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Interactions between long-termmantle dynamics and the
evolution of Earth’s surface volatiles and climate

Abstract

Elucidating the interactions between Earth’s surface and interior is crucial for understanding
Earth’s long-term climate cycles and surface geochemical processes. In this thesis, I investigate the
feedbacks between Earth’s mantle dynamics and volatile and climate cycles on timescales ranging
frommillions to billions of years.

In Chapters 1 and 2, I focus on the 4 Ga plate tectonic evolution of Earth and the potential feed-
backs involving volatile cycles. The goal of Chapter 1 is to examine how a change in plate tectonic
style may influence the outgassing flux of CO2 at ocean ridges. I combine an analytic model of
mantle convection with a petrologic model of mantle melting in the presence of CO2 to compute
mantle temperature, plate speed, melt production, and CO2 outgassing flux at ocean ridges since the
Hadean. A large suite of realistic mantle and lithospheric parameters are explored to map out a full
range of possible thermal histories. The results show that in order to satisfy thermal constraints,
the Earth must have started in a sluggish-lid mode of plate tectonics (where the mantle speed is
much greater than the plate speed) and then transitioned to an active-lid mode (where the plates
are strongly coupled to the mantle). Furthermore, I show that plate speed and CO2 outgassing flux
do not necessarily scale with mantle temperature, and that it is possible to reach present-day mantle
temperatures and plate speeds with a simple force balance without invoking any feedbacks (e.g. grain
size evolution, dehydration stiffening) or a fully stagnant-lid mode of convection in the Precam-
brian. The solutions show a range of evolutionary behaviors depending on the parameters chosen.
The transition from sluggish- to active-lid mode can be smooth, abrupt, or be characterized by an
intermediate time scale. A smooth transition is difficult to distinguish from a purely active-lid evo-
lutionary path based on temperature, plate speed, melt production, and CO2 outgassing flux. In
contrast, an abrupt transition leads to a large increase in the average plate speed with a correspond-
ing increase in melt production and CO2 outgassing flux. Since an abrupt transition would have
a much larger effect on CO2 outgassing and melt production than a change in ridge length, I in-
vestigate the impact of rapidly changing plate speeds and do not consider changes in ridge length.
Finally, I show that carbon recycling is required for a large part of Earth history in order to explain
present-day CO2 outgassing. The model highlights the importance of understanding the style of
mantle convection when calculating melt production and volatile fluxes through Earth’s history.

In Chapter 2, I expand on the thermal evolution model of Chapter 1 by incorporating a deep wa-
ter cycle where water is brought into the mantle at subduction zones and released from the mantle
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at ocean ridges. Water is an important element in mantle convection as it has the ability to signifi-
cantly reduce mantle viscosity and hence influence mantle dynamics. The results show that, even
with a water cycle, a long phase of sluggish-lid tectonics is required to reach present-day constraints
and that the transition may still be smooth, abrupt, or of intermediate time scale. The overall evo-
lution of the thermal state of the planet and plate tectonic regimes is primarily explained by the
forces acting on the plate boundary. However, the water cycle contributes through its effect on
mantle viscosity. Specifically, all of the models that go through a phase of sluggish-lid tectonics be-
fore transitioning to an active-lid mode have significantly higher initial water contents than the runs
that do not transition. This suggests that the Archean Earth may have had higher water content
than present-day. Finally, I explore the sensitivity of these results to the depth of hydrous alteration
adopted in the regassing parameterization. Again, the general thermal and tectonic evolution remain
similar, but the history of the regassing-to-degassing ratio is sensitive to the assumed depth of the hy-
dration. This demonstrates the potential importance of subduction zone metamorphism in models
of early Earth climate and volatile cycles.

In Chapter 3, I investigate the feedback between mantle dynamics and paleoclimate cycles on
timescales of 1–10s of millions of years. The purpose is to revisit the enigma proposed byMorrow et
al. (2012) who showed that the two observational estimates of Earth’s oblateness (i.e. dynamic ellip-
ticity) based on deep sea sediment cores — one with a 3Myr time scale and the other with a 25Myr
time scale — are contradictory. I calculate Earth’s dynamic ellipticity using models of glaciostatic
adjustment (GIA) and novel mantle convection simulations based on the adjoint method. While
GIAmodels show decreasing oblateness over the past 3 Myr, mantle convection models predict in-
creasing oblateness going back 25Myr. Further, estimates from both the GIAmodels and mantle
convection models are inconsistent with the two observational constraints. However, these results
suggest systematic inaccuracies in the observational estimates. To illustrate this issue, I reassess the
estimate of dynamic ellipticity over the past 3 Myr from Lourens et al. (2001) incorporating the up-
dated orbital modeling software of Laskar et al. (2010) and find that the dynamic ellipticity changes
are higher, and of opposite sign, than expected from physical modeling of GIA and mantle convec-
tion. This indicates that either the analysis method is not robust or the sediment core used is not
representative of actual climate cyclicity. Finally, I discuss the importance of establishing observa-
tional constraints at multiple time periods in order to distinguish between different models of the
geophysical processes that perturb the oblate form of the Earth over geological time.
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0
Introduction

A number of processes link the Earth’s interior to its surface. Mantle convection, the primary pro-

cess by which heat is transported within the mantle, is the driving force behind plate tectonics. As

a consequence, this process is connected to a variety of surface phenomena such as earthquakes,

volcanic activity, surface topography, weathering fluxes, and more. Indeed, many large and critical

events in Earth’s history have been linked to interior processes within the mantle. For instance, large

volcanic eruptions caused by hot mantle plumes rising from deep within the interior have resulted

in major changes in Earth’s atmosphere and climate that have been implicated in large mass extinc-

tions (e.g., Burgess & Bowring, 2015). Conversely, processes occuring on Earth’s surface can impact

Earth’s interior. As an example, the glacial cycles of the Plio-Pleistocene were characterized by large

mass redistributions on Earth’s surface, and the resulting crustal deformations drove viscous flow in

the mantle below. Additionally, changes in surface chemistry can often lead to changes in subduc-
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tion zone ingassing, contributing to variability in mantle chemistry and, in turn, mantle viscosity

and mantle flow. In this thesis, I explore some of the long-term processes which connect Earth’s in-

terior and surface. In Chapters 1 and 2, I focus on the feedback between the thermal evolution of

Earth’s mantle and volatile cycling over 4 billion years. Chapter 3 discusses the influence of changes

in Earth’s shape due to mantle dynamics on paleoclimate cycles on timescale of 1–10s of millions of

years.

