is bounded by a continuous curtain of strong subducting slabs (c), inhibited thermal exchange and mixing of insulated subcontinental
mantle into the oceanic mantle domain will lead to lateral oceanic-continental mantle temperature variations. Reduced melt production and volcanic CO,
outgassing at mid-ocean ridges (MORs) and at arcs related to the declining temperature and increased viscosity of the oceanic mantle can lead to a colder
world, depending particularly on the predominant mechanism of seafloor weathering and on the longevity of this thermal isolation regime (see text).
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Figure 2. Schematic illustration of the effects of supercontinent breakup on volcanic sources and weathering sinks for CO,. For a fragmenting supercontinent
centered within the tropics, the dynamics of arc-continent collision will drive orogenesis at continental margins. Depending on the global mean surface
temperature and humidity, resulting topographic uplift that increases over the collisional time /3 will stimulate orographic precipitation as well as erosion
that depends also on the aspect ratio of mountain ranges, which also grows as t!/3 (see Appendix B and section 6.1). For a given surface temperature,
precipitation rates onto topography closer to nascent oceans will enhance the delivery of divalent cations, carbonate precipitation in the ocean, and the strength
of the weathering sink for CO,, in turn. If the mantle is thermally well mixed prior to supercontinent fragmentation (top), there is no change to the global arc
and MOR outgassing rates and no change to the seafloor weathering sink (see text). This enhanced surface weathering sink, however, drives Earth into a cooler
climate. By contrast, supercontinental breakup following a period of ocean-continental mantle thermal isolation related to an impermeable encircling curtain of
subducting slabs (bottom) affects both volcanic sources and weathering sinks for CO,. The rise and spread of warm subcontinental mantle into the oceanic
mantle domain and into the melting regions at mid-ocean ridges enhances melt production and CO, outgassing significantly at arcs and at MORs. Continental
fragments overrun bounding subduction zones to open an ocean driving these arcs into compressive continental modes. Resulting uplift and rainfall, governed
by the rates of subduction and crustal accretion, leads to an enhanced and tectonically modulated weathering sink for CO, (see text). Concurrently, the seafloor
weathering sink for CO, potentially evolves from being controlled by fault and fracture permeability at predominantly slow spreading ridges to becoming
controlled by the MOR crustal production rate at generally relatively fast spreading ridges. Where thermal isolation leads to significant lateral mantle
temperature variations, the increase in volcanic CO, during breakup gradually exceeds the increase in the surface weathering sink, leading to a relatively

warm climate.

slabs, the presence of which reduced the advective exchange of relatively insulated, warm subcontinental
and colder, more strongly cooled suboceanic mantle material. Depending on the spatial extent to which
suboceanic and subcontinental mantle was isolated thermally, and on the longevity of this arrangement,
this mantle mixing mode modulated to differing extents the strengths of the major volcanic CO, sources
as well as the surface and seafloor chemical weathering sinks for atmospheric CO,. An alternative end-
member mode of supercontinental control is “Perfect thermal mixing” where the mantle is convectively
well stirred and approximately isothermal during formation as well as breakup (Figure 1). In the absence of
extensive proxy data beyond a well-established dearth of significant concurrent ice sheets (Hoffman, 2009),
on the basis of published numerical simulations (Coltice et al., 2009; Korenaga, 2007; Phillips & Coltice,
2010), we hypothesize that character and planform of subduction zones related to the supercontinent Nuna
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maintained extensive mantle thermal mixing. As we will discuss, such a condition may have ensured the
resilience of the clement and largely ice-free climate of this period.

Our focus on the climate effects of mantle dynamic thermal transients related to supercontinent assem-
bly and breakup on key underlying processes governing volcanic sources as well as the predominant
weathering sinks for CO, is unusual. Indeed, although studies of mantle-climate interactions have a long
history, there are essentially two common modeling strategies. In typical “long-time averaged” coupled mod-
els, outgassing rates and Earth's surface weathering response are tied to a mantle thermal history model
(see Jellinek & Jackson, 2015; Lenardic et al., 2016, and references therein). Models of this class typically
evolve the dynamics of volcanic CO, outgassing and the production and weathering of topography with a
plate spreading or accretion rate. In these models, plate spreading rates generally evolve smoothly in tem-
poral and spatial character in response to the very slow mantle cooling that occurs as Earth's inventory of
radiogenic heat producing elements declines over billion year time scales.

The most common modeling approach to investigating aspects of Mesozoic and Neoproterozoic climate vari-
ability is to use coupled geochemical, biogeochemical, and climatological models of varying complexity to
explore the climate response characteristics of model near-surface Earth systems for specified volcanic forc-
ings. Models of this type vary enormously in their design and goals but typically interrogate processes and
feedbacks governing critical controls on surface and seafloor weathering, primary productivity, and organic
burial and sea-level change acting over weathering time scales of order 1 million years (e.g., Abbot et al.,
2012; Bergman et al., 2004; Berner, 1998, 2004; Bjerrum & Canfield, 2011; Beerling & Royer, 2011; Bjerrum
etal., 2006; Dessert et al., 2001, 2003; Donnadieu et al., 2004; Edmond & Huh, 2003; Feulner, 2017; Gaillardet
et al., 1999; Goddéris et al., 2003, 2012; France-Lanord & Derry, 1997; Hayes & Waldbauer, 2006; Higgins
& Schrag, 2003; Jagoutz et al., 2016; Johnston et al., 2012; Kump, 2018; Kump et al., 2000; Le Hir et al.,
2009; Lenton et al., 2018; Mills et al., 2014, 2014; Roberson et al., 2011; Ridgwell & Zeebe, 2005; Rothman,
2015; Rothman et al., 2003; Rothman & Forney, 2007; Royer et al., 2007, 2004; Schrag et al., 2002;
Tennenbaum et al., 2013). This approach is particularly powerful for building understanding of various
critical triggers for discrete events including anomalous rapid global warming and ocean anoxia, oxygen
rise, transient partial and global glaciation, and essential changes in Earth's biosphere (e.g., Anbar & Knoll,
2002; Beerling & Royer, 2011; Cox et al., 2016; Donnadieu et al., 2004; Hartmann et al., 2017; Hoffman et al.,
2017; Jenkyns, 2010; Jones & Jenkyns, 2001; Kump, 2018; Kump et al., 2005; Macdonald & Wordsworth,
2017; Macdonald et al., 2019; Mills et al., 2011; Tziperman et al., 2011).

Elegant and carefully calibrated long-term carbon cycle models have been constructed to identify and under-
stand the major biogeochemical controls over the Mesozoic and Neoproterozoic climates (e.g., Berner, 2004;
Bjerrum & Canfield, 2011; Lenton et al., 2018). However, for the Cryogenian period, a challenge remains to
find self-consistent conditions for both entry into and exit from global glaciations, as well as an intermittency
of this panglacial climate state that is marked by the occurrence of discrete Sturtian and Marinoan events
with an intervening nonglacial interlude of order 10 million years in length (Hoffman et al., 2017). Rich
climate models have emerged with evident success in terms of identifying plausible underlying dynamics
that give rise to the initiation and maintenance of panglacial climates (see Hoffman et al., 2017, and refer-
ences therein). However, by their design, such models do not explain the order 100-million-year longevity of
the Cryogenian period itself. Furthermore, why a Cryogenian panglacial climate was intermittent remains
unclear. Moreover, taken together, the relative brevity of the Marinoan glaciation compared to the Sturtian
event and the advance of the short-lived Ediacaran Gaskiers ice sheet to low latitudes are enigmatic.

To build understanding of the essential features of a supercontinental modulation of Earth's climate in terms
of effects on the character and heat transfer properties of mantle convection, we emphasize distinct conse-
quences of mechanical connections across the Earth system for CO, sources and sinks. In marked contrast
to existing analyses of Neoproterozoic and Mesozoic climate change (Bjerrum & Canfield, 2011; Lenton
et al., 2018), we hypothesize that the predominant regimes as well as average intensities of volcanism and
weathering can shift significantly during Rodinia and Pangea assemblies and breakups. We will show that
some predictable controls on the dynamics of volcanic sources and weathering sinks for CO, can explain the
cooling-warming climates defining the “Rodinian” and “Pangean” epochs, as well as the absence of climate
variability during the Nuna period. This class of tectonically modulated climate change, along with consider-
ations of related effects including the temporal clustering of LIP volcanism following the breakup of Pangea,
is ultimately consistent with Mesozoic global ocean anoxia events, permits intermittent global glaciations

JELLINEK ET AL.

50f45



Arru

100

AND SPACE S

Geochemistry, Geophysics, Geosystems 10.1029/2019GC008464

during the Neoproterozoic, and provides a potential explanation for a geologically rapid transition from the
Marinoan global glaciation defining the end of the Cryogenian into the Ediacaran period.

This paper is organized in the following way. We review briefly proxy data constraining the climate change
associated with the Pangean epoch as well as the characters of the volcanic sources and weathering sinks
for CO, during the Rodinian epoch in section 2. We defer a necessarily more speculative discussion of tec-
tonic climate controls during the Nuna epoch until section 7. In section 3 we review how the process of
supercontinental assembly and breakup might perturb the thermal mixing properties of Earth's mantle con-
vective regime through the establishing (or not) of transient peripheral “curtains” of subducting slab. In
section 4 we discuss qualitative consequences of Earth's evolving mantle convective thermal mixing regime
through supercontinent assembly and breakup for arc, mid-ocean ridge, and ocean island (OIB)/large
igneous province (LIP) volcanic sources of CO,. We also introduce effects of this thermal mixing on the pre-
dominant mechanics and regimes of surface and seafloor weathering sinks for CO, acting in various limits.
Significantly, we discuss key factors that enter into this problem that are within as well as beyond the scope
of this paper with a deliberate aim of showing limitations of our modeling study to point to opportunities for
future work. From this discussion we develop in section 5 quantitative parameterizations of tectonically con-
trolled changes in global volcanic CO, outgassing and introduce a novel abiotic CH, source that is potentially
an important additional climate forcing in the Neoproterozoic that can enable an intermittent panglacial
climate. We construct parameterizations for surface and seafloor weathering sinks for atmospheric CO, in
section 6 and explore consequences for the long-term CO, cycle with an approximate analytical scaling rela-
tionship developed for a simplified, constant albedo Earth model. In section 7 we couple our weathering
parameterizations to a one-dimensional Budyko-style energy balance model with an ice-albedo feedback
to understand climate consequences of an expected sharply changing character and intensity of volcanic
sources and weathering sinks for CO, during the Rodinia and Pangea epochs. We explore the extent to which
predictions are consistent with proxy data reviewed in section 2 as well as additional geological constraints
including the latitudinal extent of polar ice sheets in the Mesozoic and the occurrence and intermittency
of global glaciation events in the Neoproterozoic, in turn. To the very limited extent geological data permit,
we use climate calculations to discuss the apparently polar ice-free climate that persisted during the Nuna
episode. We conclude in section 8 with an overall message that bearing in mind the significant assump-
tions and limitations of our modeling study, strong Moesozoic and Cryogenian-Ediacaran cooling-warming
climate variability, including intermittent Neoproterozoic global glaciations, can be consequences of the
transient assembly and fragmentation of supercontinents on the character of Earth's mantle convective ther-
mal mixing. A provocative implication of our work is that the extreme 100-million-year cooling-warming
climate variabilities of the Neoproterozoic and possible the Mesozoic periods are challenging and poten-
tially impossible to reconcile with a mantle that remains thoroughly mixed thermally through the Rodinia
and Pangea supercontinental episodes.

2. Pangean and Rodinian Proxy Data: Rapid Transitions in Sources and Sinks
for Atmospheric CO,

Long-term climate variability is ultimately governed by a balance between the rate at which mantle-
controlled volcanic sources deliver CO, to the atmosphere and the rate at which this CO, is drawn
down through surface and seafloor chemical weathering processes. The cooling-warming variability evi-
dent in reconstructed tropical sea-surface temperatures during the Pangean epoch (Figure 4) and implicit
in the transition into and out of Cryogenian global glaciation during the Rodinia episode consequently
imply that both the sources and sinks for CO, evolved over <10-million-year time scales to produce
this temporal pattern in response to Earth's changing tectonic mode. It is, for example, well estab-
lished that the fragmentation of Pangea is correlated with increased rates of volcanism across the Earth
system. On average, links between mid-ocean ridge crustal production and sea-level rise loosely con-
strain a factor of ~1.9 increase in Creataceous volcanic outgassing (see discussions in Berner, 1998
and Lenton et al., 2018). In addition, as we discuss in greater detail in section 4, enhanced mid-ocean
ridge (MOR) crustal production following Pangean breakup (Brandl et al., 2013; Kelemen & Holbrook,
1995; Van Avendonk et al., 2017; Whittaker et al., 2008) was complemented by magmatism and CO,
outgassing along an extensive system of collisional continental arcs (Beerling & Royer, 2011; Lee &
Lackey, 2015; Lee et al., 2013), as well as temporally clustered LIP volcanism are distinctive features
of the Mesozoic (Figure 4). Volcanism and CO, outgassing from stratovolcanoes related to mantle
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Figure 3. Proxy data indicating some of the evolving controls on climate correlated with the assembly and breakup of
Rodinia. Rodinia breakup occurs by 740 Ma (vertical heavy black dashed line) and is marked by the Sturtian (S)
(717-662 Ma) and much shorter Marinoan (M) (640-635 Ma) global glaciations (blue shaded regions) that mark the
Cryogenian period (720-635 Ma, Shields-Zhou et al., 2016) (vertical black dotted lines). The comparatively much
shorter extensive but nonglobal Ediacaran Gaskiers (G) glaciation at 580 Ma is also shown. Also included are the
normalized frequency distribution of regionally binned detrital zircon ages (heavy red line) (McKenzie et al., 2016) and
the frequency of large igneous province (LIP) events with areas normalized to the maximum area over the period
shown (solid green circles; time series data from http://www.largeigneousprovinces.org/record). The two notably large
LIPs are the Franklin-Thule (720 Ma) and Kalkarindji (510 Ma) events. The minimum in the 5!30 data on detrital
zircons (blue diamonds) at around 770 Ma correlates with a minimum in both the number of detrital zircon ages and a
notable plateaus in seawater 87Sr/36Sr (Halverson et al., 2007) that may indicate minima in weathering and crustal
production rates (see text). Following breakup, the rise in seawater 87Sr/30Sr and §'80 values for detrital zircons, as
well as an increase in the number of detrital zircon ages, signals potentially more intense magmatism as well as
mechanical erosion and chemical weathering.

melting was further amplified by perhaps a factor of 2-3 by additional crustal contributions of accreted
carbonate rocks (Lee et al., 2013).

