

[image: image1]
Deep Carbon Cycling Over the Past 200 Million Years: A Review of Fluxes in Different Tectonic Settings












	 
	ORIGINAL RESEARCH
published: 11 October 2019
doi: 10.3389/feart.2019.00263





[image: image]

Deep Carbon Cycling Over the Past 200 Million Years: A Review of Fluxes in Different Tectonic Settings

Kevin Wong1,2*, Emily Mason2, Sascha Brune3,4, Madison East5, Marie Edmonds2 and Sabin Zahirovic5

1School of Earth and Environment, University of Leeds, Leeds, United Kingdom

2Department of Earth Sciences, University of Cambridge, Cambridge, United Kingdom

3GFZ German Research Centre for Geosciences, Potsdam, Germany

4Institute of Geosciences, University of Potsdam, Potsdam, Germany

5EarthByte Group, School of Geosciences, The University of Sydney, Sydney, NSW, Australia

Edited by:
Jacob B. Lowenstern, United States Geological Survey, United States

Reviewed by:
Esther M. Schwarzenbach, Freie Universität Berlin, Germany
Barbara Ratschbacher, California Institute of Technology, United States

*Correspondence: Kevin Wong, eekw@leeds.ac.uk

Specialty section: This article was submitted to Volcanology, a section of the journal Frontiers in Earth Science

Received: 05 June 2019
Accepted: 24 September 2019
Published: 11 October 2019

Citation: Wong K, Mason E, Brune S, East M, Edmonds M and Zahirovic S (2019) Deep Carbon Cycling Over the Past 200 Million Years: A Review of Fluxes in Different Tectonic Settings. Front. Earth Sci. 7:263. doi: 10.3389/feart.2019.00263

Carbon is a key control on the surface chemistry and climate of Earth. Significant volumes of carbon are input to the oceans and atmosphere from deep Earth in the form of degassed CO2 and are returned to large carbon reservoirs in the mantle via subduction or burial. Different tectonic settings (e.g., volcanic arcs, mid-ocean ridges, and continental rifts) emit fluxes of CO2 that are temporally and spatially variable, and together they represent a first-order control on carbon outgassing from the deep Earth. A change in the relative importance of different tectonic settings throughout Earth’s history has therefore played a key role in balancing the deep carbon cycle on geological timescales. Over the past 10 years the Deep Carbon Observatory has made enormous progress in constraining estimates of carbon outgassing flux at different tectonic settings. Using plate boundary evolution modeling and our understanding of present-day carbon fluxes, we develop time series of carbon fluxes into and out of the Earth’s interior through the past 200 million years. We highlight the increasing importance of carbonate-intersecting subduction zones over time to carbon outgassing, and the possible dominance of carbon outgassing at continental rift zones, which leads to maxima in outgassing at 130 and 15 Ma. To a first-order, carbon outgassing since 200 Ma may be net positive, averaging ∼50 Mt C yr–1 more than the ingassing flux at subduction zones. Our net outgassing curve is poorly correlated with atmospheric CO2, implying that surface carbon cycling processes play a significant role in modulating carbon concentrations and/or there is a long-term crustal or lithospheric storage of carbon which modulates the outgassing flux. Our results highlight the large uncertainties that exist in reconstructing the corresponding in- and outgassing fluxes of carbon. Our synthesis summarizes our current understanding of fluxes at tectonic settings and their influence on atmospheric CO2, and provides a framework for future research into Earth’s deep carbon cycling, both today and in the past.
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INTRODUCTION

The deep carbon cycle of the Earth connects the exospheric (atmosphere, hydrosphere, biosphere) reservoirs of carbon to those in the crust and mantle (e.g., Dasgupta and Hirschmann, 2010). The non-anthropogenic concentration of atmospheric CO2 is modulated by outgassing from the crust and mantle at plate boundary and intraplate settings (e.g., Self et al., 2005; van der Meer et al., 2014) and metamorphic carbon release (e.g., Skelton, 2011). Ingassing returns carbon to the crust and mantle through processes such as silicate weathering (e.g., Dessert et al., 2003) and subduction of altered oceanic crust, serpentinized lithospheric mantle, and seafloor sediments (e.g., Alt and Teagle, 1999; Alt et al., 2013; Plank, 2014).

Past work on links between tectonic parameters and carbon fluxes have often focused solely on the present day (e.g., Dasgupta and Hirschmann, 2010; Kelemen and Manning, 2015), or on the importance of specific tectonic settings through time (e.g., van der Meer et al., 2014; McKenzie et al., 2016; Brune et al., 2017). Early attempts at reconciling both present-day fluxes and past tectonically driven carbon cycling have been qualitative due to the immense uncertainties in quantifying present-day carbon degassing (e.g., Kerrick, 2001), or have attempted to tackle carbon cycling on a coarse scale for the entirety of Earth history (e.g., Dasgupta, 2013).

Through the DECADE program of the Deep Carbon Observatory, we now have a much improved understanding of the present-day outgassing rate of carbon, and its variability, in a range of tectonic settings. In tandem with the rapid increase in observations of carbon outgassing, progress has been made in modeling plate tectonics over geological time, e.g., through the development of open-source and community tools like GPlates (e.g., Gurnis et al., 2012; Müller et al., 2018), which allow reconstruction and quantification of tectonic plate boundary lengths, slab fluxes, and other tectonic parameters during much of the Phanerozoic (e.g., Matthews et al., 2016). In this study, we compile and review estimates of carbon fluxes into and out of the mantle over the past 200 Ma at plate boundaries, by combining our understanding of present-day fluxes with plate tectonic reconstructions. In doing so, we assess the effects of plate tectonics on the deep carbon cycle, and the implications for the surface environment.



BACKGROUND AND METHODS

Carbon enters the mantle through the subduction of carbon-bearing phases in the oceanic lithosphere at subduction zones, and is returned to Earth’s surface during magmatic or tectonic activity (Figure 1). Therefore, the global distribution of plate boundaries is a primary control on the magnitude of solid Earth carbon degassing. To model tectonic parameters over geological time, we use GPlates, an open-source software for plate reconstructions (Müller et al., 2018 and references therein). In addition to illustrating past tectonic plate distributions up to 1000 Ma (e.g., Matthews et al., 2016; Müller et al., 2016; Merdith et al., 2017, 2019), GPlates has been previously used as a basis to extrapolate paleogeography (Cao et al., 2017b), past seafloor sediment thicknesses (Dutkiewicz et al., 2017), and the distribution of continental flood basalts and oceanic plateaus (Johansson et al., 2018). We utilize the open access global plate motion model of Müller et al. (2016) to analyze plate boundary length (Figure 2), which captures the past 200 million years of plate tectonic evolution based on paleomagnetic data, seafloor isochrons, and other plate motion indicators (e.g., ocean island chains). Alongside this model we use the subduction history data of East et al. (2019) to determine subduction flux parameters. Plate boundary lengths and other parameters from these models provide a basis for our tectonic carbon flux estimates in 1 Myr intervals. These parameters are provided in Supplementary Table S1. Uncertainties are determined through standard error propagation of uncertainties within present-day carbon flux measurements (see Table 1) and the standard deviation of computed tectonic parameters.
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FIGURE 1. Cartoon illustrating major fluxes of carbon to, from, and within the Earth’s exogenic and endogenic systems. The fluxes discussed in this paper are highlighted as large colored arrows; the small arrows represent other processes occurring within each system that are not considered in this study. Values give the maximum and minimum fluxes since 200 Ma for each setting discussed. The two major boundaries highlighted are the Mohorovičić discontinuity (crust-mantle boundary; Moho) and the lithosphere-asthenosphere boundary (LAB).
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FIGURE 2. Plate tectonic reconstructions of key plate boundary types at 60 Myr intervals from the present-day using the model of Müller et al. (2016).



TABLE 1. Summary table presenting data and conversion factors used in this study.