0.1 Earth’s thermal history and volatile cycles

Amajor advance in solid Earth geophysics was the development of a boundary layer model that

related thermal convection to plate tectonic processes on the surface (Turcotte & Oxburgh, 1967).

This simple model was able to explain oceanic heat flow and plate velocities remarkably well. In this

formulation of convection, the plate and mantle are fully coupled such that hotter temperatures

cause more vigorous convection which, in turn, leads to faster plate speeds and higher heat flow

out of the surface (i.e., a faster cooling of the mantle). A number of studies that followed used this

traditional mantle convection scaling in an attempt to determine the mantle temperature and plate

speed in the Precambrian (e.g., Schubert et al., 1979). When realistic values of radioactive heating

are used, however, this model predicts mantle temperatures in the early Earth that are too hot to

match geologic constraints (Korenaga, 2006). This ”thermal catastrophe” indicates that there must

have been a fundamental change in the style of plate tectonic and mantle convection to slow the

rate of heat flow out of the surface. One possibility is that ”stagnant-lid” convection prevailed in the

early Earth, a regime where the plate and mantle are fully decoupled with mantle material flowing

beneath a stationary plate. Alternatively, plate tectonics could have existed in the form of ”sluggish-

lid” tectonics, a situation where the mantle and plate are partially decoupled, with the plate moving

slower than the mantle beneath it. Under these scenarios, a hotter mantle may not lead to higher
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plate speeds. Arguments for this transition have major implications for modeling those aspects of

early Earth geochemistry and climate that are controlled by the plate tectonic cycle. In Chapter 1,

we model the thermal history of the Earth in order explore the effects of a change in plate tectonic

style on CO2 outgassing at ocean ridges. We extend that study to explore the influence of a deep

water cycle on mantle flow and plate tectonics in Chapter 2.

Ocean ridges are one of the primary connections between Earth’s mantle and surface. There-

fore, understanding the evolution of ocean ridge processes through Earth history is important for

understanding how Earth’s surface and mantle have evolved. Furthermore, a major component of

volcanic outgassing at ocean ridges is the flux of CO2 which is not only a major driver of Earth’s cli-

mate but also a crucial component of surface geochemical and biological processes. While previous

studies of early Earth climate have modeled the outgassing of CO2 at ocean ridges, they have gener-

ally assumed that the traditional mantle convection scaling based on present-day ”active-lid” plate

tectonics holds for the early Earth (e.g., Sleep & Zahnle, 2001). In this case, the CO2 outgassing flux

increases with increasing mantle temperature. In Chapter 1, I apply a new analytic model of man-

tle convection that assumes plate tectonics existed since the end of the Hadean but allows for both

sluggish-lid and active-lid plate tectonics. This model is then combined with a petrologic model

of mantle melting to compute mantle temperature, plate speed, melt production, and CO2 out-

gassing flux at ocean ridges for the past 4 Ga. A version of this chapter was published in Earth

and Planetary Science Letters in 2019 with JohnW. Crowley, Rajdeep Dasgupta, and Jerry

X. Mitrovica.

Chapter 2 extends the thermal history model developed in Chapter 1 to incorporate a water cy-

cle. Like CO2, water is essential for regulating Earth’s climate and sustaining life over Earth history.

It is continuously being drawn into the mantle at subduction zones and released from the mantle

at ocean ridges. Since small amounts of water in the mantle can significantly reduce the viscosity

of the mantle, the deep water cycle has the ability to contribute to long-termmantle dynamics and
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vice-versa. Although prior research has explored the feedback between Earth’s deep water cycle and

thermal history, these studies have once again been limited to traditional boundary layer scalings of

convection (e.g., Sandu et al., 2011; Crowley et al., 2011; Jackson & Pollack, 1987). Following on

the methods of Chapter 1, we account for differences in plate tectonic style in an exploration of the

effects of a deep water cycle feedback on the thermal and tectonic evolution of the Earth.

0.2 Climate cycles and mantle dynamics

In Chapter 3, we switch gears to explore mantle dynamics on timescales of 1–10s of millions of

years. On these timescales, both mantle convection and mass redistribution within the mantle due

to glacial cycles contribute to changes in the Earth’s shape. The oblateness of the Earth’s gravity field

(or, alternatively, dynamic ellipticity) exerts a fundamental control on the orbital cycles of Earth

— specifically the axial obliquity and precession—which drive insolation variations and, in turn,

climate cycles. This connection represents a crucial, yet oft-overlooked, link between solid-Earth

processes and paleoclimate. There are currently two estimates of the Earth’s past dynamic elliptic-

ity based on deep sea sediment cores. On the basis of these records, Lourens et al. (2001) and Pälike

& Shackleton (2000) concluded that the oblateness of the Earth remained relatively constant over

the past 3 Myr and 25Myr, respectively. Although these findings appear to be consistent, Mor-

row et al. (2012) showed that the dynamic ellipticity cannot be constant over both time periods.

Specifically, a constant dynamic ellipticity over 3 Myr requires a relatively low mantle viscosity to

minimize isostatic disequilibrium associated with glacial cycles, while a constant dynamic ellipticity

over 25Myr requires a high mantle viscosity to slow changes in oblateness driven by mantle convec-

tion. In Chapter 3, we re-evaluate this enigma in light of novel mantle convection simulations and

updated orbital models.
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1
The influence of plate tectonic style on melt

production and CO2 outgassing flux at

mid-ocean ridges

1.1 Introduction

In addition to subduction zones and mantle hotspots, ocean ridges are one of the primary connec-

tions between Earth’s rocky mantle and surface. Ridges account for over 70% of volcanism, and the

volatiles released at ocean ridges strongly influence ocean chemistry, atmospheric chemistry, and

climate throughout Earth history (e.g., Sleep & Zahnle, 2001). In particular, atmospheric CO2 is

critical for maintaining a habitable planet since it is a strong greenhouse gas, and carbonate–silicate
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weathering has a stabilizing effect on Earth’s climate (e.g., Sleep & Zahnle, 2001). It is estimated

that CO2 outgassing at ocean ridges accounts for 20–60% of the total CO2 flux from the mantle

to the surface (Cartigny et al., 2008; Dasgupta &Hirschmann, 2010; Le Voyer et al., 2017; Marty

& Tolstikhin, 1998). Thus, understanding the changes in the mantle output of CO2 to the surface

is important for our understanding of Earth’s surface and biological processes from the early Earth

through present day.