More generally, varied proxy data consistent with evolving rates and characters of volcanism, as well
as weathering, suggest that the sources and sinks for atmospheric CO, varied in strength over 1- to
10-million-year time scales during both supecontinental cycles (Figures 4 and 3). Furthermore, the behav-
iors of these climate controls were similar in form, although distinct in detail. During breakup of Rodinia
(Li et al., 2013), mass-independent A0 anomalies require low atmospheric O, and ultimately very high
post-Marinoan pCO, (Bao et al., 2008; Cao & Bao, 2013; Crockford et al., 2016). Following a decline in the
rate of continental arc silicic magmatism with Rodinia formation, global averages of regionally binned age
distributions in detrital zircons suggest an overall increase beginning near the start of the Sturtian glacia-
tion and progressing through the Marinoan event and into the relatively warm Ediacaran period (Cawood
et al., 2012; Condie & Aster, 2010; Condie et al., 2009; McKenzie et al., 2016). To the extent that an increase
in the frequency of given zircon crystallization ages reflects partly an age bias related to the spatial extent
to which continental granitic rocks are exposed tectonically and eroded mechanically (e.g., Dickinson et al.,
2009; Moecher & Samson, 2006; Rainbird et al., 2011; Summerfield & Hulton, 1994; Squire et al., 2006),
these data are also consistent with a transition to a predominant globally averaged mechanical and chem-
ical weathering regime involving orogenesis (Cawood et al., 2012). The Sturtian global glaciation is also
correlated with the deposition of sedimentary iron deposits (banded iron formation) during intensified peri-
ods of deep ocean ferruginous anoxia, potentially related to enhanced exposure and weathering of LIPs
(e.g., Cox et al., 2013; Donnadieu et al., 2004; Hoffman et al., 2017). The reality of such a picture is, however,
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Figure 4. Proxy data indicating some of the evolving controls on climate correlated with the assembly and breakup of
Pangea. Pangea breakup and opening of the Atlantic Ocean at 175 Ma (vertical heavy black dashed line) occur near a
minimum in the tropical sea-surface temperature (SST) record inferred from 880 data (heavy red and magenta lines).
Tropical sea-surface temperature changes (° C) compared to present day (indicated by A on the y axis) inferred from
raw 8180 data on calcite and aragonite shells (red line) are from Veizer et al. (2000). These data are pH-corrected and
compared with additional climate proxies (solid magenta lines) as well as GEOCARB calculations in Royer et al. (2004)
(dashed magenta line). A temperature minimum following the start of the opening of the Atlantic precedes a gradual
transition into the Cretaceous warm period characterized by global ocean anoxic events (OAE 1a-d, OAE 2, and OAE
3, Jenkyns, 2010) (vertical dashed blue lines). The Creataceous warm period evident in the SST reconstructions is
correlated with an approximate factor of 1.9 increase in average volcanic outgassing rates (cyan line), which is inferred
from high-resolution paleosea-level reconstructions and reproduced using the COPSE biogeochmical model (cf. Lenton
et al., 2018, and references therein). This increase in outgassing is correlated with a temporal clustering of LIPs of
various areal extents [Mkm?] (filled green circles; time series data from http://www.largeigneousprovinces.org/record)
and a factor of 2 increase in the average rate of plate spreading normalized to present day (black line) (Becker et al.,
2009). For reference, the largest area LIPs are the Siberian Traps (250 Ma), the Central Atlantic Magmatic Province
(200 Ma), and the Ontong Java (120 Ma). Post-breakup seawater 87Sr/30Sr (c.f. Lee et al., 2013) increases starting
around 150 Ma (see text). Also shown are the CO, from carbonate in basalt crust as a result of low-temperature,
off-axis hydrothermal circulation at slow spreading MAR (open red circles) and intermediate-to-fast spreading Pacific
sites (open orange squares) (Gillis & Coogan, 2011, table 1). These data do not include calcareous sediment and are
normalized to the average value reported from the EPR at 6.8 Ma (see text).

also affected by the distribution and potentially complex delivery dynamics of organic carbon from terres-
trial sedimentary systems (Torres et al., 2017) as well as an increased solubility of hydrothermal Fe during
large eustatic sea-level falls (Kump & Seyfried, 2005).

Recent analyses of 8'%0 data on zircons (Hartmann et al., 2017) provide support for a changing surface
weathering sink during the Rodinia epoch that largely tracks continental arc magmatism. A monotonic
increase in continental surface weathering from the low rates that define the pre- and syn-Sturtian worlds
suggested previously (e.g., Derry et al., 1992) evolves to very high rates during the Ediacaran period
(Figure 3), a feature that is also consistent with coupled GCM-pCO, models in which weathering is strongly
enhanced during Rodinia fragmentation (Donnadieu et al., 2004; Le Hir et al., 2009). The increase in sea-
water 87Sr/%6Sr between 665 and 719 Ma provides additional support for this hypothesis if this signal is
modulated mostly by the flux of old (high Rb/Sr) continental material, although these data certainly per-
mit other interpretations. Among other effects, 37Sr /% Sr variability is sensitive to bottom water temperature
and local sources and sinks of high Rb/Sr material including contributions from MOR hydrothermal sys-
tems (Coogan & Dosso, 2015; Coogan & Gillis, 2018). Coogan and Dosso (2015) argue, for example, that the
relatively steep rise in 87Sr/%6Sr during the Cenozoic (Figure 3) reflects a reduced seawater-basalt exchange
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Figure 5. Two-dimensional numerical simulations of supercontinental formation in a perfect thermal
isolation-to-remixing mantle convective regime. The establishing of an impermeable curtain of subducting slab at
supercontinent (SC) formation (beginning at time = 1) inhibits the advection and mixing of relatively slowly cooled
subcontinental mantle into the oceanic mantle domain, causing a decline in ocean mantle potential temperature T, o,
in turn. The magnitude of this oceanic mantle cooling increases with each overturn and reaches a maximum that
increases with the longevity of the subducting slab barrier to lateral mantle flow (around time = 0.45). Gravitationally
unstable lateral differences in hydrostatic pressure produced as a result of this subducting slab curtain eventually drive
the overturning of this unstable mantle system. A resulting transient period of mantle thermal remixing causes the
oceanic mantle potential temperature to overshoot the initial value before the system recovers a new steady-state
thermal regime.

related to cooler bottom water temperatures. Nevertheless, connections among the trends in these data and
an increase in both weathering rates and continental magmatism during a breakup involving a transition to
extensive continental arc-style subduction remain a plausible picture.

The character of the Pangean weathering sink for atmospheric CO, was also time varying (e.g., Blittler et al.,
2011, 2012; Jenkyns, 2018). For example, in addition to an intensified uptake of seawater CO, into basalt
crust in the Pacific hosting low-temperature MOR hydrothermal systems (Coogan & Gillis, 2013, 2018; Gillis
& Coogan, 2011), Pangea breakup is correlated with intermittent “ocean anoxic events” (OAE Ia-d and II)
(Figure 4). These approximately global features can be explained, in part, through increases in CO, out-
gassing and continental surface weathering fluxes expressed through their effects on seawater Sr, Os, and
Ca isotopic variability, as well as surface temperature. Coupled 87Sr/26Sr-8'3C isotopic variability support
a picture in which a corresponding increase in the fluvial delivery of nutrients to the oceans increased pri-
mary productivity to drive deep ocean anoxia through an enhanced respiration of organic matter, in turn
(see Jenkyns, 2010, and references therein). In addition, higher average surface temperatures will reduce O,
solubility in the surface ocean and reduce vertical mixing of this O, into the deep ocean, enhancing the like-
lihood for anoxia (Williams & Follows, 2011). The seawater Sr data in Figure 4 are, however, also consistent
with an increased delivery of radiogenic material to the ocean following breakup but possibly more striking
is the emergence of a clearly increasing trend in the data by 150 Ma, within about 25 millions of years of the
start of breakup.

3. The Mantle Response to the Assembly and Breakup of Supercontinents

Earth's present mantle interior potential temperature reflects a balance between internal heat generation
and a rate of surface cooling (Christensen, 1984; Davies, 1980; Tozer, 1972) that is modulated by the dis-
tribution and total surface area of insulating continents (Cooper et al., 2006; Jaupart & Mareschal, 2010;
Lenardic et al., 2005; Pekeris, 1935). Over time scales much greater than the order 10-million-year man-
tle convective overturn time, a well-defined mean interior temperature is possible as a result of thorough
thermal mixing by spatially complex and time-dependent oceanic plate-scale overturning motions related
to the pattern and wavelength of subduction. This “perfect thermal mixing” requires an efficient exchange
of warm mantle beneath insulating continents and the relatively more strongly cooled suboceanic mantle
and is a special case.

JELLINEK ET AL.

9 of 45



100 Geochemistry, Geophysics, Geosystems 10.1029/2019GC008464

Initial Ocean-Continent

mantle thermal isolation

Strong’
Downwelling

Transient Overturn and Mixing Following “Breakup”

Cold Oil Layer : Lid Removed

Cold

Sjde . Si
L jK 1 Advancing

LGravity Current

035 0.37 0.39 041 0.43

1 T T T T T T T
Interior

S 09 -
3 Temperature
~ 08 -
£

'TE 07

£ os

02 03 04 05 06 07 08 09 1 022 024 026 028 0.3

Figure 6. Laboratory experiment illustrating a generic effect of introducing and removing analog partial continental insulation at the top of a laboratory-scale
convecting mantle system in which a layer of corn syrup is heated from below with a resistance heater cooled from above using a cold low viscosity oil bath

(cf. Jellinek & Lenardic, 2009; Lenardic et al., 2011). The time series of photographs and accompanying time series of temperature over a vertical thermal
diffusion time across the convecting layer = show an evolution from initial steady-state thermal isolation (t/z<0.43) through a transient regime following
continental removal (0.43 < t/7 < 0.47) that leads to remixing, which is qualitatively similar to the pattern in the simulations in Figure 5. Average oceanic
(blue time series of temperature)-continental (red time series of temperature) mantle temperature variations are initially about 20% of the vertical temperature
difference across the system. The thermal isolation of the subcontinental mantle is maintained by a strong downwelling of cold corn syrup, which drives a
large-scale circulation in both domains. Intermittent rising hot thermals on the subcontinental side govern the majority of the heat transfer within this domain.
Careful removal of the analog continent (t/7~0.43) leads to a rapid collapse of this planform: Warm analog subcontinental rises across the cold side as the cold
oceanic mantle spreads across the hot lower boundary as a gravity current (see text). Spread of this cold material bulldozes the hot thermal boundary layer
(0.39 < t/7 < 0.42), reducing the frequency of plumes. This process and the introduction of very cold and highly viscous material causes new plumes to become
larger as well as clustered in time (cf. Figure 5 and Lenardic et al., 2011; Robin et al., 2007; Thayalan et al., 2006).

Plate reconstructions and geological data suggest that subduction zones probably encircled Rodinia and to
a lesser extent Pangea by the time these supercontinents were each formed (e.g., East et al., 2019; Evans,
2009; Lee et al., 2013; Le Pichon et al., 2019; Li et al., 2013; Miiller et al., 2016). Depending on the continuity,
geometry, and age of subducting slabs, such a planform can have varied consequences for the character and
extent of mantle thermal mixing. For a given low viscosity asthenosphere channel thickness (Hoink et al.,
2012), because the speed of subduction scales as the square of a plate thickness (Davies & Richards, 1992)
and bending resistance scales as the cube of plate thickness (Conrad & Hager, 2001; Buffett & Rowley, 2006),
asymmetries in subduction regime and in the ages and thicknesses of bounding subducting slabs can guide
mantle convective flows spatially and drive them to higher speeds and to wavelengths that are much larger
than the supercontinent is wide, enforcing thorough mixing.

However, the partial or complete encircling of a single large continental land mass by effectively a curtain
of downgoing cold, stiff, and rheologically complex slabs can also reduce or prevent entirely the advective
exchange and stirring together of subcontinental and cold suboceanic mantle material. Using results from
simulations and laboratory experiments discussed above (Lenardic et al., 2011) (Figures 5 and 6), together
with proxy data for Pangean magmatism (Figure 4) as a guide, in Figures 1 and 2 we illustrate schematically
consequences of “thermal isolation” as well as “remixing” compared with perfect mantle thermal mixing
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with formation and breakup for mantle thermal structure. Also shown are effects on the major controls on
CO, sources and sinks, which we discuss in the next section.

During supercontinent formation in a “thermal isolation-to-remixing” regime, the lateral advection of insu-
lated and warm subcontinental mantle is impeded, and potentially large continent-ocean upper mantle
temperature variations emerge and grow over time. Critically, these lateral temperature variations are unre-
lated to spatial variations in the rate of radiogenic heat production in the mantle and are driven entirely as a
result of the character of the convective stirring and cooling imparted at the base of oceanic lithosphere into
the oceanic mantle domain and the relatively weak or negligible cooling delivered into the continental man-
tle domain as a result of continental insulation. Laboratory experiments and numerical simulations suggest
that in the extreme case of perfect thermal isolation, lateral temperature variations of potentially 10-15% of
the total vertical temperature drop across the mantle occur near the top of the mantle after about four man-
tle overturn times (Lenardic et al., 2011). More generally, however, the magnitude of any lateral temperature
variations related to effects of the formation of supercontinents will lie between these endmember thermal
mixing situations and will depend on the geometry, structure, continuity, permeability, and spatially varying
longevity of a subducting curtain.

In contrast to the thorough mixing case, any thermal isolation solution is transient by definition (Lenardic
et al.,, 2011). Lateral temperature variations (Figures 5 and 6) lead to proportionally large differences in
hydrostatic pressure between the oceanic and continental mantle domains that increase over time and that
are unstable to gravitational overturning. Relatively buoyant subcontinental mantle will inevitably deform,
penetrate, and overturn bounding subduction slabs, and ascend and spread above relatively cold oceanic
mantle to form a hot layer that persists until mantle convective stirring produces a new well-mixed thermal
state (Figures 2 and 5). This intrusion and spread of relatively warm mantle along the base of the lithosphere
into mid-ocean ridges will cause extensive crust production consistent with proxy data for Pangea, as well as
increased MOR CO, outgassing and a transition in the mechanics and strength of the seafloor weathering
sink for atmospheric CO,. Although these qualitative effects on the surface Earth system are robust features
of this remixing mantle thermal regime, their timing depends on the buoyancy-driven advance of the front
of this warm, low viscosity gravity current over a distance D,,,, to an adjacent mid-ocean ridge against the
viscous resistance of thermally heterogeneous but relatively cold and viscous, on average, oceanic mantle.
For a fixed volume Vol of gravitationally unstable subcontinental mantle material with an excess temperature
AT,, and a cold oceanic mantle with a kinematic viscosity v,, a balance of buoyancy and viscous forces (e.g.,
Griffiths & Campbell, 1991) gives a lag time
D5 vV,

t ~ mor m . 1
€ Vol gaAT,, W

This lag time is particularly sensitive to the volume of the laterally flowing mantle material, and thus
the longevity of any thermal isolation regime, and the distance to the mid-ocean ridge melting region.
Consequently, beyond an order of magnitude calculation, this lag is model dependent or simply requires cal-
ibration from proxy data and plate motion models. Nevertheless, for volumes Vol = 10'7 — 10'8[m?], D,,,,, ~

10°[m], v, = 10?2 — 10?* [Pa 5], and AT,, = 100 — 200 [° C], the climate expression of breakup will emerge
order 10-100 million years after breakup. We discuss this lag in greater detail in section 7.

4. Supercontinental Cycles, Mantle Thermal Mixing, and Earth's Long-Term
Climate Variability: A Conceptual Model

The schematic evolution through a supercontinental cycle operating in a mantle thermal
isolation-to-remixing regime in Figures 1 and 2 illustrates how such an event can exert a basic control on
Earth's long-term carbon cycle and climate. In addition to modulating the global rates of volcanic CO,
outgassing at arcs through effects on mantle melting rates, these mantle dynamics exert tectonic controls
on the mechanics and location of chemical weathering sinks for atmospheric CO, on land and within
low-temperature mid-ocean ridge hydrothermal systems. We discuss some specific effects qualitatively
here and parameterize them quantitatively in section 5.

4.1. Mantle Controls on Climate During Supercontinent Assembly
Supercontinents form plausibly as a consequence of subduction at island arcs drawing together continen-
tal fragments to close an ocean. This picture of growth through continent-continent collision predicts that
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Figure 7. Schematic illustration of the spreading rate-crustal production rate controls on the seafloor weathering. (Left) Examples of relatively smooth
topography of a fast ridge (East Pacific Rise, EPR), rough and highly fractured and faulted topography of a slow ridge (Southeast Indian Ridge, SEIR), and
complex and highly fractured and faulted topography of a slow ridge-fracture zone (Mid-Atlantic Ridge, MAR and the Kane Fracture Zone, Kane FZ) (images
modified from Buck et al., 2005). (Right) Cartoon showing the net production of alkalinity by low-temperature water flows through permeable basalt pillows
and lava flows forming a crust with thickness 4. and by water flow that penetrates mantle peridotite via the deep fractures and faults that distinguish slow from
fast spreading ridges. This alkalinity flux can drive carbonate precipitation within the hydrothermal system, depending on the appropriate thermodynamic
conditions (e.g., Rudge et al., 2010) or elsewhere in the ocean basins.

orogenesis will be concentrated within supercontinental interiors during formation (Figure 1) (e.g., Veevers
& Powell, 1994). Assuming that the geometry of resulting wedge-shaped mountain ranges and plateaux are
governed predominantly by the average strength of the crust undergoing deformation (e.g., Dahlen, 1984;
Roe & Brandon, 2011), both their height and aspect ratio will increase in proportion to time over a col-
lisional episode t'/> (Appendix B). An implication of this prediction is that to the extent that orographic
precipitation increases with topographic height and windward flank length for given atmospheric conditions
(Roe & Baker, 2006), the majority of continental surface weathering will also increasingly become concen-
trated within the interiors of these landmasses. However, although the distribution of rainfall and surface
runoff generally depends on the character and geometry of uplift (Appendix B and Roe & Baker, 2006),
the intensity of this rainfall and surface runoff is governed mostly by the proximity to coastal moisture
sources (Donnadieu et al., 2004). Supercontinent formation, on average, is thus expected to reduce rain-
fall and erosion, and the strength of the surface weathering sink for atmospheric CO,, in turn (Cox et al.,
2010; Donnadieu et al., 2006; Fiorella & Poulsen, 2013; Goddéris et al., 2008, 2012; Otto-Bliesner, 1995).
Apatite-fission-track and apatite-(U-Th)/He data from the Gamburtsev subglacial mountains in interior
East Antarctica, for example, indicate rates of topographic loss from 250 to 500 Ma comparable to the low
relief Canadian shield (Cox et al., 2010). An additional prediction to which we return briefly in discussion
in section 7 is that a reduced rate of surface weathering will also decrease the supply of limiting nutrients
(P, N, Fe) from the continents to the oceans leading to less biological productivity.