[image: Table 1]In this synthesis, we contrast the quantity of carbon that is outgassed at various tectonic settings against the carbon returned to deep Earth at subduction zones (Figure 1). Hence, processes such as decarbonation efficiency in the subducted slab beneath the crust-mantle boundary (e.g., Johnston et al., 2011), biogeochemical cycling (e.g., Lenton et al., 2018), and carbon drawdown from silicate weathering at the surface Earth (e.g., Dessert et al., 2003; Johansson et al., 2018) are not considered.



RESULTS


Carbon Ingassing

The carbon entering the mantle at subduction zones can be subdivided into three constituent components which comprise the total carbon in a subducting oceanic lithosphere slab: the carbon locked within altered oceanic crust, the carbon present within serpentinized mantle, as well as organic and inorganic carbon present in deep-sea sediments (Kelemen and Manning, 2015). During subduction, carbon may be liberated from the slab through metamorphic decarbonation (e.g., Kerrick and Connolly, 2001), by dissolution of carbonate phases directly into a supercritical fluid (Manning, 2004; Facq et al., 2014) or through the formation of carbonatitic melts (Poli, 2015), thereby entering the mantle wedge. Carbon may also be subducted deeper into the mantle (e.g., Thomson et al., 2014, 2016).

Liberated slab carbon, alongside other volatile components, enters the overlying mantle as a low density, volatile-rich fluid phase. Such fluids depress the solidus of peridotite, and can promote melting in asthenospheric mantle (e.g., Dasgupta and Hirschmann, 2006, 2010), in which case carbon partitions into the melt and is later released as CO2 gas during volcanic eruptions. However, carbon-bearing fluids may also stall in the lithosphere as a result of this solidus depression, and subsequently freeze to form metasomatic layers and veins beneath the continents (e.g., McKenzie, 1989; Rooney et al., 2017).

The presence of surface-derived carbon in the deep mantle is inferred from the isotopic composition of superdeep diamonds (from sub-lithospheric depths of >250 km). Many superdeep diamonds host carbon and oxygen isotope ratios indicative of a biogenic endmember (Thomson et al., 2014; Burnham et al., 2015) and mafic inclusions with similar compositions to mid-ocean ridge basalt (MORB) (Thomson et al., 2016), which may suggest the existence of a thermal/compositional barrier to deep carbon subduction. While light carbon isotope ratios can arise from fractionation both prior to and during diamond growth (e.g., Cartigny et al., 2001), Smart et al. (2011) demonstrated that Rayleigh fractionation cannot produce extreme δ13C values, instead invoking the presence of recycled organic matter during diamond synthesis. Material subducted into the convecting mantle can therefore return to the surface, illustrating the vast scale of deep carbon cycling.


Altered Oceanic Crust

Carbon, sourced from magmatic fluids and dissolved inorganic and organic components in seawater, is fixed into oceanic crust as carbonate and carbon-bearing minerals during hydrothermal alteration at mid-ocean ridges largely during the first few tens of millions of years after crust formation (Alt and Teagle, 1999; Shilobreeva et al., 2011; Coogan et al., 2016). The amount of carbon fixed into oceanic crust and accumulated in the overlying sediments is a function of multiple variables. The spreading rate of a mid-ocean ridge determines the rate at which carbonate from sedimentary material leaches into crust; older oceanic crust will host more carbonate than younger crust; higher bottom water temperatures change the chemistry of seawater, promoting higher seawater Ca concentrations and encouraging carbonate precipitation (Gillis and Coogan, 2011; Coogan and Gillis, 2013; Coogan and Dosso, 2015). In addition, erupted basalts in the uppermost part of oceanic crust gain higher carbon concentrations than crustal gabbros through this mechanism (Staudigel et al., 1989; Gillis and Coogan, 2011).

Our understanding of carbon in altered oceanic crust results from ocean crust drilling (e.g., Staudigel et al., 1989; Alt and Teagle, 1999). Using the data collected from such programs, Müller and Dutkiewicz (2018) determined the magnitude of subducted carbon in oceanic crust by determining oceanic crust carbon concentrations as a function of crustal age, and bottom water temperature. From this parameterization of crustal carbon concentrations, the mean oceanic carbon concentration and its standard deviation can be determined for the past 200 Myrs. This model is used in our synthesis to account for subducted crustal carbon (Figure 3).
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FIGURE 3. Estimated input of carbon into subduction zones since 200 Ma, divided into the different source lithologies (altered crust, sedimentary carbonate, and serpentinized mantle). The time series for altered crust and sedimentary carbonate are from Müller and Dutkiewicz (2018) and Dutkiewicz et al. (2018), respectively. The increase in sedimentary carbonate arising from the Mesozoic Marine Revolution is included from 150 Myr onward, when sedimentary carbonate input commenced due to an evolutionary radiation of biomineralizing metazoans (e.g., Edmond and Huh, 2003).




Serpentinized Mantle

Bending of a plate at the outer rise before subduction at the trench produces normal faults that cut through the brittle lithosphere (e.g., Christensen and Ruff, 1988). These faults permit the infiltration of water into the lithospheric mantle and promote hydrous alteration and serpentinization (Ranero et al., 2003; Lefeldt et al., 2012); such alteration is evident from lower seismic velocities than those measured in unaltered mantle (e.g., van Avendonk et al., 2011). Models of outer rise serpentinization have shown that the extent of faulting, and hence serpentinization, are dependent on multiple parameters including crustal age, plate velocity, and coupling between the downgoing and overriding plate (Rüpke et al., 2004; Naliboff et al., 2013).

Serpentinites may host a significant amount of carbon (Alt et al., 2013). Present-day serpentinized mantle carbon ingassing flux is likely of the same order of magnitude to carbon subducted in altered crust (Alt et al., 2013; Dasgupta, 2013; Kelemen and Manning, 2015), and is hence an important contributing factor to the total carbon ingassing flux. We adopt the average serpentinite carbon concentration value of 681 ± 45 ppm of Kelemen and Manning (2015) to estimate subducted serpentinized mantle carbon through time using the model of Müller et al. (2016) (Figure 3). In addition, we take a serpentinization extent of 20 ± 10% and a serpentinized mantle thickness of 10.5 ± 3.5 km to determine total altered mantle contributions during subduction (Kelemen and Manning, 2015).

In addition to serpentinization immediately prior to subduction, mantle peridotite may also be serpentinized near mid-ocean ridges. Mantle peridotite is exposed at slow- and ultra-slow spreading ridges (White et al., 2001), and constitutes as much as 25% of oceanic crust produced at these settings (Alt et al., 2013). Carbon fixation into exposed seafloor serpentinite has been estimated at 1.1–2.7 Mt C yr–1 (Schwarzenbach et al., 2013). However, plate reconstructions suggest that the global root-mean-square ridge spreading rates in the past 200 Ma were rarely lower than the present-day (Seton et al., 2012; Müller et al., 2016). The subduction of exposed serpentinized peridotite has therefore contributed only a small and likely unchanging proportion of carbon to the ingassing flux, such that the contribution from serpentinized peridotites at slow-spreading ridges lies within calculated error of our flux from altered crust and serpentinized mantle estimates. More detailed work is required to reduce the uncertainties related to serpentinization processes throughout the plate reconstruction timeframe.



Carbonate Sediments

The composition and distribution of pelagic ocean sediments are highly variable (Plank and Langmuir, 1998; Plank, 2014; Dutkiewicz et al., 2015, 2016; Clift, 2017). A significant proportion of seafloor sediments are carbon-bearing (e.g., Plank, 2014), and are derived from the weathering of continental crust, accumulation of the skeletal components of biomineralizing organisms, and unreduced biological material (e.g., Dutkiewicz et al., 2015). A major control on the quantity of carbon sequestered within sediments is the carbonate compensation depth (CCD), the water depth at which carbonate dissolution exceeds carbonate deposition (e.g., van Andel, 1975; Ridgwell and Zeebe, 2005). The CCD is known to be well-buffered against carbon cycle perturbations, but may be subject to major changes in carbon cycle dynamics (Pälike et al., 2012). One such change during the Oligocene resulted in a deepening of the global CCD of more than a kilometer (van Andel, 1975).