A number of previous studies have attempted to constrain the evolution of CO2 cycling through-

out Earth history. Since there are few direct lines of evidence for the distribution of CO2 in mantle

and surface reservoirs during the Precambrian, modeling provides a means of understanding the var-

ious processes acting in the early Earth. Most previous models of climate of the early Earth assume

that plate speed and melt production directly scale with mantle temperature based on traditional

mantle convection scalings (e.g., Lowell & Keller, 2003; Sleep & Zahnle, 2001; Tajika &Matsui,

1992). However, this assumption is based on the present-day plate tectonic system, and the relevant

force balances governing plate tectonics may have been quite different in the early Earth.

Consensus has emerged amongst geochemists and geodynamicists that the ambient mantle

of the Archean Earth would have been hotter than it is today by at least 100◦C (Ganne & Feng,

2017; Herzberg et al., 2010; Keller & Schoene, 2018). However, the effect of a hotter mantle on

the tectonic and mantle convection style is still heavily debated among geodynamists (see Korenaga,

2013; van Hunen &Moyen, 2012, and references therin). Korenaga (2006) argued that using con-

ventional mantle convection scalings, heat loss from the Earth would have been too great in the

Archean to have evolved to present-day temperatures and surface heat flow. There have been a num-

ber of theories presented to avoid this “thermal catastrophe” in the early Earth, such as stagnant-lid

convection in which the lithosphere is stationary and fully decoupled from the mantle flow below;

in this case, instead of heat flow through ocean ridges, heat is released through intraplate volcanism

or plutonism (see Korenaga, 2013). Other models advocate for plate tectonics, defined here as a sys-
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tem with rigid plates and deformation confined to plate boundaries (Lenardic, 2018), throughout

the Archean. In some cases, this is made possible through additional dissipation in the subduction

zone from dehydration stiffening of the lithosphere or grain size evolution which both favor slug-

gish convection in the early Earth (Korenaga, 2006; Foley & Rizo, 2017) . Alternatively, a change in

the force balance driving plate tectonics leads to sluggish-lid tectonics (defined in Section 1.2.1.1) as

opposed to active-lid tectonics operating at present-day (Höink et al., 2011). Nevertheless, a major

change in the plate tectonic or mantle convection style would have substantial influence on mantle

melting and volatile cycling processes.

In this study, we investigate mantle temperature, plate speed, ridge melt production, and ridge

CO2 outgassing from 4 Ga to present by coupling an analytical mantle convection model (Crowley

&O’Connell, 2012) with a recent petrologic model of peridotite melting in the presence of CO2

(Dasgupta, 2018; Dasgupta et al., 2013). By taking advantage of the computational efficiency of the

analytic convection model, we are able to simulate time-dependent convection with a large suite of

realistic mantle and lithospheric parameters to produce a full range of possible thermal histories that

are consistent with a transition in plate tectonic style (sluggish-to active-lid). The goal of this work is

not to infer the exact path along which mantle temperature, plate speed, melt production, and CO2

outgassing rate evolved. Rather, the purpose is to elucidate the range of plausible trajectories the

system could have followed to better understand the connection between the mantle and the surface

throughout Earth history.

1.2 Model description

1.2.1 Thermal evolution model

In order to calculate melt production, and ultimately CO2 outgassing, at a given point in time, it

is necessary to calculate both the temperature of the mantle and the speed of mantle flow beneath
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the ridge. We model the thermal evolution of the mantle as a combination of heat loss due to con-

duction across the lithosphere and heat input from both internal heating and core heating. Given

the large uncertainties in many of our mantle and lithospheric parameters through time, we choose

not to include heat loss due to melting in this equation since it is a much smaller contribution to the

mantle heat flow (<10% of surface heat flow at present-day; Driscoll & Bercovici, 2014).

For a given initial mantle potential temperature (Tp), the following energy equation is used to

calculate the mantle temperature at each subsequent time step:

ρgCpV
ΔTp

δt
= H(t)ρgV+ Scqc − Smqs(Tp,Up), (1.1)

where ρg, Cp,V, Sm, Sc, qc, qs, and t are the average mantle density, the specific heat, the volume of

the mantle, the surface area at the top of the mantle, the surface area at the top of the core, the core

heat flux, the surface heat flux, and time, respectively. H(t) is the internal heating of the system in

W/kg due to the exponential decay of radioactive elements (see Appendix A). The surface heat flux,

qs (W/m2), is calculated from the temperature and horizontal plate speed (Up) by the classic model

of half-space cooling (Turcotte & Schubert, 2014):

qs = 2ΔTpkc

√
Up

πκL
. (1.2)

In this equation, L is the length of the plate, kc is the thermal conductivity, and κ is the thermal

diffusivity. ΔTp is the temperature difference between the surface and mantle. For simplicity, the

surface temperature is set to 0◦C through all time, and therefore ΔTp is equal to Tp. The starting

point for the thermal evolution is set to 4 Ga, the start of the rock record on Earth. A full list of

parameters in the model and their adopted values are listed in Table 1.1.
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Symbol Value Unit Description