If extensive mantle thermal mixing is preserved during supercontinent formation (cf. Lenardic et al., 2011,
and references therein), there will be little change to outgassing rates beyond effects related to changing arc
or mid-ocean ridge (MOR) lengths (Lee et al., 2013; Zahirovic et al., 2015). In response to a weakening sur-
face weathering sink, more CO, will be retained in the atmosphere resulting in a warmer world, and the
continental supply of nutrients to the oceans will be less, a prediction we discuss in section 7.3. By contrast,
if subduction around the margins of a nascent supercontinent leads instead to lateral temperature differ-
ences between the suboceanic and subcontinental upper mantles as a result of some level of mantle thermal
isolation (cf. Lenardic et al., 2011, and references therein), two additional effects enter to influence volcanic
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Figure 8. Examples of topographic and gravitational roughness for the East Pacific Rise and the Mid-Atlantic Ridge, as
well as a power law fit to the mean gravitational roughness as a function of spreading rate reported in Small and
Sandwell (1989) and Small (1998) (see text).

sources and weathering sinks for atmospheric CO, in distinct ways. First, global plate spreading and sub-
duction rates will decline as the average suboceanic mantle viscosity increases exponentially with declining
temperature, driving correspondingly less basalt magmatism and CO, outgassing at mid-ocean ridges and
arcs. A second effect is that enhanced subcontinental warming will produce significant continental uplift
and sea-level fall that can enhance mechanical erosion in the interior (Braun et al., 2014; Roe et al., 2008)
and orographic precipitation (Roe, 2005), as well as the delivery of alkalinity to distant oceans in groundwa-
ter systems (Maher & Chamberlain, 2014). Depending on the magnitude of mantle thermal isolation, which
sets the strengths of these effects on outgassing and weathering rates, Earth's climate during supercontinent
formation may be significantly different to the perfect mixing endmember. If the surface weathering sink
declines in a similar way as expected for perfect thermal mixing, the expected reduction in outgassing rates
will, by contrast, lead to a relatively cold world.

CO, is drawn down from the atmosphere also by seafloor weathering processes (Figure 7). For a given
pH and water temperature, the strength of this sink depends on the alkalinity produced as a result of the
circulation in reactive low-temperature MOR hydrothermal systems and the subsequent precipitation of
carbonate either within these systems or elsewhere in the ocean basins. A major control on the character
of this circulation is the structure and depth extent of rock permeability. Assuming that long-time aver-
aged fracture- and fault-controlled permeability increases in proportion to topographic and gravitational
roughness (Small & Sandwell, 1989, 1994), in a way consistent with models (e.g., Buck et al., 2005), we
hypothesize that seafloor hydrothermal flow and the vertical extent and intensity of resulting water-rock
chemical reactions can increase inversely as approximately a power law function of spreading rate (Figure 8).
Consequently, we suggest that the seafloor weathering sink will be maximized when seafloor spreading and
crustal production rates are minimized in response to oceanic mantle cooling when a supercontinent forms.
We propose that this potentially enhanced flow rate of seawater through more reactive mantle rocks com-
posed of pyroxene-feldspar-olivine mineral assemblages may outweigh the temperature dependence of the
kinetics of the weathering reactions in low-temperature systems (Brady & Gislason, 1997; Coogan & Dosso,
2015; Coogan & Gillis, 2018; Krissansen-Totton & Catling, 2017) such that the magnitude of the seafloor
weathering sink may become larger during supercontinent formation in an isolation regime, as outgassing
and surface weathering rates decline. Inclusion of this intensifying of the seafloor weathering sink leads
to a prediction for a colder world when a supercontinent is assembled compared to one governed by, for
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example, surface weathering alone. An important caveat is that this picture assumes that normal faults are
permeable on average, that this permeability remains open, and that processes governing a reaction-driven
production and destruction of permeability (e.g., Peuble et al., 2018; Rudge et al., 2010) are in approximately
steady-state over order 10°- to 10°-year time scales (and that a steady-state exists).

Our proposed tectonic control on permeability and, thus, on the extent of the interaction of hydrothermal
flows with mantle rocks is in contrast to the typical view of how seafloor weathering operates (e.g., Spivack
& Staudigel, 1994). Thus, some additional comments are warranted. Conventionally, reactive hydrother-
mal flows are thought to be controlled volcanically and concentrated within the permeable lava pillows and
flows forming basaltic crust at MORs (e.g., Alt & Teagle, 1999; Brady & Gislason, 1997). Seafloor weathering
is, on this basis, usually parameterized to be maximized where crustal production rates are high (Brady &
Gislason, 1997; Sleep & Zahnle, 2001). A tectonic control on permeability predicts, by contrast, that seafloor
weathering will be enhanced at slow spreading ridges, where crustal production rates are low. Furthermore,
the strength and character of this seafloor weathering sink for atmospheric CO, will evolve with spreading
rate in a way that is the reverse of the conventional view. However, our picture is potentially in line with
the Gillis and Coogan (2011) findings that the link between CO, uptake and crustal production is at best
tenuous and that the Cenozoic uptake of CO, is on average 2-5 times greater in the Atlantic than Pacific
basin. This interpretation is at odds with the Gillis and Coogan (2011) conclusion that the predominant
control is seawater temperature for a given [Ca*], although these authors do not consider effects related to
the potential for differing hydrothermal flow regimes. Nevertheless, we test this tectonic as well as the con-
ventional volcanic parameterizations for the seafloor weathering sink in climate calculations in section 7.
We show that the choice of seafloor weathering model can exert a strong control over climates predicted
at peak supercontinent formation. For the Rodinia epoch, in particular, we show that whereas inclusion
of this tectonically modulated seafloor weathering sink can lead to panglacial (snowball) climates in the
Cryogenian, such snowball solutions are potentially impossible with the conventional volcanic control. As
a final comment here, it is important to make clear that the two mechanisms are not mutually exclusive.
The two conceptual pictures are endmembers and enter depending on global average MOR spreading and
crustal production rates, which set the relative contributions of each mechanism through the depth extent
of fault/fracture permeability and the vertical thicknesses of pillow/lava flow sequences (7). Our expecta-
tion is for the tectonic control to govern the drawdown of atmospheric CO, during formation in a thermal
isolation-remixing regime where MOR spreading rates are minimized globally. Volcanic control will exert a
strong control otherwise.

4.2. Climate Controls During Supercontinental Breakup and Mantle Thermal Remixing

If the mantle remains thermally well mixed during both formation and breakup, the major effect of opening
oceans and strengthening the surface weathering sink, in turn, is to reduce atmospheric CO, and cause a
colder climate, on average (Donnadieu et al., 2004; Goddéris et al., 2008). A corresponding enhanced delivery
of limiting nutrients to the oceans will lead also to more biologically productive oceans and a potential
proclivity for ocean anoxic events, which we discuss in section 7.

By contrast, in a mantle transitioning from a thermal isolation to a remixing regime, two geodynamic pro-
cesses will act together to modulate a relatively more complex climate response (Figure 2). First, relatively
warm subcontinental mantle will intrude and spread toward mid-ocean ridges between the lithosphere base
and underlying cold, dense oceanic mantle as a relatively low viscosity gravity current (Figure 5). As the
oceanic upper mantle temperature gradually rises, spreading and subduction rates will increase with the
declining suboceanic mantle viscosity along with the rates of mantle melting (Figure 8). This order 10- to
100-million-year transition to a world of predominantly fast spreading ridges potentially causes a marked
transition in the regimes of seafloor and terrestrial surface weathering. In particular, thickening crust at
MORs, adecline in fracture permeability and a resulting reduction in the extent of interactions between sea-
water and mantle rocks with increasing spreading rate will cause this sink to weaken compared to surface
weathering. This predicted evolution is consistent with the enhanced uptake of CO, in the Pacific imme-
diately following Pangea breakup, when tropical SST temperatures are minimized and when we expect
spreading rates to be low (Figure 4).

Depending on the magnitude of lateral mantle temperature variations acquired during supercontinent
assembly, supercontinental breakup can involve spreading continental fragments that overrun adja-
cent subduction zones and drive them into compressional continental arc modes (Lee et al., 2013;
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Spencer et al., 2019) (Figure 2). In addition to their sliding down dynamic topographic gradients, the viscous
coupling of continental fragments to warm mantle material spreading into mid-ocean ridges causes them
to be drawn toward adjacent subduction zones to drive accretion. When such arc-continent collisions are
concentrated particularly within the tropics (Donnadieu et al., 2004; Hoffman et al., 2017; Goddéris et al.,
2008, 2012), uplift, which may be enhanced isosatically by inferred increased silicic magmatism during the
breakups of Pangea and Rodinia (Lee & Lackey, 2015; McKenzie et al., 2016), will increase gradually over
the evolution time of breakup ¢/ (Appendix B). Assuming that orographic precipitation effects on erosion
increase with the height and aspect ratio of the orogeny and with a reduced distance to upwind moisture
sources, this process will stimulate mechanical erosion and strengthen the chemical weathering sink for
CO, (e.g., Dahlen, 1990; Dixon et al., 2012; Hilley & Strecker, 2004; Roe et al., 2008; Whipple, 2004; Whipple
& Meade, 2004, 2006). Potential important consequences of this uplift include the marked exposure of highly
weatherable ophiolite rocks in continent-forearc sutures (Macdonald et al., 2019), although there is current
vigorous discussion of the reality of this compositional control (Zhang & Planavsky, 2019).

In summary, during breakup and mantle thermal remixing, Earth's climate is inherently transient, and the
climate response can be complex. Generally, MOR melting, crustal production, and outgassing increase
depending on the the rate at which the gravity current of warm mantle advances into the MOR melting
region (the depth range over which melting can occur) and the distance over which this flow occurs. We
consequently predict a time lag between the start of breakup and any increase in MOR outgassing rates
that is plausibly of order 10 million years. As this intrusion of warm mantle cools, these rates decay back
toward pre-supercontinent values. At the same time, surface weathering shifts in space as well as in intensity,
while the main mechanical controls over the strength of the seafloor weathering sink evolve. Compared to
a pre-supercontinental world, a qualitative expectation where mantle thermal isolation occurs is that this
period will be marked by a geologically rapid transition from relatively cold to warm worlds, followed by
a gradual recovery. Like the projected cooling at the peak of supercontinent formation, the longevity and
intensity of any warming during this period will depend strongly on the magnitude of the mantle thermal
isolation, which, in particular, governs the change in volcanic outgassing rates as well as the significance and
strength of the tectonically modulated seafloor weathering sink. Where the mantle remains thermally well
mixed and climate is affected only by an evolving strength of the surface weathering sink during formation,
the opposite climate pattern is possible during breakup.

5. Mantle Thermal Isolation-to-Remixing and Global Volcanic Sources for CO,

and CH,: Parameterizations

5.1. Evolving Volcanic CO, Sources at Arcs, MORs, and Ocean Islands

Assuming approximately constant arc and MOR lengths, the change in the global CO, outgassing rate
with supercontinent formation will be governed not only by the extent of any thermal isolation but also by
the longevity of this regime compared to a mantle overturn time. The longer the thermal effect of conti-
nental insulation can remain restricted to mantle below a supercontinent, the larger will be the resulting
ocean-continental mantle temperature and viscosity variations (Figure 9) (cf. Lenardic et al., 2011, and refer-
ences therein), which controls the rate of vertical advection of mantle rocks across their solidus. For a given
ascent speed, the vertically averaged flux of mantle melt depends on the depth range over which the man-
tle temperature T, exceeds the solidus temperature T, (i.e., the melting region height). At each vertical
position in the melting region z, where the average temperature T'(z) is greater than the solidus temperature
T,,» the excess temperature available to drive melting is AT,,(z) = (T(z) — T,))- This temperature difference
implies, in turn, a melt fraction ¢(z) = C,AT,,(2) /L and a melt production rate per area I'(z) = ¢(z)V,,. Here,
C, and L are the specific and latent heats, and V,,, is the average mantle upwelling velocity. The total melt
production per area over the height of the melting region h
systems:

meir 8ives the flux into MOR and arc magmatic

hmelr
Q= / @z, @
0

If the temperature of ascending oceanic mantle is reduced during supercontinental formation, the height of
the melting region will decline, and the flux of melt delivered to the crust and to the surface is less, in turn.
However, mantle upwelling at MORs and at arcs is largely a passive response to subduction, the speed of
which V; is proportional to an appropriate mantle viscosity that increases by about an order of magnitude
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Figure 9. Hypothesized “temporally symmetric” evolutions of the oceanic
mantle temperature during the Pangean and Rodinian epochs. Whereas the
Pangean evolution is ground truthed using observations and geodynamic
models (see text), the Rodininian evolution is proposed on the basis of a
temporally similar cooling-warming climate variability . Assuming
temporal symmetry in the responses of the mantle thermal regime to
supercontinental assembly and breakup, the longer-lived Rodinia
supercontinental epoch will produce a proportionally more extreme lateral
mantle temperature variations (see text). Here the reference “Pangea
Period” is 300 million years, and the vertical dashed lines indicate the start
of supercontinental breakup and mantle thermal remixing.

per 100° of cooling. Neglecting potentially complex dependencies on plate
size, subduction regime, and plate composition (Zahirovic et al., 2015),
we take the global average mantle upwelling rate V,, at arcs and MORs
to be approximately equal to the global average subduction rate. Relative
to a scale for this overturn speed V? in an initial thermally well-mixed
state (Figure 5), the change in subduction rate is approximately (e.g.,
Solomatov & Moresi, 2000)
V. 2/3
5) ©

s o <;
Vo exp(—¢T,,

Here, ¢ is a rheological temperature scale appropriate for mantle rocks
deforming, on average, in a diffusion creep regime (see Jellinek & Manga,
2004, and references therein).

The choice of an appropriate sub-oceanic mantle temperature T, ,
requires discussion. In particular, our models show that lateral temper-
ature variations will be confined largely to the upper mantle over time
scales comparable to the Pangea and Rodinia supercontinental cycles.
Furthermore, the spatial character of lateral temperature variations dur-
ing breakup and mantle thermal remixing can be complex (Figure 5).

The choice of an appropriate average temperature to apply to equation (3) is consequently not straightfor-
ward. Accordingly, rather than specifying T,, , on the basis of modeling results and introducing uncertainty
through some assumption about the extent of isolation, which is then amplified through the exponential
form of equation (3), we will follow Becker et al. (2009) and apply their observational and modeling con-
straints that limit the increase in the spreading rate at the breakup of Pangea to be about a factor of 2 larger
than at present day. This bound on the maximal increase in spreading rate at Pangea breakup essentially
implies an effective thermal mixing extent for the Pangean epoch. We recognize that that the magnitude
of lateral oceanic-continental upper mantle temperature variations are sensitive to the distinctive style and
heat transfer properties of mantle convective stirring motions, which are not uniquely predicted by ana-
log experiments or numerical simulations (Lenardic et al., 2011). Seismic reflection and petrologic studies
of overthickened crust related to the Atlantic Eastern Magmatic Province (Figure 4) and the major ele-
ment chemistry of post-breakup lavas adjacent to rifted continental fragments (Brandl et al., 2013; Kelemen
& Holbrook, 1995) are, however, consistent with lateral temperature variations of around 150 °C at the time
of Pangea breakup. This result is in accord also with a recent global compilation suggesting that upper man-
tle temperatures, crustal production, and cooling rates were enhanced in the Atlantic and Indian ocean
basins compared to the Pacific at 170 Ma (Van Avendonk et al., 2017), a picture which is also inferred on
the basis of the unusually smooth Jurassic seafloor in the Atlantic (Whittaker et al., 2008). On the basis of
these varied observational data, we take the maximum lateral upper mantle temperature variation during

the Pangean epoch to be 150 ° C.