The depth of the CCD is dependent on several factors, including the rate and composition of terrestrial sediment flux (Walling and Fang, 2003), biological productivity (Kumar et al., 1995; Sarmiento et al., 2004), and sea-surface temperature and salinity (Dutkiewicz et al., 2016). Sediment composition can additionally be considered a function of latitude as a result of increased biological productivity and continental weathering at lower latitudes, which has been suggested to have a direct influence on the CO2 degassed from arc volcanism (Plank, 2014; Aiuppa et al., 2017; Clift, 2017). The compositional and lateral heterogeneity of sediments affects the role subducted sediment can play in the deep carbon cycle.

In addition, the evolution of ocean phytoplankton must be considered. Although carbonate-biomineralizing metazoans are known from the Neoproterozoic (e.g., Grant, 1990), it was not until the mid-Mesozoic that the marine carbonate cycle became more representative of the present-day. The Mesozoic Marine Revolution (MMR) at ∼150 Ma saw an evolutionary radiation in biomineralizing faunas and calcareous plankton which affected the operation of ocean geochemistry (Falkowski et al., 2004; Ridgwell, 2005; Erba, 2006). Edmond and Huh (2003) suggest that prior to the MMR little sedimentary carbonate could be contributed to subduction zones, with sedimentation instead dominated by opal.

Carbon fractions and mass fluxes in subduction zone sediments have been characterized through ocean drilling programs (Rea and Ruff, 1996; Plank and Langmuir, 1998; Plank, 2014). The average present-day subducted sediment is taken as GLOSS II by Plank (2014), which comprises 3.07 ± 0.23 wt% CO2 (0.84 ± 0.06 wt% C). Carbon and helium isotope systematics have also previously been used to differentiate between sources of carbon contributing to arc volcanic CO2 emissions (Sano and Williams, 1996; Hilton et al., 2002). This method considers three principal sources of carbon at subduction zones: the mantle, marine carbonates, and organic carbon, however, it does not distinguish the role of carbon present in arc crust (Mason et al., 2017).

Such methods have yielded estimates of carbonate subduction at the present-day. The review of Kelemen and Manning (2015) utilizes a flux of 13–23 Mt C yr–1 at the present-day after Plank (2014). Clift (2017), on the other hand, suggests a much larger present-day flux of ∼60 Mt C yr–1 which additionally accounts for subduction accretion processes, of which ∼48 Mt C yr–1 is carbonate and the rest, organic carbon. By considering the factors controlling the position of the CCD and hence the proportion of carbon within ocean sediments, Dutkiewicz et al. (2018) determined subducted sedimentary carbonate fluxes for the past 120 Myr, including a present-day estimate of 57 Mt C yr–1. Here, we adopt the model of Dutkiewicz et al. (2018) to estimate carbonate subduction through geological time (Figure 3). To account for the MMR, we assume that the sedimentary carbonate flux prior to 150 Ma is negligible as an extreme case.

Like Dutkiewicz et al. (2018), we do not consider accretion of sediments onto arc crust. While accretionary prism growth could account for removal of as much as 70% of sediment entering the trench at present-day subduction zones (von Huene and Scholl, 1991), Dutkiewicz et al. (2018) note that accretionary processes are difficult to constrain for the geological past. We therefore follow their reasoning in assuming all sediment entering subduction zone trenches enters the mantle. Modeling organic carbon sediment subduction is beyond the scope of this paper, but can be considered significant; organic carbon may comprise as much as 1 wt% of carbonate-free sediments (e.g., Kelemen and Manning, 2015). The present-day organic carbon flux is thought to contribute ∼20% of the total subducting carbon sediment flux (Clift, 2017). While our percentage uncertainties for carbonate subduction are typically greater than 20% and may encompass the uncertainty in organic carbon subduction, we acknowledge that the total carbon subducted within sediments has not been completely accounted for.



Carbon Outgassing

Volcanoes are traditionally considered to be the principal natural sources of carbon to the atmosphere, whereas tectonic degassing along fault systems is considered to be an additional, possibly substantial source of CO2 (Kerrick, 2001). Over the past few decades, significant progress has been made in estimating the total flux and provenance of carbon from volcanic regions (e.g., Burton et al., 2013; Aiuppa et al., 2017, 2019; Werner et al., 2019), which has allowed the semi-permanent instrumentation of >20 of the top outgassing volcanoes worldwide (Carn et al., 2016, 2017), as well as large number of campaign measurements (e.g., Aiuppa et al., 2017, 2019). Recent studies highlight the importance of diffuse carbon outgassing away from volcanic centers for the outgassing carbon budget (Lee et al., 2016; Tamburello et al., 2018). In this case, carbon-bearing fluids are transported through faults and fractures. This link between faulting, fluid migration and carbon degassing has been documented in continental rifts and along transform faults (Kennedy et al., 1997; Ring et al., 2016) and is further supported by the occurrence of deep earthquake swarms detected in continental rifts worldwide (Ibs-von Seht et al., 2008).


Volcanic Degassing

There are numerous challenges associated with the estimation of volcanic carbon fluxes (Burton et al., 2013; Werner et al., 2019). Owing to the large background concentration of CO2 in our atmosphere, CO2 fluxes from volcanoes cannot yet be measured directly. If SO2 is also emitted from the volcano, the SO2 flux can be measured using spectroscopy (e.g., UV camera, Differential Optical Absorption Spectroscopy), then combined with the molar C/S in volcanic gases to yield CO2 flux (Aiuppa et al., 2006, 2017, 2019; Carn et al., 2017). If there is no SO2 (e.g., in low temperature, geothermal areas, or areas of diffuse CO2 emissions), then spatially integrated methods of CO2 flux estimation must be used (Chiodini et al., 1998; Werner et al., 2019), or methods that consider the petrology of erupted magmas (Aiuppa et al., 2019). Fluxes must be based, in many cases, on short timescale periods of measurement, over just a segment of a volcanic region (rift or arc). Each carbon flux measurement captures only a snapshot of the outgassing behavior of each volcano, and may not be representative of the flux averaged over longer timescales.

Magmatic CO2 can be constrained through study of melt inclusions in mineral phases (e.g., Wallace, 2005; Blundy et al., 2010), however, the concentration of carbon trapped in magmas is dependent on several factors, such as the pressure at which CO2 begins to degas, and also the degree to which the magma has undergone crystallization. Melt inclusions can therefore provide only a minimum bound to arc carbon fluxes (Wallace, 2005; Wallace et al., 2015). Estimates from melt inclusions are further complicated by the spatial heterogeneity of carbon present in the Earth’s upper mantle which is sampled during magmatism, resulting in variable concentrations of CO2 in mantle-derived magmas (Helo et al., 2011; Le Voyer et al., 2017; Hauri et al., 2019). Carbon fluxes and concentrations averaged both over time and large spatial regions (e.g., over entire arc systems) therefore provide the most robust representation of that region’s relative contribution to total carbon outgassing as a whole.

Finally, both active and diffuse degassing of volcanic regions must be considered. A significant proportion of carbon emissions is expected to be released away from active volcanic vents and plumes at both actively erupting and dormant settings by diffuse porous flow (e.g., Armstrong McKay et al., 2014; Werner et al., 2019). Furthermore, the proportion of CO2 that is absorbed into groundwater in volcanic regions is largely unknown, yet contributes significantly to surface carbon reservoirs (Tamburello et al., 2018).

Alongside CO2, carbon is degassed as other species. The role of methane (CH4) in the global carbon cycle has been highlighted by Etiope et al. (2008). Methane emitted from volcanic settings is minor compared to CO2 (typically more than two orders of magnitude lower (e.g., Fischer, 2008), so we consider here only the CO2 emissions from volcanic settings. Other carbon-bearing species (e.g., CO, OCS, CS2) contribute negligible amounts of carbon to the atmosphere and may be ignored (Burton et al., 2013).

The total CO2 flux from volcanoes and volcanic regions is estimated to lie in the range 250–375 Mt CO2 yr–1 (70 to 100 Mt C yr–1, Werner et al., 2019), which is slightly lower than that estimated by Burton et al. (2013) (540 Mt CO2 yr–1; 150 Mt C yr–1). We consider below the individual contributions from magmatism at continental rifts, mid-ocean ridges, plume volcanoes, and subduction zones.