αg 2.5× 10−5 K−1 Average mantle thermal expansivity
αl 3.5× 10−5 K−1 Lithospheric thermal expansivity
ρg 4500 kg/m3 Average mantle density
ρl 3300 kg/m3 Lithospheric density
kc 2.5 W/m/K Thermal conductivity of the lithosphere
κ 6.31× 10−7 m2/s Thermal diffusivity of the lithosphere
μ0 5× 1021 Pa·s Reference viscosity
c1 2.5, 10 Viscosity contrast
E 200 kJ Activation energy
Rg 8.31 J/mol/K Gas constant
T0 1300 MPa Reference temperature
τsp 1-900 MPa Slab pull normal stress
τyf 1-900 MPa Fault zone and yield stress
d 2900 km Whole mantle thickness
dm 1500, 2000, 2500 km Depth of lower mantle
c0 2.04, 2.32, 2.77 Plate thickness parameter
V 9.08× 1020 m3 Volume of the mantle
Sm 5.1× 1014 m2 Surface area of the mantle
Sc 1.5× 1014 m2 Surface area of the core
Cp 1200 J/kg/K Specific heat
g 9.8 m/s2 Gravity

Table 1.1: Parameters used in model calculations
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1.2.1.1 Mantle dynamics scaling

The calculation of qs requires a model of the plate speed. For this, we employ an analytic boundary

layer model for thermal convection with a finite-strength lithospheric plate and depth-dependent

viscosity (Crowley &O’Connell, 2012). Figure 1.1 shows the main setup of the model and the cor-

responding parameters. The model combines an energy balance equation for the entire convecting

mantle with an energy balance equation for the lithospheric plate alone. The bulk mantle energy

balance consists of viscous dissipation in the mantle and asthenosphere, dissipation in the plate, and

dissipation in the fault zone. These terms are balanced by the rate of change of potential energy in

the mantle due to convection. The lithospheric energy balance contains terms related to the dissi-

pation in the plate and fault zone as well as work done on the plate due to a pressure gradient and

basal traction. These are balanced by the rate of change of potential energy in the lithosphere (grav-

itational sliding). By combining these equations, one can solve for the plate speed at a given mantle

temperature. More details are given in Appendix B.

This model of mantle flow results in up to three solutions for plate speed depending on the man-

tle temperature and parameters chosen. Figure 1.2 provides illustrative results for plate and man-

tle speed versus temperature in the case of three different sets of parameters. Modern-style plate

tectonic solutions (active-lid) refer to the case where the plate and mantle are fully coupled; Plate

speeds are close to or greater than the characteristic mantle speeds and scale with mantle temper-

ature. In contrast, sluggish-lid solutions do not have a fully coupled plate and mantle and there-

fore have characteristic mantle speeds many times larger than the plate speed. Moreover, the plate

speed does not directly scale with the mantle temperature (Figure 1.2). These different styles of plate

tectonics depend on which terms in the lithospheric energy balance dominate. For sluggish-lid so-

lutions, gravitational sliding dominates the lithospheric energy balance while active-lid solutions

are dominated by the traction term which couples the plate to the mantle (Crowley &O’Connell,
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Figure 1.1: Basic setup and geometry of the thermal history model with various parameters labeled. The simple
2D boundary layer model is divided into three layers: mantle, asthenosphere, and lithosphere. The thick-
ness of each layer is defined as dm, da, and dl, respectively. The asthenosphere and mantle have temperature-
dependent viscosities of μa and μm. The mantle is assumed to be well-mixed with temperature Tm. Heat
enters the system through internal heating (H) and basal heating (Qb), and it leaves the system through the
surface (Qs). The lithosphere moves at a uniform speed of Up and the base of the mantle moves atUm. Figure
adapted from Crowley &O’Connell (2012).
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Figure 1.2: Plate (blue) and mantle (red) speeds vs. mantle temperature for three different sets of parameters
in the thermal history modeling that yield three different styles of behavior. (a) Only one solution for all
temperatures, but a smooth change from active-to sluggish-lid convection as the temperature increases. (b)
Similar to (a), but with a more abrupt transition. (c) A transition from one to three solutions as temperature
increases.

2012). To clarify, sluggish-lid refers to a style of plate tectonics and does not necessarily require that

the plates move very slowly. As shown in Figure 1.2c, the plate speeds in the sluggish-lid solutions

are around 3–8 cm/yr which is similar to present-day plate speeds. However, this is much slower

than the underlying mantle speed of 20–70 cm/yr and also much slower than what is predicted by

active-lid tectonics at the same temperature (40–-300 cm/yr).

Consistent with numerical models (Höink & Lenardic, 2010; Lenardic & Crowley, 2012), there

are more likely to be multiple solutions at higher mantle temperatures for a given set of model pa-

rameters. In all of our model runs, if there are multiple solutions (Figure 1.2c) for plate speed at

a given mantle temperature, the upper solution will be active-lid and the lower solution will be

sluggish-lid. If there are three solutions, the middle solution can either be active-lid or sluggish-lid.

However, this branch of solutions is likely unstable, so it is excluded in the discussion below.

1.2.1.2 Core heating

Core heating affects the mantle temperature (Equation 1.1) through the addition of heat at the base

of the mantle. However, it also alters the dynamics of mantle flow which influences plate speed and,
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hence, the surface heat flux out of the mantle. The thermal evolution of the core and heat flux at the

core–mantle boundary are not well-constrained (Lay et al., 2008), so we model core heating in three

ways: 1. no core heating; 2. constant core heating; and 3. decreasing core heating. In the case of

constant core heat flow through time, we use a value of 5 TW. For the case of variable core heating,

the core heat flow starts at 15 TW at 4 Ga and linearly decreases to a value of 5 TW at present-day

(Labrosse, 2015). While none of these scenarios replicates the thermal evolution of the core, they

can provide insight into the possible ways in which core heating influences the mantle evolution. We

note that there is an ongoing debate regarding whether or not sluggish-lid tectonics can generate a

dynamo (Driscoll & Bercovici, 2014; O’Rourke et al., 2017). However, this is beyond the scope of

this work.

1.2.1.3 Parameter exploration

To sample a full range of possible thermal histories, we vary a number of important mantle parame-

ters as well as the initial mantle temperature at 4 Ga. For each of the three core heating scenarios and

the adopted starting temperature, we explore 23,328 combinations of parameters. These parame-

ters include the length of the cell (L), the depth of the mantle below the asthenosphere (henceforth

the “lower mantle”; dl), the lithospheric depth constant (c0), stresses associated with slab pull (τsp)

as well as slab bending and faulting (τyf), and the viscosity contrast between the asthenosphere and

mantle (c1).