Beyond the post-breakup Cryogenian glaciations and the Ediacaran glacial retreat toward the poles, there
are a dearth of proxy constraints for the detailed cooling-warming climate during the the Rodinia epoch.
However, on the basis of a similar temporal shapes in the trends in proxy data for magmatism and surface
weathering in Figures 3 and 4, we hypothesize similar mantle thermal mixing dynamics. Because we have
no constraints on peak continental-oceanic mantle temperature variations, we make a further assumption
that the extent of oceanic mantle cooling is in proportion to the longevity of this cycle compared to a Pangea
baseline (Figure 9). Although we cannot rule out more or less extensive thermal mixing over the longer
duration of the Rodinia cycle, this assumed temporal symmetry with Pangea is, on average, plausible. In
particular, we can apply results from numerical simulations summarized in Figure 5 and constraints from
published results (see Lenardic et al., 2011, and references therein), which show that the depth-averaged
magnitude of lateral temperature variations ultimately scale with the number of mantle overturns on the
ocean mantle side of a model slab in the case of perfect thermal isolation. An obvious caveat with this
treatment is that in imposing temporal symmetry we are also assuming that there is a qualitative similarity
in the planform of subduction, which determines the lateral heat transfer properties of the mantle flow.
The notable difference between the temporal patterns of LIP volcanism during the breakups of Pangea and

JELLINEK ET AL.

16 of 45



Arru

100

AND SPACE S

Geochemistry, Geophysics, Geosystems 10.1029/2019GC008464

Rodinia (Figures 3 and 4) indicates that this picture should be viewed cautiously and at this stage as only
a reasonable thought experiment. Bearing in mind these assumptions, we test our hypothesis nevertheless
and discuss implications of relaxing this assumption in section 8.

At arcs, the mantle temperature excess (T, . — T, is enhanced during supercontinental formation because
warm mantle is ponded beneath the continent. This effect is, however, modulated by a reduced average
subduction rate related to the effect of relatively strong upper oceanic mantle cooling on the average mantle
viscous stresses retarding plate subduction (cf. equation (2)). Thus, we take the mass flux of CO, related to
mantle melting to be

Farc & Vsﬁ(Tm,c - Tsol)’ (4)

where T, . is the average subcontinental mantle temperature and T, is the mantle solidus. The exponent
B < 1, and we discuss this value below.

In constructing equation (4) we make three assumptions. First, we take the average efficiency of slab
decarbonation, which increases with mantle potential temperature (Dasgupta, 2013), to be approximately
constant and comparable to present day since 1 Ga. Although reasonable as a global average assuming
around ~50K mantle cooling since 1 Ga (Jaupart & Mareschal, 2010), locally this picture may underestimate
CO, outgassing driven as a result of melting relatively warm sub-arc mantle over the duration of a supercon-
tinental cycle. Second, we assume that the average compositions of continental rocks and accreted material
that are involved in melting and magmatism are unchanged. Although probably appropriate for the Nuna
and Rodinia cycles, this assumption leads plausibly to a factor of 2-3 underestimate for the flux of volcanic
CO, from arcs during the breakup of Pangea (Lee & Lackey, 2015; Lee et al., 2013). Finally, we assume that
the total lengths of active volcanic arcs remain unchanged. Rigorous observational constraints on changes
in arc and/or mid-ocean ridge lengths during Rodinia and Pangea supercontinental cycles are challenging,
although recent reconstructions from varied geological data and plate kinematic models suggest increases
in the total length of rifts at the times of Rodinia and Pangea assembly (Merdith et al., 2019) and increases
on the length of continental arc at the start of the breakup of Pangea relative to present day (e.g., Lee et al.,
2013; Miiller et al., 2016; Spencer et al., 2019).

At mid-ocean ridges, the effects of a reduced mantle potential temperature and a slower upwelling rate
compound to reduce overall melting and volcanic CO, outgassing from ridges

Fmor & Vs(Tm,o - Tsol)' (S)

Depending on the extent of thermal isolation and the magnitude of the resulting temperature variations,
the consequences for outgassing as well as for the strength of the seafloor weathering sink for CO, can be
significant. For example, in the special case that mantle melting and crustal production ceases entirely at
MORSs, on the basis of the present-day CO, mass balance, the total global volcanic outgassing of CO, might
be reduced by as much as 50% compared to present day.

Finally, long-time globally averaged volcanic outgassing from ocean islands and LIPs F,;, contributes prob-
ably 10-15% of the global volcanic input of CO, at present day (e.g., Marty & Tolstikhin, 1998). Although
numerical simulations and laboratory experiments (Jellinek & Lenardic, 2009; Lenardic et al., 2011; Robin
et al., 2007; Thayalan et al., 2006) show that the changing planform of mantle stirring during isolation and
in an isolation-to-remixing regime can cause this volcanism to cluster in time after breakup, consistent with
the Pangea proxy data in Figure 4, this behavior is inevitably sensitive to the geometric setup of any model
and to the detailed planform of subducting slabs. Indeed, this sensitivity of the timing of LIP volcanism to the
planform of subduction and MOR spreading is inferred from new plate motion models of Pangea breakup
(East et al., 2019). A practical consequence is that it is not possible to reliably parameterize changes in this
class of volcanism in terms of globally averaged values for V; or T, ,. It is, thus, also not possible to explore
global effects of this volcanism on the strength of the weathering sink for CO,, which we address below. In
calculations below we use the structure of the LIP time series in Figures 3 and 4 to constrain changes in F;;:
Whereas a delayed arrival of mantle plumes following Pangea breakup leads to an enhanced F,;, beginning
around 130 Ma, there is no change in F,;, related to the assembly and the breakup of Rodinia.
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5.2. Abiotic CH, Forcing From MORs in a Low-Oxygen Rodinian World

When a supercontinent is fully formed in an isolation regime, an important additional prediction is that
oceanic crustal production at mid-ocean ridges will be minimized and can cease entirely. An important
consequence is that Earth's oceans will be to a greater extent in contact with mantle peridotite than the basalt
flows and pillows forming oceanic crust. A characteristic feature of present-day deep ocean hydrothermal
vent plumes hosted in such ultramafic rocks within the mid-Atlantic ridge is a very large flux of abiotic
CH, (Bougault et al., 1993; Charlou et al., 1998; German & Von Damm, 2006; German et al., 2010; Kelley
et al., 2005; Konn et al., 2009; Rona et al., 1992). From these observations, as well as modeling (Bradley &
Summons, 2010) and experimental studies of olivine serpentinization (Berndt et al., 1996; Horita & Berndt,
1999), the hydrothermal circulation of seawater with dissolved CO, leads to a volumetrically significant
conversion of Fe(II) in olivine to Fe(IIT) in magnetite and to the production of H, and the release of CH, gas
through “Fischer-Tropsch” reactions of the form:

(Fe, Mg),Si0, + nH,0 + CO, = Mg,Si,0,(0H), + Fe,0, + CH,. (6)

If the resulting flux of CH, into the deep ocean drives a flux of CH, into the atmosphere, in turn, this process
can provide an additional radiative forcing, depending on pO, and the ratio CH,/CO, (Horst et al., 2018).
Furthermore, because the exposure of olivine-rich mantle rocks to hydrothermal seawater is maximized
where the otherwise protective layer of basalt crust is thin or absent, CH, production will be enhanced when
supercontinents are fully formed and minimized during their breakup.

The accumulation in the atmosphere of this abiotic CH, released into the deep ocean depends on sulfate and
oxygen levels and the productivity of methanotrophs (Fakhraee et al., 2019; Olson et al., 2016). In the sulfate-
and oxygen-rich, biologically productive present-day and Pangean oceans, through microbially mediated
anaerobic oxidation of CH, that is coupled to efficient SOi" reduction, little CH, is expected to escape to
the atmosphere (Olson et al., 2016). Furthermore, what CH, enters these oxygen-rich atmospheres will be
oxidized to form CO, within a few years to a decade. By contrast, more of this predicted abiotic methane
flux into the deep ocean is likely to escape a low SOi‘ and low O, Neoproterozoic ocean into the atmo-
sphere (Fakhraee et al., 2019), although this expectation will depend on the predominant methanotrophic
metabolisms, which remain uncertain (S. A. Crowe, personal communications, 2019). Constraining the
magnitude of an abiotic CH, flux to the deep ocean and atmosphere even asymptotically is challenging and
unavoidably speculative. In particular, this flux will depend not only on the average rate of abiotic methane
production but also on complex factors including the magnitude and variability of marine sulfate levels,
the particular metabolisms involved in anaerobic methane oxidation particularly at low SOi‘ levels, the
extent to which the ocean is oxygenated over its full depth, the areal extent of mid-ocean ridges compared
to present day, and the heights to which CH, bubble-rich hydrothermal vent plumes penetrate stabilizing
ocean density stratification, as well as their advection by ocean currents (Carazzo et al., 2013).

For the climate calculations in section 7, we do not try to predict the CH, flux to the atmosphere. We simply
explore greenhouse forcing driven by 10- to 300-ppm CH, to the Neoproterozoic atmosphere (Olson et al.,
2016; Pavlov et al., 2003). This maximal concentration is below values that could lead to haze formation and
associated strong climate cooling through inverse greenhouse forcing (Haqq-Misra et al., 2008; Horst et al.,
2018; McKay et al., 1991). We will show in section 7 that this additional greenhouse forcing can enhance the
likelihood for intermittency of a tectonically driven Neoproterozoic panglacial climate, depending on the
predominant mechanisms of seafloor weathering.

6. Mantle Thermal Isolation-to-Remixing, Weathering Sinks, and a Mechanical
Modulation of the Long-Term Inorganic Carbon Cycle

Over long geological time scales, the rate of change of the concentration or partial pressure of atmospheric
carbon dioxide pCO, depends on the volcanic input of CO, discussed in the last section and the rate at
which this greenhouse gas is drawn down as a result of chemical weathering processes on land and within
low-temperature seafloor hydrothermal systems. Normalized to present-day conditions indicated by the

“

subscript “,” the rate of change of pCO, is
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where 7, ~ 10* [years] is the characteristic response time for the ocean-atmosphere system. This time
scale is governed by processes governing the uptake of atmospheric CO, and carbonate compensation and
is influenced by the total alkalinity of the ocean and the mechanics governing N, P, and Fe nutrient cycling
(Williams & Follows, 2011). Assuming that seafloor and surface weathering processes act over time scales
that are much greater than z,,, which is consistent with the variability evident in Figures 4 and 3, this carbon
cycle can be approximately in balance (quasi steady state), and equation (7) simplifies to

z“Fvolc(t) _ W)

SF oW, ®)
volc,0 0

As an additional comment, in writing equations (7) and (8) we focus on the inorganic carbon cycle because
it is in this contribution that mantle dynamic and plate tectonic controls on the sources and sinks for atmo-
spheric CO, are most clearly expressed. Furthermore, the contribution of inorganic carbon burial to the
carbon cycle is relatively large. On the basis of 8'3C values in the range 0-2%o for Pleistocene carbonates,
the rate of inorganic carbon burial is currently probably a factor of 5 larger than the rate of organic carbon
(8"°C,,y = —25%0) burial to balance the volcanic (5"*C,,;, = —=5%o) input (e.g., Hayes et al., 1999). Assuming
the same 8!3C values for volcanic and organic carbon, the larger 8'3C values for Neoproterozoic cap car-
bonates suggest higher rates of organic burial, although this interpretation is made complex by potential
significant additional diagenetic effects on the structure of the time series data that are potentially enhanced
a low-oxygen Neoproterozoic ocean (Ahm et al., 2018, 2019; Schrag et al., 2013).

6.1. Surface Weathering
On land, the chemical weathering-driven removal of CO, from the atmosphere-ocean system typically
involves the dissolution of silicate minerals through Urey reactions of the form:

H,CO; + H,0 + (pyroxene, olivine, feldspar, etc.) = HCO3™ + (Ca®*, Mg?*, Fe*", ...) + (clays), (9)

where the resultant delivery of divalent cations on the right hand side of equation (9) (alkalinity) to the
oceans leads ultimately to the precipitation and storage of carbonate minerals at the seafloor, which is
ultimately subducted into the mantle.

In soils with a given concentration of reactable mineral faces, for a given surface and groundwater avail-
ability, the rate and extent to which Urey reactions proceed depends on Earth's surface temperature. In this
kinetically limited picture (Kump et al., 2000; White & Brantley, 2019), the weathering rate

W o exp(—G,; ;i/RT); i=g. (10)

Here, for a zero-dimensional model the appropriate temperature T is the global mean surface temperature
of the planet. The strength of the implied “weathering thermostat” (e.g., Li et al., 2016; Walker et al., 1981)
is governed by the magnitude of the activation energy G, the laboratory values for which differ for granitic

“@ » @ »

and basaltic rocks (subscripts “,” and “,”).

More generally, the strength of this sink is modulated by the availability of surface water, which governs
mechanical bedrock erosion, the delivery of fresh (unreacted) silicate mineral faces to growing soil profiles,
and the extent of reactions within soil profiles (e.g., West, 2012; West et al., 2005). To explore the link between
chemical weathering and physical erosion in a transport limited regime involving bedrock erosion, it is
convenient to write

W o E(P(T))*. (11)

In this form, P(T) is a surface temperature-dependent precipitation rate (Pierrehumbert, 2010) and is a proxy
for global mean surface runoff (see Perron, 2017, and references therein). The quasi steady state erosion rate
E balances a long-time averaged tectonic uplift rate in convergent arc settings and depends on the bedrock
being eroded (Whipple, 2004). The power law exponent « is usually obtained from data or models (see
below). From global climate models, compared to present day, precipitation rates increase or decrease by
approximately 3% per degree of warming or cooling (Pierrehumbert, 2010). This relationship will break
down in the limits of global glaciation (P(T) — 0) as well as for extreme greenhouse forcing where the rate
of latent heat release implied by the precipitation rate balances the incoming short-wavelength solar flux.
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Figure 10. Cartoon showing the relationships among subduction rate, one-sided accretion, orogenesis, and erosion at
continental arcs expected to be active during supercontinental breakup. This sketch is for a symmetric critically tapered
wedge (see text). A similar picture holds for the production of plateaux related to continent-continent collision during
supercontinent assembly. One difference is that accretion can be from both sides of the wedge. The notation shown
applies to a scaling analysis for the growth of a wedge-shaped orogen developed in Appendix B.

A power law relationship between weathering and erosion at the landscape scale is consistent with
field-based studies and global compilations for a range of climates and rock types (Ferrier et al., 2016;
Riebe et al., 2004). At convergent continental arcs (Figure 10), a power law behavior is expected on theoret-
ical grounds where accretion can drive a self-similar uplift of approximately wedge-shaped crustal orogens
with a frictional (yielding) rheology (Dahlen, 1984, 1990; Hilley & Porder, 2008; Roe et al., 2006, 2008;
Whipple & Meade, 2004). Consistent with this work, scaling arguments to which we refer in section 1 and
Figures 1 and 2 and develop in Appendix B show that the height and aspect ratio of nascent mountain ranges
will increase as time /3.

Because the climate response to the breakups of Rodinia and Pangea record transients over 1- to
10-million-year time scales (Figures 4 and 3), an important question related to the reality of a meaningful
global mean tectonic control on this response is at what stage in the evolution of a nascent compressional
orogen will erosion and chemical weathering be in balance such that equation 11 holds globally. A bound
on the appropriate time scale is the order 1-million-year chemical weathering response time inferred from
the chemistry of large rivers (e.g., Gaillardet et al., 1999), which is consistent with theoretical considerations
for the fluvial response time governed by a stream-power incision model (Whipple, 2001). Taking critical
evolution times to be 103-10° years for reasonable crustal properties and tectonic conditions (Appendix B),
such ranges will be order 1 km high and order 10?> km wide. For given climate variables (air temperature
and humidity), modest wind speeds of order 10 m/s and droplet condensation altitudes of 2—-4 km, rainfall
will occur over the majority of such extensive windward flank lengths leading to spatially extensive rainfall
and surface runoff (i.e., a maximal “rainfall efficiency” defined as the rainfall rate onto an orogen flank nor-
malized to a droplet condensation rate) (Roe & Baker, 2006) (Appendix B). Over time scales for the climate
change in the proxy data for Rodinia and Pangea (Figures 4 and 3), equation (11) with a globally averaged
temperature-dependent precipitation rate is, thus, reasonable.