Continental Rifts

The importance of continental rifting to the deep carbon cycle, especially rifting occurring in East Africa, has been highlighted by several authors (Lee et al., 2016; Brune et al., 2017; Foley and Fischer, 2017; Hunt et al., 2017). Magmatism during rifting liberates carbon and other volatiles stored in sub-continental lithospheric mantle (e.g., Rooney et al., 2017) and continental crust (e.g., Parks et al., 2013), allowing it to be transported to the surface. Extensional faults may then become localized within rifting zones as deformation continues (Muirhead et al., 2016); these faults can facilitate and focus the transport of magma and exsolved CO2 to the surface from the mantle (e.g., Faulkner et al., 2010; Tamburello et al., 2018).

Sources of outgassing carbon may be differentiated through carbon and helium isotope ratios, as each source component has a distinct isotopic composition. Carbon isotope studies by Lee et al. (2016) on the Magadi-Natron Basin of the Eastern branch of the East African Rift suggest that the mantle is the dominant source of carbon during the early stages of rifting; this is supported by similar results from the Western branch (Botz and Stoffers, 1993) and from the Central European Eger Rift (Weinlich et al., 1999; Kämpf et al., 2013; Bräuer et al., 2018). The destabilization and degassing of mantle-derived carbon is hence an important contributor during continental rifting.

Continental rifts show a large degree of spatial variability as they transition from fault-bounded basins to oceanic spreading ridges (e.g., Ebinger, 2005). The diffuse carbon flux from a continental rift may match this variability along its length; previous estimates of carbon fluxes from the East African Rift, for example, based on extrapolation, vary from 5.0 ± 3.9 to 19.4 ± 9.0 Mt C yr–1 depending on the rift sector sampled (Lee et al., 2016; Hunt et al., 2017). Individual sectors of a continental rift may show significant intrinsic heterogeneity in their carbon fluxes both along and across rift strike (Hunt et al., 2017). Finally, the many influences on continental rift development result in a considerable range of continental rift basin areal fluxes of 3–120 t C km–2 yr–1 worldwide (Brune et al., 2017 and references therein). This variability might be related to several processes and parameters: the amount of decompression melting as a function of extension rate (Bown and White, 1995) or the existence of a mantle plume beneath the rift (White and McKenzie, 1995), the age of the lithosphere and maturity of the rift (Foley and Fischer, 2017), spatio-temporal changes of the stress field (Tamburello et al., 2018), or local episodes of magmatic and seismic activity (Bräuer et al., 2018). Identifying the relative impact of these controls at specific sites, which is expected to lead to a reduction of the uncertainty on the CO2 flux, is a topic of ongoing research, which goes beyond the scope of this paper.

Brune et al. (2017) give rift mean areal fluxes and rift flux standard deviations of 49 ± 53 t C km–2 yr–1, or 63 ± 44 t C km–2 yr–1 if both mean and standard deviation are weighted by rift basin area. If the recent Main Ethiopian Rift estimate of Hunt et al. (2017) is included (an areal flux of 122 t CO2 km–2 yr–1 over 20,000 km2), the mean and area-weighted mean are 46 ± 46 and 52 ± 38 t C km–2 yr–1, respectively. We choose an areal flux of 50 ± 40 t C km–2 yr–1 for rift basins to capture the full uncertainty in present-day continental rift carbon flux and rifting styles (Figure 4). Continental rift length histories are based on the plate tectonic model of Müller et al. (2016), complemented by a compilation of rifts preserved in the geological record (Şengör and Natal’in, 2001). We retain the assumed continental rift basin width of 50 km used by Brune et al. (2017) as such a width is typical of a developing rift zone on strong continental lithosphere (e.g., Copley and Woodcock, 2016).


[image: image]

FIGURE 4. The carbon flux and uncertainty from divergent plate boundaries since 200 Ma. For continental rifts, the two models from Brune et al. (2017) are used, where L1 uses continent-scale rifts in concordance with rifts from the geological record, while L2 offers an alternate model using geologically inferred rifts alone. Mid-ocean ridge carbon outgassing flux is determined using a present-day estimate of 21 ± 13 Mt C yr–1, which encompasses most recent estimates and their uncertainties.


We do not account for the individual active fluxes of rift volcanoes such as Nyiragongo and Nyamuragira, two rift volcanoes that are known to be major carbon degassers (e.g., Aiuppa et al., 2019). Their combined flux of 1.6 ± 1.1 Mt C yr–1 (Aiuppa et al., 2019) is minor compared to the overall diffuse flux, and is accounted for by the uncertainty in the diffuse estimate.



Mid-Ocean Ridges

The flux of CO2 from mid-ocean ridges is almost entirely delivered into ocean water (Le Voyer et al., 2018). A fraction of this CO2 is precipitated into seafloor lithologies in the form of carbonate in crustal veins and serpentinites, or fixed into organic matter during photosynthesis (e.g., Alt and Teagle, 1999; Le Voyer et al., 2018); in addition, oceanic carbon reaches equilibrium with atmospheric carbon over short timescales (e.g., Zeebe, 2012). We must therefore consider mid-ocean ridge fluxes through time, as ridges are a significant contributor to Earth’s exogenic reservoirs.

There is a substantial range in previously published estimates of carbon fluxes from mid-ocean ridges (Figure 5). This is due to the challenge of estimating carbon fluxes in mid-ocean ridge settings with much less accessibility relative to other volcanic settings, and the subsequent difficulty in measurement of ridge carbon directly. Variability in spreading rate, mantle carbon concentrations and magma flux also produce notable differences in carbon flux along different mid-ocean ridge segments; CO2 fluxes are known to vary by at least two orders of magnitude as a result of this (Le Voyer et al., 2017, 2018; Hauri et al., 2019). In addition, there is uncertainty as to whether mantle volatiles liberated during decompression melting beneath mid-ocean ridges are focused toward the ridge axis or distributed along the base of the lithosphere (e.g., Keller et al., 2017). The method we apply must therefore account for uncertainty in past estimates and spatial heterogeneities in present-day ridge carbon fluxes.
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FIGURE 5. Comparison of previous ridge carbon flux estimates, plotted against year of publication (symbols and lines), and the range employed in this paper (red area). The symbols denote the method used to derive the estimate. Where two symbols are given a range of estimates is reported; a line to one or both sides of a point marks the uncertainty in the estimate. The flux estimates of Javoy and Pineau (1991) and Aubaud et al. (2004) are not shown as they extend beyond the range of the figure (180 Mt C yr–1 and 160+60/–30 Mt C yr–1 respectively), as do the uncertainties of Zhang and Zindler (1993) and Cartigny et al. (2008), and the maximum bounds of Dasgupta and Hirschmann (2006) and Rosenthal et al. (2015). Chavrit et al. (2014) provide a minimum and maximum estimate and error based on the geochemical data availability of the mid-ocean ridge samples analyzed. The other literature estimates compiled are Marty and Tolstikhin (1998), Saal et al. (2002), Resing et al. (2004), Shaw et al. (2010), Michael and Graham (2015), Hauri et al. (2017), Le Voyer et al. (2017, 2018), Tucker et al. (2018).


The low solubility of carbon in mid-ocean ridge basalts (e.g., Dixon et al., 1995) means that few samples collected at the surface are undegassed. Carbon flux estimates for MOR are therefore obtained through the measurement of ratios of CO2 in basaltic glass relative to lithophile trace elements that partition in a similar manner during melting and crystallization, such as Ba, Nb, and Rb, as this allows for the correction of degassed samples assuming a constant CO2 to incompatible element ratio (e.g., Saal et al., 2002; Rosenthal et al., 2015). However, Matthews et al. (2017) suggest that CO2/Ba and CO2/Nb ratios may also be influenced by the pressure at which degassing occurs, followed by mixing. Other approaches linking CO2 to 3He in mid-ocean ridge basalts must additionally correct for degassing of He from mantle-derived melts (e.g., Marty and Tolstikhin, 1998).