The length of the cell (L) is varied from 1–3 times the total depth of the cell (2900 km). The

lithospheric thickness (dl), which is the depth of the lithosphere at the subduction zone (distance L

from the ridge), is given by (Turcotte & Schubert, 2014):

dl = c0

√
κL
Up

, (1.3)
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We test three values for c0: 2.04, 2.32, and 2.77. These represent a depth at which the tempera-

ture is 85, 90, and 95% of ΔTp, respectively. The thickness of the lower mantle (dm) is varied from

1500-–2500 km. The thickness of asthenosphere (da) is then just the difference between the total

mantle depth (d) and the combination of dm and dl. The viscosity of the lower mantle (μm) and

asthenosphere (μa) are given by:

μm = μ0 exp
(

E
Rg

(
1

ΔTp
− 1

1300
)

)
, (1.4)

μa =
μm
c1
, (1.5)

where E is the activation energy andRg is the ideal gas constant. The characteristic mantle viscosity

(μ0) is 5 × 1021 Pa·s, and we use values for c1 of 2.5 and 10. The values of c1 and μ0 were chosen to

be consistent with the average mantle and asthenosphere viscosities determined in Lau et al. (2016).

For a mantle potential temperature of 1350◦C, the calculated mantle viscosity is 2.5× 1021 Pa·s, and

asthenosphere viscosities of 1× 1021 Pa·s and 2.5× 1020 Pa·s are obtained for c1 values of 2.5 and 10,

respectively. Finally, we vary both the main sources of stress (τyf and τsp) from 1 to 900MPa. With

the exception of qc, μm, and μa, all mantle parameters are assumed to be constant through time.

1.2.1.4 Calculation through time

We vary the initial temperature from 1400–1650◦C to be consistent with studies of Archean mantle

temperatures from igneous rocks (Ganne & Feng, 2017; Herzberg et al., 2010; Keller & Schoene,

2018). The plate speed is then used to calculate dT/dt. This procedure is followed for 4 Ga using

100 time steps. Increasing the number of time steps did not significantly affect the results. Since the

present-day Earth is currently operating under active-lid plate tectonics, all final solutions that are

retained end in active-lid mode. If there are multiple solutions, we test the case where the system
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starts in a state of active-lid plate tectonics and continues in active-lid mode through all time. We

also test the case where the system starts in sluggish-lid mode until it reaches a natural branch point

and is forced to transition to active-lid mode.

1.2.2 Petrologic modeling

Volcanism along ocean ridges is primarily controlled by pressure-release (i.e. decompression) par-

tial melting. The presence of carbon in the mantle in oxidized form, that is as carbonates, leads to

deeper, low-degree melting (Dasgupta, 2018; Dasgupta &Hirschmann, 2010). This effect, com-

bined with higher temperatures sustained during the Archean, has a significant impact on the total

mass of CO2 outgassed (as well as other volatiles), with major implications for early Earth climate

and its continued evolution (Dasgupta, 2013). Computing the CO2 outgassing rate and melt pro-

duction requires a model of melt fraction (F) and horizontal velocity (U) with depth. The total melt

production (normalized by the ridge length) can be computed using the following equation:

M = 2ρL

∫ 0

Ps
U(P)F(P)dP, (1.6)

whereM is the melt production in kg/yr/m, Ps is the pressure at the depth of the solidus in GPa,

and ρL is the density of the lithosphere. The equation includes a factor of 2 because the values ofU

represent half-spreading rates, which are calculated from Equation (A4) of Crowley &O’Connell

(2012).

The mantle melting model is complicated by potential redox effects on the depth of melting.

The presence of carbon in the form of carbonate (with carbon in the 4+ oxidation state) can signifi-

cantly increase the depth of the solidus relative to a dry peridotite (Dasgupta &Hirschmann, 2010).

However, if carbon is in a reduced form, such as graphite or diamond, it will not contribute to deep

melting (Dasgupta, 2018; Stagno et al., 2013). In the modern mantle beneath ocean basins, the tran-
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sition from reduced to oxidized carbon occurs at depths >150 km (5 GPa) and likely much deeper

(Dasgupta, 2018; Eguchi & Dasgupta, 2018; Gaillard et al., 2015). The variations in the oxidation

state of the mantle through time are not entirely understood, but geochemical studies indicate that

the oxidation state of the upper mantle has changed very little through Earth history (Canil, 1997;

Frost &McCammon, 2008; Trail et al., 2011). We perform calculations with two different estimates

of the mantle solidus depth: 5 GPa and 10 GPa, and the depth of the solidus is taken as constant

through time. In other words, 5 or 10 GPa depth is taken as the depth of redox freezing of carbon-

ated melt to graphite/diamond or carbonated melting. The shallower solidus depth is applicable for

scenarios in which the oxygen fugacity profile of the mantle is set by iron redox equilibria and where

the mantle is too reduced to host carbon in the form of carbonates at relatively shallow depths. In

contrast, the deeper solidus considers the possibility that the asthenospheric mantle is more oxidized

at a given depth, possibly owing to redox state being set by carbon itself.

The lines of constant CO2 in the liquid (isopleths, see Appendix C) of Dasgupta et al. (2013) and

Dasgupta (2018) are used to calculate melt fraction (F) as a function of pressure for deep melting

by assuming that CO2 is perfectly incompatible in mantle melting, and therefore the melt fraction

equals the initial mantle CO2 content divided by the melt CO2 content.

At shallow depths, i.e., at conditions shallower than the volatile-free peridotite solidus, we use

the simple parameterization of Keller & Katz (2016) to compute F at a given P, T, and composition.

This model matches well with experiments of mantle melting in the presence of carbon (Dasgupta

et al., 2013). It also has the benefit of computational efficiency relative to other mantle melting

models which apply a full thermodynamic treatment, such as MELTS (Asimow&Ghiorso, 1998;

Ghiorso & Sack, 1995). In this model system, mantle melting is simplified to just four components:

dunite (Dun), dry basalt (MORB), carbonated basalt (cMORB), and hydrated basalt (hMORB).