Orogens at the margins of continents in the humid tropics will have higher average rates of rainfall on
their windward flanks than interior ranges that are a long distance from moisture sources, leading to a
prediction that the surface weathering sink will be relatively weak during supercontinent assembly and
relatively strong during breakup for a given surface temperature (cf. Figures 1 and 2) (Donnadieu et al., 2004;
Fiorella & Poulsen, 2013). We crudely explore climate consequences of expected reduced total precipitation
rates during supercontinent assembly in section 7 by modifying the total temperature-dependent global
precipitation:

P=YPT). (12)
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Figure 11. (Left column) Time-varying MOR, arc, and ocean island/LIP volcanic CO, forcings drawn from

equations (5) and (4) for (black curves) Pangea- and (blue curves) approximate Rodinia-length supercontinental epochs
assuming temporal symmetry in the mantle thermal mixing response to assembly and breakup (cf. Figure 9). For the
Pangea-length calculation we infer a delayed increase in the ocean island basalt (oib)/large igneous province (LIP)
contribution F,;, from Figure 4. This volcanic forcing is held constant in all Rodinia calculations. Also shown for
comparison is the volcanic forcing inferred from high-resolution sea-level reconstructions and applied in the most
recent Carbon, Oxygen, Phosphorous, Sulfur Evolution (COPSE) biogeochemical model (cf. Lenton et al., 2018). (Right
column) Surface and seafloor weathering responses to the volcanic forcing are for continental and island arc
weathering regimes (CA and IA) (equation (15)) as well as for seafloor weathering (SF) (equation (16)). To isolate the
effects of evolving plate spreading and subduction rates alone, these calculations assume a constant surface
temperature and precipitation rate. Qualitative consequences of increasing or decreasing Earth's surface temperature or
spreading rate are indicated with the heavy black arrows. Changes in the island arc and continental surface weathering
sink strengths are indicated by the ratio of the time scale for the weathering response normalized to the
pre-supercontinent reference value: Where this ratio is less than 1, the weathering response time is reduced in
comparison to a reference response time of 1 million years, and weathering is relatively more intense. Because both the
surface temperature and precipitation rates are held fixed, the island arc regime does not change during these model
supercontinental cycles. Similarly, we compare the evolving strengths of the seafloor weathering sink that increases
with a crustal production rate proportional to V; as per Sleep and Zahnle (2001) (SZ) with the behavior expected if the
sink strength increases as 1/Vj, in response to increasing fault and fracture permeability as V declines. Here the
reference “Pangea Period” is 300 million years (see text).

Here, motivated by the global climate modeling results of Donnadieu et al. (2004) who find nearly a factor
of 2 reduction in total precipitation with a model Rodinia formation, as well as the analytical models of Roe
and Baker (2006) of orographic effects that will evolve with global surface temperature and humidity as the
height and aspect ratio of nascent orogens evolve at differing rates (Appendix B), we prescribe an effective
rainfall efficiency 0<Y<1. To explore parametrically the maximal effects of intracontinental drying during
formation, we carry out calculations for Y = 1 and Y = 0.5 during Pangea and Rodinia assembly. Although
equation (11) with P=P(T)is justified, on average, over the evolutions of the assemblies and breakups of
Pangea and Rodinia, on the basis of recent comparative studies of the Loess Plateau, China, and the Central
Range, Taiwan, we recognize that orographic effects may be complex during the very early stages of orogen-
esis at the margins of spreading continental fragments when topography is potentially far from equilibrium
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(Willett et al., 2014). Furthermore, weathering is not confined to the humid tropics where precipitation rates
are maximized and weathering and physical erosion can also be decoupled with cooler global temperatures
at the start of breakup, as is apparent in proxy data from the South China Sea since 8.5 Ma (Clift et al.,
2014). Accordingly, we also carry out climate calculations with a reduced rainfall efficiency over the model
period representing the time lag between the start of breakup and the subsequent peak in volcanic forcing
corresponding to the arrival of warm subcontinental mantle into the MOR melting region (Figures 9 and 11).

An additional consideration is the value of the power law exponent a. Where long-time averaged
landscape-scale evolution is dominated by fluvial erosion (i.e., fluvial erosion rates are much larger than ero-
sion by abiotic and biotic soil creep processes on hill slopes, Culling, 1963; Gabet et al., 2003; Perron, 2017),
chemical weathering will be rate limited by mechanical erosion and @« — 1 (e.g., Ferrier et al., 2016; Riebe
et al., 2004). By contrast, in steep terrains characterized by episodic landslides, the rapid delivery of mate-
rial outpaces the rate of reaction and @ < 1 (Gabet, 2007). Where the residence time of water stored in soils
trapped within basins adjacent to interior mountains is very large in comparison to the time scale for the
flow of groundwater « — 0 (cf. Maher & Chamberlain, 2014), and we recover equation (10). An additional
process that probably enters into the global surface weathering sink during the ice sheet retreats that we
predict in section 7 to occur during the Cretaceous and in the aftermaths of Neoproterozoic snowball events
is glacial erosion. Because the mechanics and chemical weathering efficiency of this mode are complex and
influenced by the details of glacier sliding (e.g., Egholm et al., 2012; Herman & Braun, 2008) as well as the
meltwater drainage regime (Grau Galofre et al., 2018; Schoof, 2010), we neglect this process here.

Combining mechanical and kinetic considerations, a scaling for the chemical weathering rate of silicate
rocks on land is of the form:

Wy, « E(P(T),V,)* exp(=G,/RT) . =gy, (13)

where the erosion rate, including its explicit dependence on spreading and precipitation rates, enters as
a control parameter we must specify. For island arc erosional regimes that do not involve a tectonically
driven production of topographic gradients beyond volcanism, we assume weathering to be rate limited by
processes acting in soils. On the basis of observational studies (e.g., Dessert et al., 2001, 2003, 2015; Riebe
et al., 2004), in this limit « ~ 1, and whereas the erosion rate depends on the rate of precipitation, it is
independent of the spreading rate V.

If over long time scales mechanical bedrock erosion depends mostly on the average turbulent shear stress
imparted to rock forming river beds or, alternatively, on the power delivered by turbulent motions to do this
work of abrasion, then for a specified erosional efficiency (Whipple & Meade, 2004) the rate at which silicate
minerals are weathered at the landscape scale is

Wy, o P’V exp(=G,/RT) ,  i=gu, (14)
where (Roe et al., 2006) 0.2 < ¢ < 0.33 and 0.33 < y < 0.6. Recognizing the range of precipitation and
accretion controls, we take ¢ = (1/5) and y = (28/5). Here, the subduction rate is related to the accretion
rate F, such that V, « F/. The functional dependence of the accretion rate F, on the subduction rate V, will
depend on factors affecting the mechanical coupling of the downgoing slab to the overlying continent. The
compositions, constitutions, rheologies, and three-dimensional structures of both the continental margin
and the subducting slab, as well as the underlying mantle structure (Moresi et al., 2014), ultimately enter
into this problem. However, a basic control on accretion is the rate of delivery of new material by subduction,
and in the absence of rigorous observational constraints, we take f = 1.

Assuming that accretion occurs at continental arcs and is negligible at island arcs, we normalize the weath-
ering rates to present-day conditions and write a generalized scaling for global silicate weathering rates in
these two tectonic limits (Figure 11):

D ¢su -G,
. 2 s (1 L
W | (5) ew 5 (- 7)) 1

W S (B ) =Cess T
Si,0 }-)—0 ‘./vo exp T 1- T_o CA,

where “IA” and “CA” refer to the “island arc” and “continental arc” weathering modes.

(15)
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Noting the small difference between activation energies for granite and basalt weathering inferred from
field-based studies over varied climatic regimes (cf. Dessert et al., 2001; Kump et al., 2000; Riebe et al., 2004),
and a growing literature suggesting a weak or complex temperature dependence of weathering kinetics (e.g.,
Krissansen-Totton & Catling, 2017; Kump et al., 2000; Riebe et al., 2004; White & Brantley, 2019), we take
G, ~ G, and an average effective activation energy for all rocks G,,, = 40 KJ/mol K. We also neglect the
much higher weathering efficiency of basaltic (or ultramafic) rocks for a given climate regime (Macdonald
et al., 2019; Swanson-Hysell & Macdonald, 2017; White & Brantley, 2019) on two practical grounds. The
first is that the dependencies of basalt and granite weathering rates on surface runoff differ in studies of
individual catchments (Ibarra et al., 2016), which makes parameterizing a global average challenging. Sec-
ond, compared to the Pangean cycle, the relative surface areas of basaltic and granitic rocks exposed to river
systems through the Nuna and Rodinia cylces, including varied and poorly constrained areal extents of LIP
volcanism, are challenging to reconstruct (cf. Bluth & Kump, 1991; Gibbs et al., 1999; Goddéris et al., 2014).

In this parameterization the island arc mode is independent of the subduction rate, and weathering occurs
implicitly within soil profiles of fixed thickness (e.g., Walker et al., 1981; West, 2012). In form, the island arc
scaling is similar to that found by Dessert et al. (2001) in an exhaustive study of the chemical weathering of
the Deccan basalts as well as by Ferrier et al. (2016) for kinetically limited weathering in granitic soils. In a
pure continental arc regime, by contrast, we assume that denudation rates are sufficiently high for weath-
ering to be governed by bedrock erosion (West, 2012) and there is an additional climate regulation through
a power law dependence on V. Indeed, the most significant uncertainty in equation (15) is the functional
dependence of a global average accretion rate on subduction rate for which there are few constraints. For
given rates of subduction, the value for § probably varies with sediment supply and character, as well as
the subduction angle, which affects the entrainment and erosion of this material. We neglect strong com-
positional transients such as rapid emplacements of large igneous provinces (e.g., Cox et al., 2016; Dessert
et al., 2001) and the emergence of ophiolite rocks, which are important features of arc-continent collisions
(Macdonald et al., 2019). We also ignore differences in the dynamics of the hydrologic storage/flow processes
modulating the delivery of alkalinity to the oceans, which will be distinct in the two arc regimes through
factors such as the differing proximities of weathering processes to oceans and differences in continental
dynamic topography (Maher & Chamberlain, 2014) (Figure 1).

6.2. Seafloor Weathering

Carbonate deposition driven by the low-temperature hydrothermal circulation of seawater through perme-
able, highly reactive mantle rocks (Kelley et al., 2001; Ludwig et al., 2006), basaltic glasses, and crystalline
basalt crust provides an additional important source of alkalinity and a sink for atmospheric CO, (Alt &
Teagle, 1999; Brady & Gislason, 1997; Coogan & Gillis, 2018; Gernon et al., 2016; Gillis & Coogan, 2011;
Krissansen-Totton & Catling, 2017; Spivack & Staudigel, 1994; Staudigel et al., 1989, 1996) (Figure 7). At
present day, the flux of seawater through these hydrothermal systems is comparable to the flux of river-
ine freshwater into the ocean (Coogan & Dosso, 2015; Elderfield & Schultz, 1996), and the flux of CO, into
oceanic crust to drive calcite precipitation is also comparable to that which is delivered by MOR degassing
(Alt & Teagle, 1999; Saal et al., 2002). More importantly for the drawdown of atmospheric CO,, the fluxes of
alkalinity into the ocean from seafloor and silicate weathering processes are also of the same order of magni-
tude, although there is considerable uncertainty (potentially 0.5—3x10'2 mol/year from seafloor weathering,
Alt & Teagle, 1999; Coogan & Dosso, 2012; McDuff, 1981; Staudigel et al., 1989, and 3 — 4 x 10'2 mol/year
for silicate weathering, e.g., Francois & Walker, 1992).

The intensity of alkalinity production within low-temperature seafloor hydrothermal systems increases with
seawater temperature, albeit with a complex dependence on the composition of the material through which
water circulates (Brady & Gislason, 1997), is relatively insensitive to pH for cold ocean bottom water temper-
atures with pH >6 (Gislason & Oelkers, 2003), and should also increase with the flow rate through permeable
host rocks. We extend the seafloor weathering parameterizations of Brady and Gislason (1997) and Sleep and
Zahnle (2001), the former of which introduces and calibrates a linear relationship between the temperature
of ocean bottom waters and atmospheric pCO, on the basis of GCM calculations by Manabe and Broccoli
(1985), which is consistent in form to expectations from constraints arising from a recent exhaustive proxy
data analysis (Krissansen-Totton & Catling, 2017). We take the change in the rate of seafloor weathering
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relative to present-day conditions to be

Yo o ( Vs >6Sf<£>gxf( pCo, )axf (16)
Wirio Vo dco pCO,,

Here, the exponent a;, ~ 0.3 (Brady & Gislason, 1997, equation (1)) captures the temperature dependence
of the weathering reactions. We include the dependence on rock composition qc for completeness. However,
we set the exponent 6, = 01in our calculations: Whether a power law dependence on composition is justified
and what is the form of this dependence is unknown.

The dependence on spreading rate enters as a proxy for an increase in deep fault/fracture-controlled perme-
ability and, thus, flow rate, with declining V, which we infer from increases in topographic and gravitational
roughness (Figure 8). Topographic and gravitational roughness data collapse to a power law with e, & —0.95
and suggest that fracture permeability increases approximately in proportion to 1/V,. A significant feature
of this parameterization is that the relative extent to which seawater interacts with mantle rocks as opposed
to basaltic pillows increases as spreading rates decline. How to constrain a dependence of the spatially and
temporally averaged host rock composition on a crustal production rate g,, which determines the thick-
ness of lava flow and pillow sequences and the overall exposure of mantle rocks to seawater, is challenging.
Although a power law dependence is reasonable to expect at large time, the value of 6, is unclear. In our
calculations below, we consequently set 6, = 0.

Although equation (16) with 6, = 0 differs in form only by the sign of the exponent ¢, this parameterization
is distinct physically from that proposed by Brady and Gislason (1997) and Sleep and Zahnle (2001) in two
important ways. First, in taking ¢ ~ —1 rather than ¢ = 1, we depart from a conventional assumption
that hydrothermal circulation is confined primarily to permeable stacks of pillow basalts, which increase
in thickness with V; and crustal production rate. We propose instead that a tectonically modulated deep
regional-scale fracture permeability will exert a greater control over the extent of water-rock interactions and
the resulting flux of alkalinity carried by hydrothermal circulation into the ocean. Assuming that Darcy's law
holds adequately for regional-scale hydrothermal circulation within connected faults and fractures, this flux
will increase in proportion to fracture permeability, which increases as spreading rates decline (Figure 11).

More generally, the value for €;, implies the predominate permeability mode, and the range -1 < ¢, <1
captures, in principle, the extent to which alkalinity production is governed by flow through stacked pil-
low basalts or deep faults and fractures that access mantle rocks. By taking ¢, to be constant and equal
to —1 or 1 over a given epoch provides a way to explore limiting tectonic controls on this sink strength. In
reality, both modes will be active except where crustal production rates are negligible or spreading rates
are exceedingly large. Furthermore, the permeability regime is likely to be further modulated by the effi-
ciency of mineral precipitation and permeability production from these very reactive flows, which will be
enhanced for higher bottom water temperatures and flow rates (Rudge et al., 2010). Last, an additional and
newly quantified contribution to alkalinity production on the seafloor may be the reaction of seawater with
basaltic glasses to form hyaloclastite (Gernon et al., 2016), which is enhanced at fast spreading ridges. The
extent to which this process offsets the control of deep fracture permeability by driving e;, — 1 or affect
the compositional dependence of equation (16) is unknown. As a final comment here, although specula-
tive, our proposed parameterization is plausible. There is, for example, observational support for greater
CO, uptake into basalts along the topographically rough Mid-Atlantic Ridge (MAR) than the fast spreading
and relatively smooth East Pacific Rise (EPR) over the last 40 million years during periods of relative cold
(Figure 4). The apparent similarity in CO, uptake at the EPR and MAR during from ~115 to 45 Ma inferred
from two drill cores supports the potentially strong sensitivity of the weathering reactions to ocean temper-
ature as discussed in detail by Coogan and Gillis (2013). We test the sensitivity of our climate calculations
to the choice of ;, below.