As it is difficult to account for uncertainty in these methods and results, we consider a simple approach in extrapolating mid-ocean ridge flux through time. We take the modern mid-ocean ridge flux and divide it by modern mid-ocean ridge length to obtain a mean carbon flux per unit length of ridge. This constant is then multiplied by ridge length as computed according to our reference plate tectonic model. This approach allows for the extrapolation of present-day carbon fluxes through geological time, but neglects both magma production fluxes and primary mantle carbon concentrations (Le Voyer et al., 2017, 2018; Hauri et al., 2019). We select a present-day total mid-ocean ridge carbon flux of 21 ± 13 Mt C yr–1, which overlaps with most previous estimates and their uncertainties (Figure 5). In addition, this estimate accounts for the range suggested by the recent estimate of Le Voyer et al. (2018), who sum individual ridge segment fluxes across the entire global ridge system based on MORB glass data. This extrapolation is shown in Figure 4.



Plume-Related Volcanism

Volcanism related to active mantle upwelling is a significant contributor of carbon to exogenic Earth. As an example, recent measurements of carbon fluxes from Katla volcano on Iceland suggest that basaltic plume-related volcanoes may constantly contribute a significant quantity of carbon to the atmosphere (∼5 kt C day–1, or ∼2 Mt C yr–1, Ilyinskaya et al., 2018). However, it remains uncertain whether such high emissions are representative of steady state diffuse degassing or pre-eruptive melt degassing; increased CO2 fluxes prior to eruption are known to correlate with an increase in magmatic flux, complicating our ability to estimate an “average” flux from plume volcanoes (e.g., CO2 fluxes reached >20 kt day–1 prior to the 2008 summit eruption at Kilauea Volcano, rising above a “background” flux of ≤300 t day–1 during the 1995 East Rift eruption; Gerlach et al., 2002; Poland et al., 2012).

The carbon released at plume settings is of uncertain origin, and is likely derived from multiple sources in the crust and mantle (Black and Gibson, 2019). While radiogenic isotope ratios (e.g., 3He/4He) suggest that mantle plume material may originate from a deep, primordial carbon reservoir (e.g., Marty et al., 2013), convecting mantle materials such as subducted slabs are likely to be entrained during plume upwellings, additionally contributing to the chemical composition of the plume and its carbon contribution (e.g., Sobolev et al., 2011). Plume-related magmas often indicate a geochemical contribution from lithospheric mantle (e.g., Gibson et al., 2006; Rooney, 2017), a known sink and source for mantle carbon (e.g., Foley and Fischer, 2017). Finally, crustal carbon-bearing rocks may be decarbonated during the emplacement of intrusive or extrusive plume magmas, which can cause extensive release of CO2 and CH4 (e.g., Ganino and Arndt, 2009; Svensen and Jamtveit, 2010).

The carbon liberated by a plume is likely to vary over its lifetime as a result of the temporal and spatial evolution it undergoes (e.g., Black and Gibson, 2019). In addition, neither the intrinsic properties of a mantle plume (e.g., potential temperature, buoyancy flux) nor the tectonic controls of melt generation (e.g., lithospheric thickness) appear to correlate with magmatic flux and degree of melting (Sleep, 1990), thereby affecting plume carbon fluxes, which, at the present-day, may differ between active plumes by several orders of magnitude (Werner et al., 2019). One possible method of generalizing plume fluxes is to establish a “baseline plume flux” at the present-day, and assume that this baseline has remained somewhat constant over the 200 Myr time period considered in this study.

Marty and Tolstikhin (1998) theorized that plume-related volcanism may contribute similar amounts of CO2 to the atmosphere as mid-ocean ridges; subsequent estimates have suggested that the flux from plume volcanoes may be much smaller than mid-ocean ridge fluxes (e.g., Dasgupta and Hirschmann, 2010; Werner et al., 2019). A compilation of some plume-related volcanic carbon fluxes by Barry et al. (2014) suggests that 3–8 Mt C yr–1 may be degassed by plume-related volcanism. Hauri et al. (2019) suggest a Hawaiian flux of 0.9 Mt C yr–1 from melt inclusions, comparable to the flux from the Kilauea plume of 0.8 Mt C yr–1 (Werner et al., 2019). By reviewing melt inclusions from other ocean islands, Hauri et al. (2019) suggest an estimate of 2–4 Mt C yr–1 from ocean intraplate volcanism, which is smaller, but comparable, to mid-ocean ridge flux. The volcanic flux review of Werner et al. (2019) provides an estimate of 2–7 Mt C yr–1 for intraplate volcanism including Yellowstone; including the Ilyinskaya et al. (2018) Katla estimate, this becomes 3–9 Mt C yr–1. Considering these estimates we suggest a present-day plume flux of 6 ± 3 Mt C yr–1, which is dominated by the fluxes of Yellowstone and Katla, but does not account for all plume volcanoes. If we assume that the passive carbon flux from mantle plumes remains roughly constant through geological time (implying either that the number of mantle plumes has remained roughly constant over the past 200 Ma, or that the variable conditions affecting each plume average out to present-day values), we can use this present-day estimate as a baseline mantle plume carbon flux (Figure 6).
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FIGURE 6. Volcanic carbon flux from continental and oceanic plume volcanoes (black dashed line and dotted line uncertainty) and all plume volcanism (red and shaded red area) since 200 Ma. A baseline flux of 6 ± 3 Mt yr–1 is assumed from recent volcanic flux reviews, and including the recent flux measurement from Katla (Ilyinskaya et al., 2018). Major flood basalt eruptions are annotated. The plume eruptive volcanic volumes are derived from Johansson et al. (2018).


Plume-derived carbon fluxes are further complicated by temporal variability in volcanism, especially at their arrival at the surface. Large Igneous Provinces (LIPs) and flood-basalt volcanism are often associated with the impact of a plume head with the base of the lithosphere (e.g., Richards et al., 1989; White and McKenzie, 1989). Emplacement of LIPs into and onto continental and oceanic crust are often associated with large changes in atmospheric CO2 and SO2 resulting in mass extinction events (e.g., Self et al., 2005, 2006; Ernst, 2014; Percival et al., 2015, 2017, 2018; Black and Manga, 2017; Johansson et al., 2018); these changes, much like the duration of volcanism, are short-term (1–5 Ma or less, e.g., Bryan and Ferrari, 2013) and associated spikes in atmospheric CO2 concentration are buffered by rapid weathering feedbacks acting on time scales of ∼1 Myr (Dessert et al., 2001). Nevertheless, during periods of flood basalt emplacement, these volcanic eruptions provide substantial CO2 contributions to the atmosphere.

Assimilation of carbon-rich material is additionally possible by LIP-related intrusions. Volatilization of organic carbon present in shales intruded by large igneous provinces could contribute significant proportions of CO2 and CH4 to the atmosphere over very short timescales, resulting in rapid climate change (Svensen et al., 2009; Svensen and Jamtveit, 2010; Jones et al., 2016 and references therein). While we note the importance of this assimilation to overall plume contributions, we do not consider them further in this study, as the timescales of these processes are likely too short for our modeling (∼100,000 year timescales, Svensen and Jamtveit, 2010).

Flood basalts likely degas completely as erupted products retain minimal carbon; by estimating the mass of erupted products we can estimate a carbon flux from estimated primary carbon concentrations (e.g., Self et al., 2006; Jones et al., 2016). However, the concentration of CO2 in LIP magmas is known to range from 0.1 to 2 wt% (Black and Gibson, 2019.), limiting the resolution of our approach. We adapt the LIP erupted area per 1 Myr of Johansson et al. (2018) to determine an average annual area flux, which is converted into a corresponding LIP eruption volume flux using an average flood basalt thickness of 2 ± 1 km (which fits the average thickness of most flood basalts, Courtillot and Renne, 2003; Ross et al., 2005; Ernst, 2014). To predict the carbon which is degassed, we select an average intraplate primary CO2 concentration of 0.8 ± 0.3 wt% (Hauri et al., 2019; Figure 6); this CO2 concentration lies within the range suggested by Black and Gibson (2019). For our analysis we assume that oceanic and continental LIP basalts degas the entirety of their CO2 on eruption.