For the purposes of exploring the behavior of mantle melting through time in the presence of vary-

ing carbon content, the hydrated basalt component is excluded, and a standard carbonated basalt is
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Figure 1.3: Pressure vs. melt fraction (F) in wt.% for a potential temperature of 1350◦C (solid line), and
1550◦C (dashed line), mantle solidus of 5 GPa, and a mantle CO2 content of 100 ppm. The line segments
in green are computed using equations of Dasgupta et al. (2013) and the orange segments adopt the equa-
tions of Keller & Katz (2016). The inset zooms in on the space of numerical results to highlight the sub-space
in which calculations based on the two different sets of equations converge

used, similar to the carbonated silicate melt observed in the experiments of Dasgupta et al. (2013).

This has a dunite percentage of 80% and a combined carbonated and dry basalt percentage of 20%.

The individual percentages of cMORB andMORB are dependent on the carbon content of the

mantle with 1% cMORB equal to 0.2 wt.% mantle CO2. Figure 1.3 shows an example of F vs. P at

1350◦C (solid line) and 1550◦C (dashed line) with a 5 GPa solidus and 100 ppmCO2 in the man-

tle. The green segment is the calculation based on the equations of Dasgupta et al. (2013) for deep

melting, and the orange is the calculation that adopts the model of Keller & Katz (2016) for shallow

melting. Although there is very limited melting at depth, that melt has a very high concentration of

CO2 and therefore contributes significantly to the final CO2 content in the magma. Furthermore, a

very deep carbonated solidus causes a much larger volume of mantle to produce CO2-rich melts per

unit time.
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For simplicity, we do not consider the melt extraction efficiency or any type of reactive transport.

Given the many uncertainties that exist in our melting model, the addition of a parameterization of

melt extraction efficiency or reactive transport would not significantly improve the model.

1.3 Satisfying model constraints

All final solutions must satisfy several constraints. As discussed above, we only consider solutions

which end in an active-lid style of plate tectonics at present-day. The final mantle potential temper-

ature must be between 1300◦C and 1400◦C, and the final plate speed (half-spreading rate) must be

between 1 and 10 cm/yr. The surface heat flow (Qs) at present-day must be between 40 and 50 TW.

While the values of Tp ,Up , andQs are knownmore precisely, we consider a larger range of values

as satisfactory given the simplicity of our model. None of the simulations that started in active-lid

mode and stayed in active-lid mode through all time were able to satisfy thermal constraints. There-

fore, all the following solutions start in sluggish-lid mode in the Archean and transition to active-lid

mode. In these solutions, as the temperature decreases, the viscosities of the mantle and astheno-

sphere increase causing an increasing traction at the base of the lithosphere. Eventually, the traction

term becomes too high for the sluggish-lid mode to exist, and the plate and mantle become fully

coupled, causing the plate tectonic transition.

No thermal history simulations satisfy the above constraints in the case of decreasing core heat-

ing. One reason is that 99% of the thermal evolution curves that start in the sluggish-lid mode of

plate tectonics never transition to active-lid due to the continual addition of relatively high heat flux

from the core. Additionally, the 1% of solutions that do transition from sluggish- to active-lid yield

mantle potential temperatures that are too low (<1300◦C) at present day. In these cases, higher core

heating leads to higher plate speeds for a given mantle temperature during the active-lid phase which

in turn leads to higher surface heat flow and more rapid mantle cooling. In addition, when there is
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more core heating, the transition to the active-lid mode occurs earlier (i.e. at higher temperatures),

leading to cooler temperatures at present day. We note that core heat flow is coupled to mantle tem-

perature, and for the sake of simplicity, we did not model this coupling and simply impose core heat

flow as described in Section 1.2.1.2.

In contrast, the simulations with constant core heating or no core heating yielded 16 and 18 ther-

mal history predictions, respectively, that satisfy our constraints. This is a low percentage of the

total model runs, and it reflects the size of the parameter space we considered. Figure 1.4 shows

the total range of the parameters τyf and τsp adopted in the simulations and the values for which

acceptable solutions were found (shown in red). When τyf is significantly higher than τsp, the sur-

face plates strongly resist driving forces, and the system will remain in the sluggish-lid regime. On

the other hand, if τsp is equal to or greater than τyf, only active-lid solutions are possible for realistic

mantle starting temperatures and these solutions cool too quickly to yield acceptable evolutions.

Only a limited range of acceptable values lead to evolutions that meet our criteria. This suggests that

there may be feedbacks which exist that tend to drive the difference between τyf and τsp to values of

∼100MPa.

1.4 Results

1.4.1 Thermal evolution results

Figures 1.5a, 1.5b, and 1.5c show the mantle potential temperature, average plate speed and the ratio

of the characteristic mantle speed (Um) to plate speed (Up) through time. The lines in gray show all

the results that satisfy the constraints listed above. All of these results are able to reproduce the peak

in mantle temperature in the Precambrian inferred from basalt geochemistry (Herzberg et al., 2010).

One major characteristic of these results is that the final plate speed is 0.3 to 3 times the initial plate

speed. If active-lid were the only plate tectonic style through time, the plate speed would be at least
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Figure 1.4: Slab pull stress (τsp) vs. the yield and faulting stress (τyf) in MPa adopted in the thermal history
models. The circles in gray represent all the values tested, while the circles in red highlight values that lead to
solutions that satisfy all the constraints described in the text.

an order of magnitude higher at 4 Ga (Figure 1.2c). Furthermore, all the solutions start in sluggish-

lid mode and have a high ratio of mantle to plate speed (Figure 1.5c).

These solutions demonstrate that a spectrum of evolutionary behavior is possible. Some solu-

tions are smooth through the transition from sluggish- to active-lid plate tectonics, and it is barely

noticeable that the energetics of mantle flow has fundamentally changed. Others have a very abrupt

transition reflected in both mantle temperature and plate speed. And some are transitional to these

extremes. We have highlighted three particular curves to illustrate these different styles of behavior.

These three model runs correspond with the parameter sets adopted in the cases shown in Figure

1.2.

The magenta curve (corresponding to Figure 1.2a) provides an example in which the transition is

very smooth in both plate speed and temperature through time. When there is a smooth transition,

the final plate speed and initial plate speed are almost the same (3.1 and 3.6 cm/yr, respectively).
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Figure 1.5: Time evolution of mantle potential temperature (a), plate speed (b), and the ratio of mantle speed
to plate speed (c). (b) and (c) are both shown on a log scale. All model runs are shown in gray. The high-
lighted curves show three different styles of behavior ranging from a smooth to abrupt transition from
sluggish-lid to active-lid convection, and these correspond to the parameter sets used in the three frames of
Figure 1.2. The magenta, green and blue curves correspond to Figures 1.2a, 1.2b and 1.2c, respectively.