6.3. Supercontinental pCO, Modulation in a Mantle Isolation-to-Remixing Regime on a Constant
Albedo Earth

The kinetics of surface weathering reactions have a dependence on surface temperature that gives rise to
the so-called weathering thermostat (Walker et al., 1981). Consequently, any calculation of the long-term
steady-state pCO, cycle for an Earth with dynamic ice sheets with equation (8) must couple the weather-
ing sink to a climate model involving a radiation balance affected by a changing ice line latitude and an
ice-albedo feedback. We will carry out these numerical calculations in section 7. However, in this section we
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Figure 12. Atmospheric pCO,/pCO,  evolutions calculated with equation (18) for the special case @ = 0.3 and a
constant precipitation rate. For the temporally symmetric Pangea-length (black curves) and Rodinia-length (blue
curves) evolutions, the volcanic forcing shown in Figure 11 is balance by surface weathering operating in the island arc
(IA) or continental arc (CA) mode with and without additional seafloor weathering with £ = —1 or the more
conventional € = 1 (SZ), consistent with Sleep and Zahnle (2001). Through equation (A2) with constant CHy, the
surface weathering rates are each proportional to pCO,/pCO, *C/B1"®) where the quantity 4/B1n(2)C ~ 2.9C with
the climate sensitivity B = 2 [W/K m?]. We take C = (G/RT) ~ 0.1 over the range of published activation energies (G
= 20-100 [KJ/mol], for surface temperatures T sufficiently warm that surface weathering contributes significantly to
the total chemical weathering sink for atmospheric CO,, and with the universal gas constant R = 8.3145 x 103
[KJ/mol K]. To facilitate an approximate analytical scaling with @ = 0.3, we take 4/B1n(2)C = 0.3. These calculations
are for Agr = 0.15. (See text and Appendix A.)

first consider a constant albedo Earth with a fixed precipitation rate to develop physical intuition for how
evolving tectonic controls on the mechanics of surface and seafloor weathering sinks enter into equation (8)
to modulate expected time-varying volcanic CO, sources (Figure 11). We will show pCO, responses for each
of the surface and seafloor weathering modes we consider in section 5 in Figure 12. Because we explic-
itly assume temporal symmetry in the mantle thermal mixing response to supercontinent formation in an
isolation-to-remixing regime, the intensity of the variability in the volcanic forcing during a model Rodinia
epoch is enhanced in proportion to its greater longevity compared the Pangean epoch. Accordingly, to make
clear this control over volcanic forcing, we normalize time to a reference Pangean period of 300 million years
in Figures 11 and 12.

For an Earth composed of fixed areas of land, sea, and ice, we can write the temperature dependence of the
weathering kinetics in terms of pCO,/pCO, , (cf. (A2) with a constant [or specified] pCH,/pCH, ;). For the
special case of @ = 0.3 and the power law exponents ¢ = 0.2, 6 = 1 and £ = 0.1, for a specified precipitation
rate P and no dependence of seafloor weathering on rock composition, we combine equations (5), (4), (15),
and (16) with

W IW,,(t ZW, (0
O _ZWul®, 20, a7
W, | TW, =W,
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to obtain approximately, after algebra using (A2):
1/a
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Here, the subscripts ;, and , indicate surface and seafloor weathering contributions. We take the areal
fraction of the surface weathering sink A, = 0.85 and seafloor weathering A, = (1-A,,), which is plausible
for present-day Earth (Gillis & Coogan, 2011; Krissansen-Totton & Catling, 2017), and potentially a lower
bound (Sleep & Zahnle, 2001).

In this heuristic scaling, volcanic forcing depends on the oceanic mantle temperature change, and a
tectonic control on surface and seafloor weathering enters through power law dependencies on the spread-
ing/subduction rate V and the value of the weathering regime parameter y. Here, y = 0 in a purely island
arc tectonic regime, and y ~ 0.4 in a purely continental arc regime. In Figure 11 the evolving gain or strength
of the weathering sink through model Pangean and Rodinian supercontinental cycles is expressed in terms
of a normalized time scale for the weathering response: Where this ratio is less than 1, the time scale of
the weathering response is shorter, and weathering rates are consequently enhanced compared to the start
of the cycle. For example, during supercontinental formation both volcanic forcing and the time scale for
surface weathering response will decline as V; becomes small compared to present day. As a consequence
of the increase in MOR fracture permeability, however, the time scale for the seafloor weathering response
becomes shorter. During breakup, as volcanic forcing and spreading rates increase, seafloor weathering
becomes negligible, and pCO, is modulated by surface weathering alone. If breakup also drives a transition
to convergent continental arc tectonics, this sink will also increase with V. If we apply instead a more typi-
cal seafloor weathering scaling with € = 1, this sink tracks the behavior of the surface weathering sink, with
a response time that increases to a maximum at supercontinent formation. In section 7 we will show that
this essential difference between the behaviors of these seafloor weathering parameterizations will have sig-
nificant consequences, for example, for the extent to which plate tectonics modulates Earth's entry into a
protracted cold Cryogenian period with global glaciations during Rodinia breakup.

Atmospheric pCO, variability predicted for Pangean- and Rodinian-length epochs with equation (18) are
shown for a constant precipitation rate in Figure 12 for each weathering mode we consider. The magnitude
of the variability is larger for the longer epoch, consistent with the evolving volcanic forcing in Figure 11
to which each weathering mode responds. For an unchanging precipitation rate, when the weathering
response to the mantle-controlled volcanic CO, forcing is entirely in the island arc mode, pCO,/pCO,,
LF,,(AT,,,, /%3, By contrast, where the volcanic forcing is balanced only by terrestrial surface weathering
in the continental mode, the changing rates of subduction and accretion lead to a factor of 2-3 smaller vari-
ability: Minimum and maximum pCO, /pCO, , values at assembly and during breakup are less. If a seafloor
weathering sink is included with a response time that grows or shrinks with reduced or enhanced MOR
spreading and crustal production rates (e;, = 1) (Brady & Gislason, 1997; Sleep & Zahnle, 2001), this vari-
ability is reduced further. By contrast, if the response time for seafloor weathering declines as spreading and
subduction rates grow (g,, = —1), the tectonically driven variability can be 1-3 orders of magnitude larger
in amplitude. This very strong climate sensitivity at assembly, in particular, will enter into our discussion of
Cryogenian global glaciation in section 7.

7. Supercontinental Climate Control in an Evolving Mantle Thermal
Isolation-to-Remixing Regime

To explore more realistic mantle-climate evolution scenarios for Pangea and Rodinia, we now couple the
dynamics of chemical weathering in the long-term carbon cycle to a Budyko-style energy balance model
(EBM) for Earth's climate (Appendix A). In particular, in carrying out these calculations, we allow global
average precipitation rates and the kinetics of weathering reactions to adjust to shifts in surface tem-
perature driven by time-dependent changes in the latitudinal extent of polar ice sheets (the “ice line”),
which has a strong effect on the global average albedo and Earth's average surface temperature, in turn
(Figure 13). In comparison to the atmospheric pCO, predicted with equation (18) (cf. Figure 12), inclusion
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Figure 13. Proxy data from Figures 4 and 3 (top panels) compared with evolutions for Pangean and Rodinian pCO, /pCO, , (middle panels), surface
temperature change AT, and polar ice line latitude (lower panels) predicted by implementing our long-term inorganic carbon cycle model coupled to the EBM
outlined in Appendix A (see text). For comparison, we show a pCO,/pCO, , evolution during the Pangean epoch calculated using the COPSE biogeochemical
model (Lenton et al., 2018). As with Figures 11 and 12, the surface area fractional contribution of the seafloor weathering sink A, = 0.15. Here, pCH, = 5 ppm.
(middle panels) Evolutions of pCO, /pCO, g for the Rodinian (left) and Pangean epochs (right) with seafloor weathering sink strength increasing with MOR
spreading rate (g, =1 cf. Brady & Gislason, 1997; Sleep & Zahnle, 2001, and section 6.2) (magenta line) and increasing with declining spreading rate as we
propose (5, = —1 in equation (16), cf. section 6.2) (heavy black curve). The two limiting values for £, are upper and lower bounds expected from our model:
Both mechanisms will contribute to seafloor weathering except in the special circumstance of zero MOR crustal production. (bottom panels) Corresponding ice
line positions (dash-dot curves) and surface temperature changes (solid lines) for seafloor weathering with £, = —1 (black) and £ = 1 (red). Also shown are
calculations for reduced precipitation rates (Y = 0.5) for seafloor weathering with £;, = —1 (blue) and £, = 1 (magenta) (see text). Calculations incorporating
additional modest effects of crustal composition (0.2 > 6, > 0 in equation (16) for the specified ;; values) are not shown but give intermediate solutions.

of an EBM-controlled global surface temperature control over global mean precipitation rates and the kinet-
ics of terrestrial surface weathering will produce generally more modest pCO, maxima during breakup and
similar or greater pCO, minima at assembly, depending on the seafloor weathering mode.

Although more complete than the scaling results presented in section 6, the goal of these calculations is not
to reproduce the detailed climates of the Mesozoic and Neoproterozoic but to understand basic tectonic con-
trols on the cold-warm climate variability that characterized both periods in greater detail. Indeed, whereas
a cooling-warming climate variability is a robust feature of a mantle thermal isolation-to-remixing regime,
the precise timing and intensity of this variability depends on the setup of the mantle thermal mixing model,
as we discuss above and return to below. Here, we retain the assumption of temporal symmetry between
the mantle responses to the Pangea and Rodinia supercontinental epochs (cf. Figure 9) as well as a constant
Ag, = 0.85, not inconsistent with recent inferences for the Mesozoic and present day (e.g., Krissansen-Totton
& Catling, 2017). We also assume a symmetric northern and southern hemisphere continental distribution,
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which simplifies our EBM calculations to be one-dimensional (zonal) and appropriate for capturing the
predominant contributions of reconstructed continental areas centered roughly on the equator to the mean
albedo. This setup allows for polar ice caps as well as ice-free and panglacial (“snowball”) climates that are
an intrinsic property of state-of-the-art global climate model calculations (e.g., Abbot et al., 2013; Fiorella &
Poulsen, 2013; Pierrehumbert et al., 2011). To limit the model parameter space and not introduce additional
degrees of freedom in the absence of similarly rigorous observational constraints for both epochs, we again
take arc and MOR lengths to remain unchanged through the Pangean and Rodinian cycles. We neglect, for
example, new plate motion modeling constraints suggesting that an increase in MOR length contributed to
a factor of 2 increase in the flux of material subducted at continental arcs from 180 to 130 Ma (East et al.,
2019). We also ignore contributions of crustal carbonate to magmatism and to topography production and
weathering since Pangea breakup (Lee et al., 2013, 2015). For the Pangean epoch, in particular, our approach
links the predicted climate change explicitly to the spatially averaged mantle thermal history in Figure 9
using three constraints from the proxy data discussed in section 2 (cf. Figure 4): (a) the inferred lateral
continental-oceanic mantle temperature variations, (b) the structure of the time series of LIP volcanism,
and (c) the evolution in MOR spreading rate.

For surface weathering sinks, we prescribe a smooth transition from a purely island arc mode to a purely
continental arc mode with the supercontinental breakup indicated in Figure 13. In reality, this transition
is unlikely to be smooth at the start: Breakup will probably produce topographic disequilibrium the char-
acter of which is currently manifest on Taiwan (Willett et al., 2014) that can drive complex orographic
as well as erosional responses. The rainfall efficiency Y introduced in section 6 will, for example, proba-
bly evolve with collisional orogen aspect ratio toward our parameterized global mean value that is set by
surface temperature. To build intuition of this transient as well as that related to uplift during superconti-
nent assembly, we carry out crude calculations with reduced total precipitation. In addition, following the
breakup of Pangea surface weathering was potentially enhanced in response to temporally clustered large
igneous province-related basaltic volcanism (Figure 4) (e.g., Dessert et al., 2001). To explore potential effects
of expected abiotic CH, production at MORs (cf. section 5), we include 10- to 100-ppm methane during the
low-oxygen Rodinian epoch (e.g., Fakhraee et al., 2019; Olson et al., 2016; Pavlov et al., 2003; Roberson et al.,
2011). By contrast, we assume that little CH, leaves the ocean to enter the atmosphere in the Mesozoic and
carry out calculations for 5 ppm CH,.

To understand the sensitivity of the results to whether seafloor weathering is governed by our proposed tec-
tonically controlled fault/deep fracture permeability (cf. (16) with exponent ¢, = —1) or the permeability
of MOR lava flows (equation (16) with exponent £;, = 1), we carry out calculations with both weathering
parameterizations. As a final remark here, our calculations are intended only to build understanding of gen-
eral climate trends related to supercontinental cycles occurring in a mantle isolation-to-remixing regime.
Although our models are highly simplified, predicted steady-state climates at each stage of the Pangean
and Rodinian evolutions would serve as useful starting conditions for full global climate model (GCM)
calculations.

7.1. Cooling-Warming Variability Related to Pangea: From Midlatitude Jurassic Ice Sheets

to Ocean Anoxia and Cretaceous Warming

The precise timing of a mantle dynamic contribution to the Mesozoic climate change in Figure 4 rel-
ative to the well-established start of Pangea breakup depends on the detailed character of the mantle
response to Pangea assembly and fragmentation. In particular, whereas we can reliably constrain a 10- to
100-million-year time lag between the start of breakup and the pCO, response in the surface Earth sys-
tem (cf. equation (1)), predicting the exact timing and magnitude of this climate change inevitably depends
on the model for thermal isolation and remixing, and, thus, we rely on the proxy data in Figure 4. For a
specified magnitude of lateral temperature variation (cf. section 5), the temporal form of the climate vari-
ability is, however, a robust feature of the thermal isolation-to-remixing regime (cf. Figures 9 and 11).
Consequently, we use our climate calculations to address three questions related to the extent to which
a mantle isolation-to-remixing thermal regime driven by the assembly and breakup of Pangea ultimately
paced Earth's Jurassic-Cretaceous cooling-warming climate oscillation (Figure 4). The first is simply: Can
we understand the qualitative form of the tropical sea-surface temperature evolution in Figure 4? Second,
is our predicted climate change consistent with shifts in the latitudinal position of polar glacial ice lines
inferred from geological data? Finally, is the predicted terrestrial surface weathering contribution to this cli-
mate variability consistent with the occurrence and timing of discrete and global ocean anoxia events (OAE1
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and OAE2, Figure 4) which may be partly related to enhanced nutrient delivery governed by land surface
processes?

From an initial steady-state model mantle-climate system, the mantle thermal isolation-to-remixing model
with a seafloor weathering strength that increases as MOR spreading rates decline predicts that pCO, will fall
to about 5% of the initial value with Pangea formation and overshoot by a factor of around 100 with breakup
of the supercontinent, following a time lag of around 50 million years (Figure 13). By contrast, with a Sleep
and Zahnle (2001)-style seafloor weathering mode that increases in strength with MOR crustal production
rate, pCO, falls to about 13% of the initial value at formation and overshoots by around a factor of 50 during
breakup. For both seafloor weathering models, the corresponding global average temperature variation is
similar in form to the tropical sea-surface temperature record, although characterized by higher amplitude
variability. Peak cooling and warming are reduced and increased for a factor of 2 decrease in the precipitation
rate for Y = 0.5. Finally, the maximal increase in terrestrial surface weathering strength required to enforce
the steady-state CO, mass balance implies an enhanced delivery of nutrients to the oceans that is correlated
with temporally clustered global ocean anoxia events (Figure 4, Jenkyns, 2010, 2018).

The model Pangean epoch ice line begins in the high latitudes, advances to around 50° N and S prior to
breakup and retreats to the poles as pCO, rises to a maximum at 120 Ma, before recovering a 80° N/S latitude
by around 30 Ma. The character of the predicted climate change is similar in form to the pattern of variability
in reconstructed sea-surface temperatures (Figure 13). The peak ice line advance with the strongest cool-
ing is less with a Sleep and Zahnle (2001)-style seafloor weathering mode and for a reduced precipitation.
However, polar ice persists until 120 Ma, nevertheless. These predictions for the occurrence and latitudi-
nal extent of a persistent dynamic ice sheet well into the start of the Cretaceous warm period evident in
SST data between 160 and 60 Ma (Figure 4) are consistent qualitatively with global peaks in the frequencies
of occurrence of the calcite pseudomorph glendonite as well as glacial deposits such as dropstones (Price,
1999; Price & Nunn, 2010), which indicate deep ocean temperatures <4 ° C. That polar caps persisted in
spite of overall very strong Cretaceous global warming is also consistent with high-latitude ice-rafted debris
(Frakes & Francis, 1988; Frakes et al., 1995, 2005). In addition, §'80 and &'3C data from glendonites and
belemnites from the Euromanga basin, Australia, as well as other basins of comparably high paleolatitude,
indicate very cold ocean bottom temperatures at latitudes of around 70° S (De Lurio & Frakes, 1999) during
the warm period between 140 and 100 Ma.

An additional implication of a persistent ice sheet during the Cretaceous warm period is that the well-known
intermittent cold excursions (e.g., Lee et al., 2013), which are evident in paleosea-level reconstructions (Haq
et al., 1988; Miller et al., 2005), in proxy data for Cretaceous Arctic deep ocean temperatures (Price & Nunn,
2010), and varied proxy data from a broad range of paleolatitudes (e.g., Amiot et al., 2011; Stoll & Schrag,
1996) are not unexpected. The presence of polar ice indicates that Earth's climate is sufficiently cool that
small changes in the global radiation balance related to, say, orbital forcings or protracted volcanic aerosol
forcing (e.g., “Climate change 2007: The physical science basis. Contribution of Working Group I to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change,” 2007; Ridley et al., 2014;
Schmidt et al., 2012, 2016) will drive ice line advances or retreats, affecting Earth system characteristics such
as sea level, in turn. Although tractable within this modeling framework, these additional effects are beyond
the scope of this paper.