Arc Volcanism

Carbon degassed at continental arc volcanoes is sourced from the mantle via fluids liberated from subducted slabs, from the mantle wedge, and from assimilation in the shallow crust (Marty et al., 2013; Aiuppa et al., 2017; Mason et al., 2017). There is an abundance of evidence to show that carbon from subducted material (sediments and crust) influences the carbon output of volcanoes in subduction zones (Sano and Marty, 1995; Sano and Williams, 1996; Hilton et al., 2002; Shaw et al., 2003; Fischer, 2008; Aiuppa et al., 2017). This is exemplified by the Central American Volcanic Arc, which displays along-arc trends in volatile emissions linked to the composition of slab material and fluids (Aiuppa et al., 2014; de Moor et al., 2017).

High latitude volcanoes, such as those of the Aleutian Arc, outgas low fluxes of carbon (Fischer, 2008; Aiuppa et al., 2017; Lopez et al., 2018); these volcanoes are associated with the subduction of seafloor sediments dominated by carbon-poor diatomaceous and terrigenous material (Johnston et al., 2011). The sedimentary composition is reflected in the carbon isotopic composition, which lies within mantle values (Kodosky et al., 1991; Symonds et al., 2003; Fischer and Lopez, 2016). Latitude, a key control on sediment compositions, may therefore modulate the magnitude of carbon outgassing from arc volcanoes.

As well as carbon sourced from the subducting slab, it has become increasingly clear that some carbon is sourced from the overlying crust. The evolution of biomineralizing life led to growth and development of carbonate platforms built on continental margins, and the potential of these platforms to interact with percolating arc magmas at subduction zones (Pall et al., 2018; Lee et al., 2019). Models of magma intrusion into lower crustal hot zones predict substantial amounts of crustal melting where basaltic sills intrude amphibolite and other crustal rocks (Annen, 2011; Solano et al., 2012). This interaction provides the basis for assimilation of host rock chemistry, and is consistent with widespread geochemical signatures of assimilation (e.g., Hildreth and Moorbath, 1988; Goff et al., 2001; Chadwick et al., 2007; Iacono-Marziano et al., 2009). The decarbonation of crustal carbonates interacting with silicate magmas generates increased volumes of CO2 relative to non-carbonate-intersecting arcs; this enhanced outgassing is observed in experiments (Iacono-Marziano et al., 2008, 2009; Deegan et al., 2010; Carter and Dasgupta, 2015, 2016, 2018), and is evident from isotopic signatures of shallow crustal assimilation of carbonate measured in arc volcanic gas emissions (Mason et al., 2017). The co-evolution of continental arc lengths and carbonate platforms must therefore be considered when considering arc carbon fluxes. Increased volcanic carbon outgassing fluxes are expected when continental arc lengths are longer than at the present-day, as the potential of crustal carbonate intersection is greater (Lee et al., 2013, 2015; Lee and Lackey, 2015; Pall et al., 2018).

We use subduction zone length as a proxy for arc length using as in Pall et al. (2018); this method permits us to capture periods of arc history that may not be considered through other methods (e.g., mantle tomography, van der Meer et al., 2014; detrital zircon age statistics, McKenzie et al., 2014, 2016; exposure of arc-related granitoid bodies, Cao et al., 2017a). The data for carbonate platform development through time from Pall et al. (2018) is also used for modeling the degree of carbonate intersection. In the model of Pall et al. (2018), multiple crustal decarbonation events are not considered. It is likely that a second magmatic intrusion in the same position as a prior intrusion will not liberate as much CO2 as a first event, however, multiple factors (e.g., temperature, pressure, melt composition, carbonate platform thickness) affect the efficiency of decarbonation and hinder the simplicity of modeling multiple decarbonation events (Johnston et al., 2011).

It should be noted that the influence of carbonate, both in the shallow crust and from the subducted slab, is not the only significant control on volcanic carbon degassing. The specific dynamics of degassing play a critical role in the fluxes of all magmatic gases released at volcanoes. The highest carbon flux (Nyiragongo, Le Guern, 1987) recorded thus far was measured at an intra-plate (associated with a continental rift) open vent basaltic system with no evidence of shallow carbonate assimilation. Furthermore, the effect of localized mantle upwelling (as hypothesized under Italian volcanoes, e.g., Schiano et al., 2001), should be considered, as this will affect our extrapolation of arc fluxes through time when based solely on carbonate intersection. Understanding and integrating the complexity the above factors introduce through time is, however, beyond the scope of this work.

Kelemen and Manning (2015) estimate arc volcanic fluxes at the present-day as 18–43 Mt C yr–1. Recent reviews of active and diffuse carbon fluxes places currently known arc emissions at 8–12 Mt C yr–1 (Aiuppa et al., 2019; Werner et al., 2019); this value does not account for total volcanic arc degassing, instead providing a minimum bound from arc volcano carbon fluxes which have been measured or monitored. Recent methods considering concentrations of CO2 within magmatic material added to continental arcs have produced similar values at the present-day of 7.8 Mt C yr–1 (Ratschbacher et al., 2019), but do not account for differences in the carbon content of the subducted slab and overlying crust. We therefore use a present-day arc output of 27 ± 16 Mt C yr–1, taking into account both recent estimates and the range suggested by Kelemen and Manning (2015). Werner et al. (2019) also note that the higher estimates may be skewed toward eruptive periods when active degassing is enhanced; we use this value as a suitable upper constraint for arc degassing.

In our study we distinguish between arcs that intersect crustal carbonates and those that do not. Figure 7 shows the result of applying the average endmember values of 108.0 mol km–1 yr–1 degassed from carbonate-intersecting arcs and 106.3 mol km–1 yr–1 degassed from non-carbonate intersecting arcs to the model of Pall et al. (2018; see Supplementary Material for more details). Our results show that if arcs are treated as undifferentiated over time, then the carbon fluxes from continental arcs have remained relatively constant through the past 200 Ma, varying from 93 to 123% of the present-day value at most. If, however, we differentiate arcs into those that intersect carbonate and those that do not, we predict that carbon arc fluxes have increased over time as a result of increasing carbonate-intersection (from 43% of present-day values at the start of the Jurassic).
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FIGURE 7. Minimum, maximum, and mean arc carbon flux for volcanic arcs since 200 Ma. The red line and area illustrate the case where carbonate-intersecting subduction zone arcs and those that do not intersect carbonates are differentiated, producing 108.0 mol km–1 yr–1 and 106.3 mol km–1 yr–1 of carbon, respectively. The case where all arc lengths produce the same carbon flux (arcs are not differentiated into carbonate-intersecting and non-carbonate-intersecting) is included as the black dashed line and dotted uncertainty.


Our approach does not consider the influence of significant carbon-degassing volcanoes such as Etna and Popocatepétl, which together contribute at least 2 Mt C yr–1 to present-day global arc flux, or 5–15% (Werner et al., 2019). Both volcanoes are located on arcs intersecting crustal carbonates (Etna on the Calabrian Arc; Popocatepétl on the Trans-Mexican Volcanic Belt). de Moor et al. (2017) propose that the dominance of such volcanoes may indicate either immense short-scale compositional or geophysical variability in carbon subduction along arc segments or short-term variability in arc carbon fluxes; in addition we suggest that the lateral distribution of crustal carbonate may also be a factor in determining local carbon degassing rates.



DISCUSSION


Net Carbon Flux

In this analysis we have considered the balance of carbon degassed at different tectonic settings and the amount of carbon that is subducted into the deep Earth (Figure 8). The result of the analysis presented here is that while net outgassing flux has stayed close to zero for the last 200 Myr, for the majority of this time net outgassing of CO2 has been slightly positive, at around 25–75 Mt C yr–1 (the equivalent of the CO2 degassing of 5–15 Mount Etnas, Burton et al., 2013). This result therefore suggests that the carbon released from Earth’s mantle is larger than the carbon returned to the mantle at subduction zones, and that there has been a net outgassing of carbon to the Earth’s surface since 200 Ma.
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FIGURE 8. Total outgassing (red), total ingassing (blue), and net outgassing (green) plotted against time. Total ingassing curve drawn assuming a symmetric uncertainty represented by the difference between the maximum carbonate sediment subduction and the mean carbonate sediment subduction, as opposed to the modeled asymmetric distribution. Total outgassing curve drawn assuming the continent scale rift history of Brune et al., 2017 (L1), and the differentiation of volcanic arcs into carbonate-intersecting and non-intersecting (Pall et al., 2018).