21



On the opposite end of the spectrum is the very abrupt transition (blue; corresponding to Figure

1.2c). The plate speed stays relatively constant during the phase of sluggish-lid plate tectonics while

the mantle temperature initially increases due to the inability of the restricted (sluggish) surface

heat flow to balance or exceed the internal heating. Once internal heating has exponentially decayed

below that of the surface heat flow, the mantle temperature begins to decrease until it reaches the

branch point where a sluggish-lid solution no longer exists, and the model is forced to transition to

the upper (active-lid) solution (Figure 1.2c). At the transition, there is a large spike in plate speed,

which leads to enhanced surface heat flow and therefore a large and fast drop in mantle temperature.

The final plate speed (7 cm/yr) is higher than the initial plate speed (4 cm/yr). This is often, but not

always, the case for this type of simulation. The final plate speed can be either higher or lower than

the initial plate speed depending on the timing of the transition and the adopted mantle parame-

ters. However, the initial and final plate speeds are still within an order of magnitude of each other

in such cases. The green curve (corresponding to Figure 1.2b) represents the transitional case, char-

acterized by a significant but more muted (relative to the blue curve) increase in plate speed at the

transition.

1.4.2 Melt production and carbon outgassing results

Figures 1.6a and 1.6b illustrate the ocean ridge melt production and the amount of CO2 outgassed

normalized by the ridge length for the full suite of acceptable model simulations. These results as-

sume a mantle source CO2 content of 100 ppm, similar to the constraints from recent geochemi-

cal studies (Chavrit et al., 2014; Le Voyer et al., 2017; Michael & Graham, 2015), and a maximum

solidus pressure of 5 GPa. We do not consider the surface pressure or temperature when calculating

carbon outgassing flux. The CO2 outgassing flux represents the amount of CO2 that reaches the

surface from the mantle per meter of ridge length. As one would expect, the shape of these curves

closely follows the shapes of the plate speed curves. Plate speed can be thought of as a proxy for the
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amount of mantle processed during any given year, so an increase in plate speed with a limited tem-

perature change will lead to an increase in melt production and, in particular, an increase in carbon

release owing to a contribution from deep-seated CO2-rich melts. Mantle temperature has a sec-

ondary effect on the shape of the melt production curve. The three highlighted curves show that

when there is a decreasing trend in the temperature, there is a corresponding trend in the amount

of melt production, so that the final melt production is lower than the initial melt production. This

effect is not seen in the modeled carbon outgassing curves because CO2 is almost perfectly incom-

patible, and thus, the amount of melting is unimportant. Only the amount of mantle processed

contributes to the total carbon outgassed. The final CO2 outgassing flux ranges from 0.9 to 2.9

times initial CO2 outgassing flux with a 5 GPa solidus and 0.49 to 1.6 for a 10 GPa solidus. The

model runs using a solidus of 10 GPa show the same pattern in CO2 outgassing flux but are 2–6.5

times higher than the CO2 outgassing flux for model runs with a 5 GPa solidus.

The vertical orange bars on Figures 1.6a and 1.6b represent estimates of the present-day melt pro-

duction and CO2 outgassing flux (Cartigny et al., 2008; Le Voyer et al., 2017; Michael & Graham,

2015; Tucker et al., 2018). Our results overlap with these, but extend to higher values. If our model

was modified to include the possibility of incomplete melt extraction or if present-day plate speeds

were limited to lower values, then our model results would fall more in line with present-day values.

Regardless, the general pattern of behavior would remain the same.

1.4.2.1 Influence of melting parameters

Variations in solidus depth or mantle carbon content will influence the absolute value of the CO2

outgassing results, but not the long-term behavior (assuming both are constant through time). Nei-

ther parameter has a significant effect on the melt production which is more strongly controlled

by plate speed, temperature, and major element composition. Setting the carbonated peridotite

solidus as constant through time is a realistic assumption given that the redox state of the mantle is
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Figure 1.6: Time evolution of melt production (a), and CO2 outgassing flux (b and c) with constant core
heating of 5 TW and a solidus pressure of 5 GPa. All results are shown on a log scale. Gray lines are all model
runs, and the highlighted curves represent three different styles of behavior (as in Fig. 5). A constant mantle
CO2 of 100 ppm was used in frames (a) and (b). In (c), mantle CO2 imposed in the modeling decreased
from 1000 ppm at 4 Ga to 100 ppm at present-day. The orange bars represent estimates for present day melt
production and CO2 outgassing flux (see text).
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thought to have remained relatively constant (Frost &McCammon, 2008; Trail et al., 2011). How-

ever, adopting a constant mantle carbon content over time would imply efficient recycling of carbon

throughout Earth history, an issue that is a topic of active research (Dasgupta, 2013; Hirschmann,

2018; Jarrard, 2003; Kelemen &Manning, 2015). In this regard, we also tested a scenario in which

mantle carbon content decreases through time, starting at 1000 ppmCO2 (∼272 ppmC), which

is close to the upper limit estimate of carbon content in the Bulk Silicate Earth according to some

estimates (Marty, 2012), to 100 ppmCO2 at present day. In this case, the melt production is largely

unaffected, but the CO2 outgassing flux shows a significant decrease over time, with the exception

of a possible short-lived spike at the transition (Figure 1.6c). In these simulations, the CO2 out-

gassing flux at ridges at the start of the Archean is 3.1 to 10 times higher than the value at present-

day for a 5 GPa deep solidus and 5.7–18.5 times higher for a 10 GPa solidus depth.