That our predicted Pangean climate variability is enhanced particularly in the magnitude of projected warm-
ing is partly an expected consequence of our conservative parameterizations for the surface weathering sink
for CO, during and after breakup. In particular, we neglect a number of potentially significant, albeit com-
plex, contributions to the total flux of alkalinity to the oceans that will affect the magnitude of the variation
but not the overall climatic trend. We ignore the notable addition of highly weatherable LIP basalt between
120 and about 80 Ma (Figure 4) and the uplift of basaltic seafloor (Macdonald et al., 2019) during breakup
along with a possible increase in the total length of continental arcs during breakup (Lee et al., 2013). We also
neglect the expected changing conditions for hydrologic storage and flow to the oceans related to changes
in dynamic topography (Maher & Chamberlain, 2014), as well as effects on the efficiency of surface weath-
ering sinks for CO, related to the greater surface area of fragmented continental margins. Indeed, whereas
our expectation of a persistent dynamic ice sheet through the Cretaceous warm period is qualitatively con-
sistent with geological data, our conservative treatment of the surface weathering sink for CO, contributed
to an overly warm model Pangean Earth. The failure of the model to explain the tropical SST proxy data
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over the last 40 to 50 million years is unclear but possibly related partly to the §'®0-based SST proxies being
affected by the appearance of extensive Antarctic and Greenland ice sheets (e.g., Zachos et al., 2008, and ref-
erences therein) and their attendant effects on the global freshwater mass balance. Furthermore, that peak
surface temperatures occur approximately order 10 million years earlier than observed is a consequence of
the form of the mantle transient in our models and is not critical to the comparison of the predicted and
inferred climate trends.

Asafinal comment here, although our simplified treatment of the dynamics modulating particularly surface
weathering effects on pCO, will certainly affect the magnitude of the climate change, a climate cool-
ing/warming trend is inevitable through the Pangean epoch nevertheless. This climate change is driven by
expected large-amplitude variations in volcanic CO, forcing that are in marked contrast to the more con-
ventional factor of ~2 variation inferred predominantly from sea-level reconstructions (Figures 4 and 11).
Indeed, our model places a much greater emphasis on the mantle convective and tectonic control of the
Pangean climate variability than is conventionally applied (see Lenton et al., 2018, and references therein).

7.2. Cooling-Warming Variability Related to Rodinia: Global Glaciations and a Tropical
Aftermath to the Cryogenian

The extent to which the mantle thermal isolation-to-remixing response to the formation and breakup of
Rodinia modulated volcanic outgassing and weathering processes to ultimately pace Earth's enigmatic Neo-
proterozoic climate is a critical issue. In addition to being among the most enigmatic epochs in Earth history,
this remarkable period was terminated by the abrupt rise of complex animals (Knoll, 2011) following the
Gaskiers glacial advance at around 580 Ma. Whether a supercontinental modulation of this climate provided
a critical driving environmental stress is unclear and certainly beyond the scope of this paper. However, a
major aim of this paper is to identify and understand the specific expression of the very rich mantle dynam-
ics of this period in the surface Earth system. Accordingly, we address two questions. First, can predicted
volcanic and weathering regimes that lead to an cooling-warming oscillation analogous with the Pangean
epoch explain Earth's entry into, and exit from, a Cryogenian period characterized by a proclivity for inter-
mittent global glaciations or “snowball solutions”? Second, are the same transient dynamics of breakup also
responsible for the abrupt termination of the short-lived Marinoan global glaciation (640-635 Ma) compared
with the long-lived Sturtian event (717-662 Ma) (Macdonald et al., 2010; Rooney et al., 2015), and consistent
with the comparatively brief (340 thousand-year-long) Gaskiers glaciation at 580 Ma?

Although the climate of the Neoproterozoic is now well characterized (Hoffman et al., 2017), compared with
the Pangean cycle, there are objectively fewer observational or proxy constraints on the tectonic, mantle
dynamic, volcanic, and weathering regimes during the formation and breakup of Rodinia. Although our
assumed temporal and mechanical symmetry with Pangea is a reasonable starting point, to the extent that
the timing of LIP volcanism relative to the formation and breakup of Rodinia reflects partly the spatial
character of mantle convective stirring and thermal mixing, this assumption must be viewed cautiously. For
example, in contrast to a Pangean epoch marked by extensive LIP volcanism only after breakup, extensive
LIP activity occurred continuously over much of the Rodinia episode, potentially indicating a difference in
the structure of mantle overturning motions (Figure 3).

Key to applying a Pangea-style mantle thermal mixing picture to Rodinia is to resolve the timings of both
the breakup of the supercontinent and the expected syn- and post-breakup increases in volcanism and CO,
outgassing we discussed briefly in section 2. On the basis of careful paleomagnetic plate reconstructions,
stratigraphic studies, and high-resolution geochronology, the supercontinent Rodinia was formed by about
1-1.1 Ga (Li et al., 2008), in a low-latitude/equatorial position by about 780 Ma, and began breaking up
in earnest between 720 and 650 Ma (Li et al., 2013) and was fragmented by about 600 Ma. In addition,
recent exhaustive statistical analyses of the U-Pb age distributions from detrital zircons provide a clue for
the relationship between the formation and breakup of Rodinia and the evolving dynamics of continental
arc magmatism (Gehrels, 2014; McKenzie et al., 2014, 2016) (Figure 13). To the extent that the sedimen-
tary record of zircon accumulation accurately reflects magmatic zircon production at active and actively
eroded continental arcs (cf. section 2), whereas silicic magmatism was apparently minimized between 900
and about 750 Ma, it increases to a peak at about 600 Ma and declines to a minimum value by 520 Ma
(McKenzie et al., 2016). Such steadily increasing rates of delivery of eroded material as well as continental
magmatism are potentially consistent with a synchronous monotonic increase in Neoproterozoic seawater
87Sr /86 Sr from 0.7055 to a value of 0.7067 at 665 Ma, followed by stepwise increases to approximately steady
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values of 0.7075 by 621 Ma and a peak of 0.7085 by 565 Ma (Halverson et al., 2007) (Figure 13). This behavior
is also apparent in recent time series of 8'80 on zircons the variability of which is proposed to correlate with
surface weathering rate (Hartmann et al., 2017) (Figure 3). The maximum rate of increase is between about
640 and 560 Ma that is broadly consistent with the peak in zircon ages. Bearing in mind that an accurate res-
olution of the timing of peak magmatism and/or surface weathering rates is a critical gap, we use these loose
sedimentary zircon, seawater Sr isotopic and §'0,;,.,, constraints only to position approximately where in
the geological record our model peak in volcanism might be expressed following breakup. We do not use
these data to influence the shape of the coupled mantle-climate evolution (Figure 13), which we assume
to be proportional to the Pangean epoch (Figure 9). We return to challenges emerging from applying this
assumption in detail at the end of this discussion.

In marked contrast to the calculation for Pangea, compared to the initial steady-state mantle-climate system,
the mantle thermal isolation-to-remixing model with a seafloor weathering strength that increases as MOR
spreading rates decline predicts that pCO, will fall by an additional order of magnitude with Rodinia forma-
tion. With breakup, compared to the Pangea calculation, pCO, overshoots the initial value by an additional
factor of 6 (Figure 13). By contrast, implementation of the Sleep and Zahnle (2001)-style seafloor weathering
model leads to more moderate variability where pCO, falls to about 1% of the initial value at formation and
overshoots by around a factor of 170 during breakup. Consistent with expectations from equation (1), the
predicted peak cooling persists well into Rodinia fragmentation as mantle thermal remixing occurs. How-
ever, the model cold period emerges prior to the Sturtian glaciation and that the Marinoan event occurs
close to where some of the highest pCO, values occur during the remixing phase of the mantle response.
This feature of the calculation is a consequence of our assumed temporal symmetry in the mantle thermal
mixing responses to Pangea and Rodinia formation and breakup, and we will return to this timing issue
below. Compared to the Pangean calculation, the more intense climate variability arises because the greater
longevity of this supercontinent leads to proportionally larger relative oceanic mantle cooling (Figure 9), to
reduced mantle melting and volcanic CO, outgassing (Figure 11), and to a lower spreading rate minimum
prior to breakup, in turn.

The enhanced climate change is also related to the large sensitivity of the weathering response to the mode
of seafloor weathering (Figures 11 and 12). Depending on the parameters applied to the seafloor weathering
model, during model Rodinia formation, the ice line advances from 65-75° N or S to 50-0° N or S, respec-
tively. If our proposed tectonically modulated seafloor weathering sink is appropriate (¢, = —1), Cryogenian
global glaciation is an inevitable consequence of our mantle dynamic model. This result is largely insen-
sitive to reasonable changes in parameterizations for the mean albedo of Earth, the mean albedo for the
atmosphere, and the strength of imposed meridional heat transfer. In comparison to the Pangea calculation,
a reduced rate of precipitation with formation has a negligible effect on the climate largely because the low
temperatures preclude significant terrestrial surface weathering (the response time for surface weathering
approaches infinity). One caveat is that the minimum pCO, assumes that the atmosphere and ocean remain
coupled physically to allow for air-sea exchange of CO,. This picture is incorrect or at least misleading if the
oceans are covered in a crack-free ice shell over million-year time scales. Our picture is, however, justified
if this ice shell is either fractured or has small areas or oases of open ocean that enable air-sea gas exchange
(Goodman & Strom, 2013; Higgins & Schrag, 2003; Le Hir, Goddéris, et al., 2008; Le Hir, Ramstein, et al.,
2008). Nevertheless, our predicted pCO, minima for the Cryogenian are potentially low.

By contrast, if seafloor weathering increases with spreading and crustal production rates (e, = 1) (cf.,
Brady & Gislason, 1997; Sleep & Zahnle, 2001), this sink, along with surface weathering, will approach zero
strength as spreading rates become negligible and the maximum decrease in pCO, is limited to be about
a factor of 100. Global glaciation does not occur in this scenario in our models because the steady-state
atmospheric pCO, remains too high. This prediction should be viewed, however, as an upper bound. If the
total seafloor weathering response involves even a very small contribution (<5% by area, say) from a region
where our proposed tectonic control enters the mechanics of this sink and e;, = —1, global glaciation is
possible. Furthermore, even if seafloor weathering acts entirely in a mode where ;, = 1, the predicted
decline in pCO, is significant, and the latitudinal extent of Earth's glacial mean-state climate will be par-
ticularly sensitive to the effects of external triggers such as the recently proposed volcanic aerosol forcing
related to the eruption of the Franklin large igneous province (Macdonald & Wordsworth, 2017). However,
enhanced warming through a hypothetical factor of 2 decline in precipitation during formation and at the
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Figure 14. Evolutions for Pangean and Rodinian pCO, /pCO, y, surface

temperature change AT, and polar ice line latitude predicted with Possibly more remarkable even than the occurrence of intermittent global
pCH, = 200 ppm and a reduced Ay, = 0.075 (thin black line) and with glaciations in the Neoproterozoic is that the Marinoan event was nearly
pCH, = 300 ppm and A, = 0.075 (heavy black lines). Compared with an order of magnitude shorter in duration than the Sturtian. Following

Figure 13, the calculation with pCH, = 200 ppm produces a shorter period
of global glaciation and a reduced pCO, /pCO, , variability. Global
glaciation does not occur for pCH, = 300 ppm (see text).

a ~60- to 70-million-year time lag after Rodinia breakup, over the model
interval of 685-665 Ma, enhanced volcanic CO, outgassing causes pCO,
to rebound from the very low values that permitted global glaciation to
values that are a factor of 10° greater than the preformation basic state. In
away qualitatively similar to the Pangea calculation, this behavior reflects enhanced volcanic outgassing and
a transition away from a pCO, sink governed globally by seafloor weathering processes to one controlled by
intense surface weathering operating at the margins of spreading continental fragments in a continental arc
regime. As with Pangea, by neglecting compositional controls including the likely emergence of ophiolite
rocks in forearc-continent sutures during breakup (Macdonald et al., 2019) and by fixing MOR and arc
lengths, we almost certainly underestimate the strength of this surface weathering sink and overestimate
the peak pCO,.

As a final remark in this discussion, the character of the mantle thermal evolution imposed through our
assumed temporal symmetry with the thermal mixing regime of the Pangea epoch (cf. Figure 9) is potentially
inconsistent with an Edicaran Gaskiers-like glacial advance to midlatitudes at 580 Ma. If this comparatively
brief period of climate cooling is a feature of the mean-state climate of this period, on the basis of the Rodinia
calculations in Figure 13, a return to a thermally well-mixed mantle leaves at least 10-100 times too much
CO, in the atmosphere to be consistent with an ice line at 60°-<40° S (Trindade & Macouin, 2007). The
predicted high-latitude ice line shown in Figure 13 is, in detail, not appropriate until near the start of the
ice-free Cambrian period at 541 Ma. A failure of the model to produce a mean-state climate consistent with
the Gaskiers event may, thus, reflect that our assumed temporal symmetry with the Pangean mantle ther-
mal mixing behavior breaks down in detail during the waning stages of Rodinia fragmentation. Although
this reality would be unsurprising given the simplicity of our problem design, this interpretation is, however,
frought. Because the longevity of this glaciation is an order of magnitude shorter than the Marinoan event
and comparable in duration to a surface weathering response time that is predicted to be reduced compared
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to the 1-million-year reference we apply (Figure 11), it is difficult to argue that it is a feature of a mean-state
climate. More likely is that this glaciation was a climate excursion reflecting the response of the surface Earth
system to transient or impulsive triggers we do not consider such as periods of intense stratospheric vol-
canism, anomalously intense chemical weathering, or both. Viewed this way, our predicted average climate
enters primarily through establishing the time scale for the recovery of a plausible background mean-state
climate.

7.3. Extensive Mantle Thermal Mixing, the Irrepressibly Clement Climate, and the Potential
Challenge of Extensive Magmatism During the Nuna Epoch

In contrast to the cooling-warming climate variabilities that define the Rodinian and Pangean superconti-
nental cycles, the longer Nuna epoch is remarkable for an absence of recognizable climate change. If the
extent of mantle thermal mixing ultimately governs Earth's climate response to supercontinental cycles, one
interpretation of the previously enigmatic resilience of the Nuna climate is that it simply reflects a period of
extensive mantle thermal mixing. As we discuss in section 3 and summarize schematically on the basis of
published studies reviewed in Lenardic et al. (2011) in Figures 2 and 1, supercontinent formation can mod-
ulate mantle convective motions to produce the thermal isolation regime we infer for Pangea and Rodinia,
but it can also drive very efficient mixing (cf. Lenardic et al., 2011). The key control on the extent of thermal
mixing is the spatial arrangement of subducting slabs. Where a slab curtain around a nascent supercon-
tinent emerges, the extent of thermal isolation depends on its continuity and permeability. For partial or
nonexistent slab curtains, thermal mixing can remain extensive through the assembly and breakup of a
supercontinent. An unchanged (or even enhanced) rate of volcanic CO, source in this regime, balanced by
a weakened surface weathering sink that concentrated in the dry interior of Nuna, a long distance from the
oceans, is likely to lead to both little climate variability and an overall warmer climate, on average. Indeed,
our climate calculations for the Nuna epoch with a constant volcanic flux, a background pCH, = 5 ppm, and
a prescribed 40% decline in total precipitation at peak supercontinent formation (cf. Donnadieu et al., 2004)
predict an approximately factor of 10 increase in pCO,, a nearly 7° increase in the global surface tempera-
ture and the retreat of initial high-latitude ice sheets to the poles. Such a picture is consistent with the dearth
of evidence for significant polar ice sheets during this period in spite of an extensive sedimentary record.

As an additional remark, that Nuna assembly is correlated approximately with the end of a well-known peak
in the global expression of banded iron formation (Isley & Abbott, 1999) is potentially unsurprising within
the framework of our model. We expect that the continental surface weathering-related flux of Fe** from
particularly subaerial large igneous provinces and exposed ophiolite rocks, as well as the delivery of limiting
nutrients that drive biological productivity, to decline as Nuna forms (cf. section 4.1). Although provocative,
the extent to which this modulation of the requisite anoxic and ferruginous ocean conditions is related to
the decreasing strength of the surface weathering sink for CO, expected with Nuna assembly and not simply
related to the timing of large igneous province magmatism (Isley & Abbott, 1999) is, however, unclear.