We acknowledge that this first-order net degassing curve does not account for the subduction of organic carbon within sediments (as mentioned in section “Carbonate Sediments”), which may constitute a significant proportion of subducting carbon, however, we note that organic carbon subduction, if similar to the ∼20% of subducted sediment at the present-day (Clift, 2017), would not be sufficient to account for the difference between ingassing and outgassing fluxes. We additionally make note of the potential release of stored carbon within the crust and mantle during volcanism, such as at carbonate-intersecting arcs, which may bolster the net carbon outgassing curve.

Figure 9 shows the relative contribution of each tectonic setting to total degassing. Our results agree to a first order with those of Marty and Tolstikhin (1998), who suggest that the contributions from mid-ocean ridges, arcs, and plumes may contribute comparable fluxes of carbon; at the present-day and over the past 200 Ma the contributions from mid-ocean ridges, arcs, and plumes have been similar. More interestingly, our results highlight the vital role of rifting to the deep carbon cycle, consistent with previous studies (Brune et al., 2017; Foley and Fischer, 2017). Of the four plate tectonic settings considered in this study, continental rifts account for a significant portion of degassed carbon (Figure 9); the mean areal flux of 50 ± 40 t C km–2 yr–1 adopted suggests that continental rifts may consistently supply 50% of the total outgassing carbon from the deep Earth, with a maximum at ∼130 Ma linked to the rifting of the Pangaean supercontinent. However, such a large quantity may be an artifact of the uncertainties in capturing rift carbon fluxes; the minimum and maximum rift values would suggest consistent carbon contributions of 20 and 70%, respectively to Earth’s surface (Figure 9). This observation highlights the necessity for a better understanding of carbon degassing within continental rift zones, and demonstrates that continental rifts may play the most important role in delivering non-anthropogenic carbon to the atmosphere. Oceanic divergent boundaries contribute a smaller, but not insubstantial amount of ∼20%, which remains fairly constant over the past 200 Myr.
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FIGURE 9. Ratioed outgassing contributions from different tectonic settings. Rift maximum and minimum degassing is shown as the shaded red area. The contributions from arcs, plumes, and ridges are mean calculated values; uncertainty envelopes for these contributions are not shown.


Volcanic arc contributions to total outgassing have fluctuated between 10 and 30% of total net outgassing through time, reaching a maximum at the present-day, coincident with a minimum in rift carbon (Figure 9). This could illustrate the effect of millions of years of carbonate accumulation in the crust through geological time, and hence increasing arc carbonate assimilation; this could also be a result of the limitations of both the Pall et al. (2018) model and our own assumptions, which both do not account for carbonate platform thicknesses or the effect of multiple decarbonation events.

Mantle plume volcanism contributes ∼10% of the total flux, with increased outgassing during LIP emplacement events (Figure 9). Our LIP carbon fluxes are in agreement with past estimates for carbon degassing for individual LIPs, including the Columbia River Basalt Group eruptions estimate of Armstrong McKay et al. (2014) (7.5–10 Mt C yr–1) and the Deccan Traps estimate of Caldeira and Rampino (1990) (6 to 20 × 1016 moles over several hundred thousand years, or ∼7–20 Mt C yr–1).

Figures 8, 9 therefore highlight the role of arc and rift magmatism in liberating vast quantities of carbon stored within the crust and mantle. Volatilized carbon-bearing phases at these settings have played a vital role in tipping the balance between carbon subduction and degassing over the last 200 Myr, and new insights into the remobilization of stored carbon in continental crust and metasomatized lithospheric mantle will likely continue to prove a fruitful avenue for future research into the deep carbon cycle.



Links Between Carbon Fluxes and Atmospheric CO2

Our total net outgassing curve is plotted against the proxy atmospheric CO2 record of Foster et al. (2017) in Figure 10. There appears to be minimal first-order correlation between the two curves, albeit for occasional spikes corresponding to LIP eruptions (e.g., at 100–120 Ma). Similarly, there is little correlation between the outgassing/ingassing ratio and atmospheric CO2 (Figure 11A). The noticeable lack of correlation between total net outgassing fluxes and atmospheric CO2 concentrations highlights the importance of carbon cycling and storage within surface reservoirs, thereby maintaining Earth’s climate.
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FIGURE 10. Net carbon flux plotted against time (green line and green shaded area uncertainty). Atmospheric CO2 curve of Foster et al. (2017) included (dashed gray line) with 2σ uncertainty (dotted gray lines).
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FIGURE 11. (A) Gross carbon outgassing/ingassing ratio as percentage ingassing plotted against time (green line and shaded area). The atmospheric CO2 curve and uncertainty of Foster et al. (2017) is included as the dashed and dotted gray lines. (B) Percentage of subducted material accounted for by outgassing at volcanic arcs, and uncertainty envelope.


One of the major surface processes we have not considered is carbon drawdown resulting from silicate weathering. Silicate weathering provides a negative feedback to elevated atmospheric CO2 concentrations (e.g., Dessert et al., 2003; Jones et al., 2016). Carbon can chemically sequester in silicate materials to form clay minerals, which are preferentially removed during erosion and transported to the oceans (Colbourn et al., 2015). The drawdown of atmospheric CO2 is dependent on available surface area for weathering, local erosion rates, and land surface reactivity (Rugenstein et al., 2019). Temperature, humidity, precipitation rates and acidity of the weathering environment all control erosion rates and are in turn controlled by climate; greater erosional rates and CO2 drawdown is expected at lower latitudes where precipitation rates and temperature are higher (e.g., Amiotte Suchet et al., 2003). CO2 drawdown by silicate weathering is further enhanced by the emplacement of large surface areas of mafic material onto the Earth’s surface, which weather 5–10 times faster than granitic or gneissic material (Dessert et al., 2001, 2003). LIPs and basaltic eruptions therefore provide an immense sink for atmospheric carbon, considered a net sink by some studies (e.g., Jones et al., 2011), with a drawdown flux of ∼1.8 ± 2.2 Mt C km–2 yr–1 (average basaltic watershed CO2 consumption rate, Dessert et al., 2003). The link between flood basalt area within low latitudes and atmospheric CO2 has been explored previously by Johansson et al. (2018), who link downward atmospheric CO2 trends to the transit and residence of major LIPs in the near-equatorial humid belt.

In addition, we have not considered the exsolution of CO2 during the metamorphism of carbon-bearing rocks, such as limestones or shales (Bickle, 1996; Evans, 2011). The thermal breakdown of carbonates can liberate CO2 contained within the carbonate structure, as can reaction with silica (e.g., Ague and Nicolescu, 2014). Vast amounts of CO2 are therefore expected to be released during regional metamorphism in orogenic belts, such as the Himalayas (Kerrick and Caldeira, 1998; Evans et al., 2008), where reactions from greenschist facies onward can permit subsolidus decarbonation. Direct measurement of metamorphic carbon dioxide is often possible in orogenic belts through the analysis of riverine water and groundwaters (e.g., Becker et al., 2008; Evans et al., 2008; Frondini et al., 2008), chromatographic modeling of fluid reaction fronts (Skelton, 2011), and metamorphic phase diagram modeling (Groppo et al., 2017). Svensen and Jamtveit (2010) argue that owing to the long timescales related to orogenic processes there are unlikely to be substantial climate changes linked to orogenic decarbonation; however, present-day estimates of orogenic degassing are on a similar order of magnitude to that of mid-ocean ridges and plumes. As an example, measured Himalayan metamorphic carbon fluxes range from 0.132 to 0.408 Mt C yr–1 (Groppo et al., 2017) to 11 Mt C yr–1 (Becker et al., 2008). On the other hand, the erosion of orogenic belts has been linked to immense atmospheric drawdown as a result of silicate weathering (e.g., Raymo and Ruddiman, 1992).