Finally, although the absence of significant ice sheets is an explicit prediction for the Nuna epoch if the man-
tle remained thermally well mixed, the well-established correlation with unusually extensive anorogenic
intraplate silicic magmatism is a potential challenge to our picture. For example, vigorous crustal magma-
tism between 1.7 and 1.2 Ga is expressed through the production, rise, and emplacement of the vast majority
of crustally derived anorthosite massifs in the geologic record as well as related silicic magmatism (e.g.,
Ashwal, 2013; Emslie, 1985; Longhi, 2005; Morse, 1982). Much of this activity occurs between 1.5 and 1.3 Ga
and is associated directly with the breakup of Nuna (e.g., Condie, 2002; Ernst et al., 2008; Fan et al., 2013;
Hoffman, 1989; Hoffman et al., 1989; Zhang et al., 2012). Whether this extensive magmatism reflects an
increased mantle heatflow related to effects of the Nuna supercontinent on the structure and planform of
upwelling motions in a thermally well-stirred mantle (Hoffman, 1989) or requires enhanced subcontinental
mantle temperatures and melting more characteristic of mantle thermal isolation is unclear on petrologic
grounds (e.g., Longhi, 2005; Morse, 1982; Taylor et al., 1984)Enhanced mantle temperatures are, for exam-
ple, not required by statistical reconstructions of the MgO contents of mafic melts and of the extent of mantle
melting during this period (Keller & Schoene, 2012). However, a marked feature of simulations with exten-
sive (or assumed extensive) mantle thermal mixing is that mantle upwelling flows can become reorganized
and focused beneath a growing or well-established supercontinent (e.g., Coltice et al., 2009; Grigné et al.,
2007; Holmes, 1931; Lenardic et al., 2011; Li & Zhong, 2009; O'Neill et al., 2009; Pekeris, 1935; Rolf et al.,
2012). Thus, an absence of significant ice sheets and the extensive occurrence of anorthosite massifs and
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related granitic and granodioritic plutonic bodies are not unexpected. More detailed mantle dynamic mod-
els of thermal mixing that incorporate the production, distribution, rise, and differentiation of melts in the
continental lithosphere are required to test the reality that the mantle-controlled global volcanic input of
CO, remained approximately unchanged over this period.

8. Concluding Remarks

The inherent spatiotemporal variability in the style and heat transfer properties of Earth's current plate tec-
tonic mode of mantle convection can have a strong expression in long-term climate change. The intermittent
assembly and breakup of supercontinents that locally insulate the underlying mantle is one class of tecton-
ically driven transient that can modulate significantly global average rates of mantle melt production and
CO, outgassing, as well as the predominant mechanisms for the drawing down of atmospheric CO, through
chemical weathering. Depending on the character and intensity of these effects on the long-term carbon
cycle, supercontinental cycles can drive strong order 100-million-year climate variability or stabilize the
surface Earth system against significant long-term climate change. Bearing in mind the assumptions and
limitations of our models, our work supports a hypothesis that the clement and unchanging climate during
the Nuna supercontinental cycle and the cooling-warming climate variabilities of the Rodinia and Pangea
supercontinental cycles reflect consequences of differing extents of oceanic-continental mantle thermal mix-
ing for both volcanic sources and weathering sinks for CO,. Indeed, our work suggests that the protracted
cooling-warming variability that characterizes particularly the Cryogenian-Ediacaran climates is probably
not possible if the mantle remains thermally well mixed during these epochs. More broadly, that the major
qualitative features of the climates of the Nuna, Rodinia, and Pangea epochs can be understood to some
degree as consequences of Earth's supercontinentally modulated mantle thermal mixing regime is provoca-
tive. In addition to highlighting an inherently mantle convective control, an important general implication
is that qualitative trends in Earth's record of long-term climate variability may ultimately provide novel and
largely unexplored constraints on the character and thermal mixing properties of whatever mode of mantle
convection is active during a given geological epoch.

Our results for the Rodinia and Pangea epochs also highlight key requirements as well as knowledge
gaps related to using order 100-million-year climate variability to infer the mantle dynamics quantita-
tively: Additional proxy constraints on the magnitude as well as the spatial distribution and timing of
oceanic-continental upper mantle temperature variations, along with a thorough characterization of the
kinematics of plate motions since 1 Ga, are critical for improving parameterizations for both volcanic sources
and weathering sinks for CO,. Our assumption of temporal symmetry between the Pangean and Rodinian
epochs, for example, relies on extensive proxy data consistent with the two epochs sharing a similar overall
cooling-warming climate pattern. This assumption may break down with the failure of the model to predict
climate conditions consistent with the Ediacaran Gaskiers glaciation, unless this event is triggered by tran-
sient volcanic or weathering processes that are not included in our model. With more reliable petrologic,
geological, and geochronological constraints on the extent, type, timing, and location in latitude of con-
tinental magmatism and better-resolved Neoproterozoic plate reconstructions constraining the locations,
extent, and geometry of bounding arcs and/or the rate of component plate assembly or fragmentation, such
an assumption may not be necessary. Crucial to this discussion are also more detailed reconstructions of the
evolving locations, lengths, planforms, and longevities of island and continental arcs through these epochs,
as well as the lengths of mid-ocean ridge systems. Given the very strong sensitivity of the Rodinia climate
calculations to seafloor weathering mode, observational as well as modeling constraints on the control of
fault and fracture permeability on seafloor weathering will be key for fully exploring the mantle thermal
mixing control over climate we propose. Furthermore, additional constraints on the mechanics of composi-
tional effects on the global surface weathering sink arising as a result of LIP volcanism and the emergence of
ophiolite rocks in sutures related to forearc-continent collisions will also be important for developing more
robust parameterizations for terrestrial surface weathering in both the island arc and continental arc modes
we discuss.

In this initial and highly simplified thought experiment, the extent to which embryonic supercontinents
are encircled by impermeable subducting slabs governs the lateral advective exchange and thermal mix-
ing of subcontinental mantle into relatively cold suboceanic mantle. These thermal mixing properties can
introduce lateral mantle interior temperature variations that far exceed secular mean internal temperature
changes related to slow cooling of the Earth and will modulate volcanic sources as well as the regime,
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mechanics, and strength of surface and seafloor weathering sinks for atmospheric CO,. Where the process
of supercontinent assembly maintains or enhances thorough lateral mantle thermal mixing and an approx-
imately isothermal internal temperature, volcanic sources potentially remain close to a pre-supercontinent
mantle regime. A migration of the majority of surface weathering into the relatively dry continental interior,
however, can reduce this sink for atmospheric CO,, leading to a warmer world with little long-term climate
change. The absence of evidence for significant ice sheets and of indicators for significant climate variabil-
ity suggest that the the Nuna cycle operated in a thorough mantle thermal mixing regime. To the extent that
anoxic and ferruginous conditions are related partly to nutrient delivery that is modulated by the strength of
the surface weathering sink, such a picture is potentially supported by the notable disappearance of banded
iron formations by the time of Nuna assembly.

In marked contrast, where supercontinent formation and breakup inhibits the lateral thermal exchange
of upper mantle material to drive first thermal isolation followed by remixing, the distinct responses
of volcanic sources and surface and seafloor weathering sinks will cause an order 10?-million-year
long cooling-warming climate variability. This essential prediction is a robust feature of the thermal
isolation-to-remixing mantle regime. To the extent that the magnitude of this climate change reflects an
intensity of isolation proportional to the longevity of the supercontinent in a thermal isolation-to-remixing
mantle convective regime (i.e., temporal symmetry) explains the similar overall climate trends surround-
ing the Pangean and longer Rodinian cycles, as well as related proxy data including Mesozoic episodes of
ocean anoxia during breakup. Through this assumption of temporal symmetry, our work can also explain
significant differences, including the latitudinal extent of polar glaciation and, potentially, the conditions
leading to the occurrence and intermittency of Neoproterozoic global glaciations and the short longevity of
the Marinoan event compared to the Sturtian glaciation. However, our assumed temporal symmetry makes
capturing the precise timing of these events relative to Rodinia breakup challenging.

In more detail, our conclusions for the Pangea-driven Mesozoic cooling-warming climate variability are
largely insensitive to our parameterizations for surface and seafloor weathering and, thus, robust. For the
Neoproterozoic, the occurrence of order 10- to 102-million-year global glaciations consistent with the Stur-
tian and Marinoan events is particularly sensitive to the seafloor weathering parameterization applied and
influenced by the intensity of abiotic methane production through an extensive serpentinization of oceanic
mantle rocks that is predicted to occur with model Rodinia assembly. Panglacial solutions are, for example,
an inevitable consequence of the mantle thermal isolation-to-remixing regime if the strength of the seafloor
weathering strength increases with a MOR fault- and fracture-controlled permeability that is maximized at
the very low spreading rates predicted prior to and during Rodinia breakup. Such solutions are, however,
challenging if the strength of the seafloor weathering sink increases with mid-ocean ridge spreading and
crustal production rate (Brady & Gislason, 1997; Sleep & Zahnle, 2001) because too much CO, remains in the
atmosphere. More generally, very strong global climate cooling at Rodinia assembly is a robust consequence
of the reduced mantle-controlled volcanic CO, outgassing in this mantle thermal regime. An implication
of our work is that under these conditions there will be an inherently greater potential for myriad poten-
tial external triggers of climate cooling not considered in this paper to drive Earth into global glaciation. A
challenge, however, is to sustain such panglacial climates over order 10-100 million years. Finally, inter-
mittent global glaciations in the Cryogenian require snowball solutions to be close to marginal stability. In
our climate calculations, this condition can occur under a range of conditions with 100- to 300-ppm abiotic
CH,. Intermittent global glaciations are also consequently possible at assembly and during breakup if the
seafloor weathering sink, acting predominantly in a conventional regime governed by MOR crustal produc-
tion (Brady & Gislason, 1997), involves even very modest contributions from low-temperature hydrothermal
circulations through fault and fractured rocks at very slow spreading MORs, as proposed here.

Appendix A: One-Dimensional Budyko-Style Energy Balance Model

The weathering sinks for CO, in equations (16) and (15) depend on Earth's global mean temperature T. To
implement a one-dimensional (zonal) Budyko energy balance model to find this temperature as a function
of the extent of polar glaciation (ice line position), we use a meridional coordinate y = sin ¢, where ¢ is
latitude. This coordinate system automatically accounts for the area weighting when computing integral
properties for the radiation balance.
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Following Budyko (1969), the energy balance equation solved at each y is
1 -
0= - a(y,yee)) 7 Lo — OLR(T, CO,,CH,) — k- (T() - 1), (AD)

where k is a meridional heat transfer coefficient, L(f),, is the time-varying incoming solar short-wave radi-
ation (cf. Feulner, 2012), the global mean temperature T = /_11 Tdy, and a(y, y,,) is the area-weighted
albedo determined on the basis of an albedo of the sky including clouds ay, = 0.125 and initial frac-
tional contributions of land (27%, ; = 0.4) and sea (73%, a, = 0.1) that are symmetric about the equator.
These contributions to the albedo are modified by a temperature-dependent ice coverage for which we solve
(Pierrehumbert, 2010; Pierrehumbert et al., 2011). We choose values for k and ay,, such that we recover a
present-day Earth ice line of ~75-80° N/S and global mean temperature of around 288 K.

Through equation (8), any shift in the globally averaged volcanic sources for CO, relative to the
pre-supercontinent value is balanced by a weathering response that depends on T through the kinetic con-
tributions to the seafloor and surface weathering modes. To find the steady-state pCO,, equation (Al) is,
consequently, solved numerically by iterating on the ice line y,, until the ice line temperature satisfies a
freeze criterion . We assume that the Outgoing Long-wave Radiation OLR is a linear function of temperature
T, making it possible to solve for the global mean temperature T given a guess at y,,,:

0=01-a(y, yl»ce))iLo - (A+B-(T- Trer))- (A2)

Here, T,,, = 285K, A = A, — 4log,(C0O,/CO, ) — .036 * (CH,/CH, )/? [W/m’] with A, = 240 [W/m’],
CO,, = 300 [ppm], and CH,, = 1 [ppm] and the climate sensitivity B = 2 [W/K m?]. Once T is known,
T(y) is found analytically.

Appendix B: Scaling Theory for the Growth of a Wedge-Shaped Orogen

Arc-continent collision during supercontinent breakup and continent-continent collisions during assembly
drive orogenesis. This appendix is consistent in spirit with Dahlen (1984) and develops scalings for the time
evolution of the height h(t), width w(¢), and aspect ratio A(¢) of a symmetric, wedge-shaped orogen with a
yielding rheology in response to the one-sided accretion of crust at a continental arc. The same time-varying
functional forms are expected for the construction of a two-sided intracontinental plateau during super-
continental formation. The aspect ratio sets the mean topographic profile that enters into the mechanics
governing the establishing of long-time averaged river profiles that govern the fluvial erosion rate E
(cf. section 6).

This development refers to the problem defined in Figure 10. A quasi-two-dimensional wedge-shaped oro-
gen with height H,, root depth H,, and width W grows through the combined effects of oceanic crustal
accretion and continental crustal shortening driven as a result of the mass flow pV,H, delivered over a
specified time ¢.

Assuming Airy compensation in mantle lithosphere with a density p + Ap, where Ap > 0

H, = (5/Ap)H, (BD)

With (B1), conservation of volume requires that
CW(H, + H,) ~ CRWH, ~ V,H,t, (B2)

where the density ratio R = ((5/Ap)+1) and the geometric constant C = 1/2 for a triangular-shaped wedge.
This density ratio can readily be adjusted for compositional effects including complex mixtures of obducted
oceanic crust, shortened continental crust, and magmatism. From Newton's second law, the steady-state
aspect ratio of the growing wedge (the taper angle, cf. Dahlen, 1984) at any time is governed by a buoyancy
stress arising as a result of lateral variations in hydrostatic pressure that balances the average yield stress 7,
of the orogen (e.g., England & Houseman, 1986; Jellinek et al., 2006). Consequently,

Ty,i ~ ZﬁigHiz/Wmtn’ (BS)
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where i is for either the orogen or the underlying root. We reasonably assume that z, , < 7, and restrict this
analysis to the special case where the orogen strength governs its evolution. Combining (B2) and (B3) gives

H, ~ [(V,H,z,,/2CRpg)]|". (B4)

Similarly,

W, ~ (pg/Cr, ) >V H,t/R)*. (B5)

The ratio of (B5) to (B4) is the aspect ratio of a critically tapered wedge (cf. Dahlen, 1984)

A ~1/C[(VsH,t/R)'(pg/7,,)*?| . (B6)

Differentiating (B6) with respect to time indicates that dA/dt  t~*/* and, thus, that the aspect ratio reaches
a constant value relatively quickly, which helps to justify our steady-state erosion assumption that underlies
our treatment of surface weathering. Climate transients during the fragmentations of Rodinia and Pangea
are 1-10 million years (Figures 3 and 4). A concern raised in the text is the extent to which a nascent orogen
will reach the condition where equation (11) is appropriate.

One issue during breakup is, for example, the extent to which rainfall is distributed over the majority of
windward flanks of growing orogens at fragmenting continental margins such that alkalinity is delivered to
the oceans efficiently by resulting surface runoff. This condition helps to justify the assumption that precip-
ition rates are a reasonable proxy for global surface runoff during these tectonic transients. Recognizing that
orographic precipitation is inherently a regional phenomenon that must be considered cautiously in this
global context, we nevertheless follow Roe and Baker (2006) to build understanding. Assuming that orogen
heights are comparable to or lower than a 2- to 4-km altitude at which droplet condensation occurs, for order
10 m/s of wind speeds, flank lengths must be at least a few tens of kilometers for droplets to form and fall as
hydrometeors to the ground to produce spatially extensive surface water flows (order 10-100 km, say). For
an order of magnitude calculation, over a plausible time scale for weathering and erosion to be in balance
at the landscape scale for a given precipitation rate (e.g., Whipple, 2001) t = 105 — 10° years, a global mean
subduction/spreading rate V, = 1 cm/year, R = 1, p = 3,000 kg/m?, g = 10 m/s?, H, = 5km and a typical
7, mm = 107 Pa predicts an orogen that is around 1-3 km high and 100-140 km wide. We note that this choice
for V, is potentially very low during Pangea and particularly Rodinia breakup and thus that windward flank
lengths may be larger (and orogen crest heights lower compared to the droplet condensation height) over
at = 10° — 10° years of landscape response time. Thus, equation (11) is reasonable. Equation (11) is likely

violated only for unrealistically high yield stresses (z,,,,,, > 10% Pa with V; < 1 cm/s).
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