The question as to whether total metamorphic degassing is balanced by drawdown resulting from silicate weathering of mountain belts remains a subject of debate. Some authors suggest that decarbonation and silicate weathering are in balance as a result of increased sedimentation expected from erosion of orogenic belts, and hence increased organic carbon burial (Galy et al., 2007; Gaillardet and Galy, 2008). Metamorphic contributions to carbon fluxing could therefore be ignored if this was indeed the case. In contrast, Huh (2010) estimates that the drawdown flux of the Tibetan Plateau at the present-day is substantially lower than suggested degassing rates listed above (e.g., Skelton, 2011), implying that metamorphic degassing and drawdown are decoupled (Evans, 2011).

Metamorphic degassing is dependent on the pressure and temperature of reaction, the initial composition of the rock and its volatile content, the porosity of the rock and the ease of degassing, and the rate at which metamorphic rocks undergo reaction (e.g., France-Lanord and Derry, 1997; Evans et al., 2008; Groppo et al., 2017). We therefore expect significant variations in metamorphic CO2 degassing both across a single mountain range and between different ranges. In addition we anticipate large temporal variability in carbon exsolution over the lifetime of an orogenic belt. Without considering this full range in parameters it is difficult to accurately determine past metamorphic fluxes using our present-day analogs. One future avenue of research may be to determine orogenic belt areas from paleogeographical models (e.g., Cao et al., 2017b), and utilize them alongside the rock record in estimating protolith compositions and hence metamorphic decarbonation and drawdown fluxes, however, such modeling is beyond the scope of this paper.



What Goes Down Is Mostly What Comes Up – The Norm or the Exception?

Kelemen and Manning (2015) suggest that ingassing and degassing carbon fluxes at present-day subduction zones are approximately in balance, or perhaps that outgassing fluxes are larger, implying that there is very little return of carbon to the deep mantle, and that some carbon sourced from the subducting slab may be stored in the lithosphere of the overriding plate. Other authors have argued that carbon subduction and mantle outgassing are in steady state over long timescales (e.g., Jarrard, 2003).

Our analysis suggests that at the present-day, most of the carbon entering the mantle at subduction zones is unaccounted for; only about 20–40% of subducted carbon is outgassed at arc volcanoes, implying that the remaining 60–80% of subducted material is returned to the mantle or trapped in lithospheric reservoirs (Figure 11B). Within the mantle, this 60% is likely either recycled back into the deep mantle or stored in the mantle lithosphere. In either case, convection, plumes, and continental rifting may liberate carbon from the mantle and return it to the surface. Our results additionally indicate that there has not been a period in the past 200 Myrs during which subduction fluxes have been perfectly balanced by arc emissions. Arc emissions have, for this time period, constituted less than 50% of the total subducted carbon. This result not only illustrates the relatively low efficiency of arcs in outgassing their subducted carbon, but also the role of continental rifts and mid-ocean ridges in maintaining the Earth’s ingassing and outgassing balance.

The difference between our conclusions and those of Kelemen and Manning (2015) at the present-day is partly a result of new estimates of carbonate subduction. Recent estimates of carbonate subduction at the present-day of 48 Mt C yr–1 (Clift, 2017) and 57 Mt C yr–1 (Dutkiewicz et al., 2018) are significantly larger than the 13–23 Mt C yr–1 assumed for carbon-bearing sediments by Kelemen and Manning (2015). Likewise, present-day estimates for arc degassing are significantly lower than the values adopted by Kelemen and Manning (2015), Aiuppa et al. (2019) estimate a value of 8.0 ± 0.6 Mt C yr–1, and the value we use of 27 ± 16 Mt C yr–1 to capture the range of estimates reflects these recent developments.

Finally, recent investigations into carbon sequestration in the Costa Rica subduction zone suggests that a significant portion of carbon may be stored as subsurface crustal calcite in the forearc region, implying that relatively little subducted carbon is then consumed and degassed at subduction zones (Barry et al., 2019). An alternate conclusion from our results could therefore be that a significant proportion of slab-derived carbon is removed by forearc processing prior to outgassing at subduction zones, however, further understanding of such processes will be necessary to differentiate between the effects of forearc storage and deep mantle subduction.



CONCLUSION

The relationships between the temporal change in plate boundary lengths and deep Earth carbon outgassing and ingassing have been the subject of several recent studies (Brune et al., 2017; Müller and Dutkiewicz, 2018; Pall et al., 2018). This study summarizes our understanding of carbon degassing at tectonic settings at the present-day, and the implications of current present-day estimates to temporal atmospheric carbon variability and climate change since the start of the Jurassic. We have highlighted recent advances made, particularly in the fields of plate reconstruction modeling and measurements of carbon degassing, but also the significant uncertainties and debates that are ongoing in the carbon cycling community. With this in mind a number of broad conclusions may be drawn:

(1) Net outgassing has been positive over the last 200 Ma, averaging ∼50 Mt C yr–1 more than ingassing at subduction zones (Figure 8). This result highlights the importance of surface sinks in regulating atmospheric CO2, or the necessity of reactivation of sub-continental lithospheric storage, but may be accounted for when other carbon sequestering mechanisms are incorporated (e.g., silicate weathering, etc.).

(2) We build on previous work (e.g., Brune et al., 2017; Foley and Fischer, 2017) to show that rifts appear to be the dominant tectonic setting in terms of carbon degassing fluxes over the last 200 Ma (Figure 9), although significant uncertainty remains. However, the influence of carbonate-intersecting arcs increases with time (see Figure 7). The influence that this increase may or may not have had on atmospheric CO2 over the last 200 Ma remains unclear. An implication of this conclusion is that outgassing at volcanic arcs does not completely account for the carbon ingassed at subduction zones (Figure 11B), and that some material is recycled back into the mantle, where it later contributes to carbon outgassed at rifts, ridges, and plume volcanoes.

(3) The net outgassing values (Figure 10) do not correlate well with atmospheric CO2 concentrations over the last 200 Ma (Figures 10, 11A). This should not be taken as implying that the approach of this work is incorrect, but that there are “missing” components in the model of ingassing and outgassing presented here.

(4) Our first-order outgassing curve is limited by our present-day understanding of deep carbon cycling processes. Further understanding of the mechanisms behind carbon production and release will be necessary to constrain carbon estimates at the present day. We highlight the following critical components which will be essential in understanding the global carbon balance through deep time: (a) Integration of orogenic controls on the deep carbon cycle, including metamorphic degassing and silicate weathering; (b) Sub-lithospheric storage of carbon, which may be critical for understanding the distribution of carbon on Earth but is yet unaccounted for in most models (including the one presented here); (c) Constraining the uncertainty in carbon fluxes arising from continental rifts.
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Conversion factors

681 + 45 ppm (average serpentinite carbon
concentration); 20 £ 10%, 13.5 £ 1.5 km
(serpentinization degree and extent)

25420kt Ckm~" yr=1 (rift carbon
length flux)

0.37 £0.23 kt Ckm~" yr—! (ridge carbon
length flux)

6.0 £ 3.0 Mt Cyr—" (baseline plume flux);
0.8 £ 0.3 wt% (primary plume basalt CO»
concentration)

27 4+ 16 Mt C yr—" (present-day arc flux);
107489 mol km=" yr= (range for
carbonate-intersecting arcs); 109-0-6-4 mol
km~" yr=" (range for
non-carbonate-intersecting arcs)
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Mdiller et al., 2016; Johansson et al., 2018;
Hauri et al., 2019; Werner et al., 2019

Kelemen and Manning, 2015; Muller et al.,
2016; Pall et al., 2018; Wemer et al., 2019

Input data in italics are provided by GPlates modeling. Density of basaltic rock is taken as 2800 kg m~S. A full table detailing plate tectonic parameters used in concordance
with these conversion factors is given as Supplementary Table S1. Note that 3.67 t of CO, contain 1 t of pure carbon.
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