1.4.2.2 Variations in ridge length

It should be emphasized that these values for CO2 outgassing flux and melt production are normal-

ized to the ridge length and do not represent the total CO2 outgassed or melt produced in a given

year. Calculating the latter requires an accurate estimate of the ridge length through time. While it

is thought that ridge length has approximately doubled over the last 150 million years (Conrad &

Lithgow-Bertelloni, 2007), possibly influencing the total CO2 outgassed at ocean ridges, there are

no strong constraints on ridge length during earlier periods. A change in total carbon outgassed per

year could be related to a change in ridge length, mantle carbon content, or plate speed. However,

an increase in mantle carbon content would only have a small effect on the melt produced. More-

over, in our model, mantle carbon content in trace amounts has no influence on mantle dynamics or

plate speed. Although it may be possible that mantle carbon influences the plate strength and man-

tle viscosity through extraction or retention of carbonated melt (e.g Dasgupta et al., 2007), leading

to significant changes in plate speed. In contrast, an increase in ridge length or plate speed would
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lead to an increase in both total CO2 outgassed and melt produced, and consequently, weatherable

seafloor area. As shown above, an abrupt transition from sluggish-to active-lid plate tectonics will

also lead to a large increase in plate speed, and in turn, a significant increase in total melt produc-

tion and CO2 outgassed. These contributions can be distinguished by the size of the effect. Ridge

length is unlikely to change more than a factor of 4, so any change in CO2 outgassed and plate speed

by more than this amount would likely have been due to a change in plate tectonic style which may

also, of course, influence the ridge length.

1.5 Discussion

1.5.1 Is recycling necessary to explain present-day mantle CO2?

One major outstanding question in studies of the chemical evolution of the Earth’s mantle is the

efficiency of recycling and ingassing of volatiles which controls the mantle carbon content. (Kele-

men &Manning, 2015) suggest that nearly all the carbon from a subducted slab may be outgassed

at arc volcanos or stored in the lithosphere and is not recycled back into the mantle. However, other

estimates of the percent of carbon returned to the surface from a subducting slab range from 18 to

80%, and mostly 20–50% (Dasgupta &Hirschmann, 2010; Gorman et al., 2006; Johnston et al.,

2011). The efficiency of subduction zone recycling is even more uncertain earlier in Earth history

(Dasgupta et al., 2013; Duncan &Dasgupta, 2017). To investigate the importance of subduction

recycling, we explore the case where the only connection between the mantle and the surface is

ocean ridge volcanism. We start the mantle with 100 ppmCO2 at present-day and run the model

back in time, adding the carbon outgassed back into the mantle with each time step using both a

5 and 10 GPa solidus. This calculation provides an estimate on the initial concentration of carbon

in the mantle while enforcing the present-day constraint of 100 ppm in the MORB source, since

it assumes no contributions to ingassing or outgassing from either mantle plumes or subduction
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Figure 1.7: Time evolution of (a) CO2 outgassing flux and (b) mantle CO2 content assuming no ingassing
or outgassing at plumes or subduction zones through time. All solutions are constrained to have a present-
day mantle CO2 content of 100 ppm and a mantle solidus of 5 GPa. Gray lines are all model runs, and the
highlighted curves represent three different styles of behavior (as in Figure 1.5). The dashed horizontal black
line in (b) represents the average estimate of BSE CO2 fromHirschmann (2018). The dotted horizontal black
line in (b) represents the average estimate of BSE CO2 from Bergin et al. (2015). The yellow shaded region
represents the full range of estimates from both Hirschmann (2018) and Bergin et al. (2015).

zones. We assume that the ridge length is constant at 60,000 km. This estimate is unrealistic, but it

provides a measure of howmuch ocean ridges could contribute to mantle carbon content.

Figure 1.7 shows the results with a 5 GPa solidus. If ocean ridge outgassing were the only pro-

cess affecting mantle volatiles, then we estimate that the mantle CO2 content would range from

310–9400 ppm at the start of the Archean. Also shown in Figure 1.7b are the most recent esti-

mates for the CO2 content of the Bulk Silicate Earth (BSE),∼400–500 ppm (Bergin et al., 2015;

Hirschmann, 2018), which only overlaps with the lower range of early Earth mantle CO2 model val-

ues. Recycling of surface volatiles has certainly occurred in Earth’s history (Dasgupta, 2013; Duncan

&Dasgupta, 2017; Hirschmann, 2018), and indeed most of our results indicate a need for ingassing

of CO2 since their estimated values for mantle CO2 at 4 Ga are much higher than the bulk silicate
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Earth values. We note further that our calculations represent a conservative estimate on the abun-

dance of CO2 in the Archean. When the model was run using a 10 GPa solidus, the mantle CO2

content quickly reached the point where the Keller & Katz (2016) equations are no longer valid

(>20wt% mantle CO2). This is much higher than any prediction for early Earth mantle carbon con-

tent. Additionally, if plume outgassing were also occurring, a process which may account for as

much as 30% of present-day CO2 outgassing (Marty & Tolstikhin, 1998), the estimated Archean

CO2 would be even higher than that depicted in Figure 1.7b in the absence of any carbon subduc-

tion. Hence, significant replenishment of the mantle reservoirs by surficial carbon seems a necessity

for a large portion of the Earth’s history.

1.5.2 Recognizing the plate tectonic style in the geologic record

It is often assumed that evidence for subduction in the rock record is evidence for modern-style

(active-lid) plate tectonics (van Hunen &Moyen, 2012). However, we have shown (see also Foley

& Rizo, 2017; Korenaga, 2006) that it is possible to have some form of plate tectonics occurring

early in Earth history and still satisfy thermal constraints. More studies are needed to examine how

a sluggish-lid mode of plate tectonics would be manifested in the geologic or geochemical record,

but the existence of plates and subduction zones cannot be used as unambiguous evidence for the

onset of modern-style plate tectonics. Furthermore, the implications of a transition from sluggish-to

active-lid are dependent on the exact evolutionary path of the system (Lenardic & Crowley, 2012).

In terms of mantle temperature, a smooth or abrupt transition would be difficult to distinguish

given that the only difference is the concavity of the associated curves (Figure 1.5). However, an

abrupt increase in the average plate speed may be easier to identify in the geologic record through,

for example, paleomagnetic studies.

Additionally, a smooth transition from sluggish- to active-lid plate tectonics may be difficult to

distinguish from the case where purely active-lid plate tectonics prevails. In this case, there would
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be nothing in geological records of plate speed or mantle temperature to indicate a major change

in the dynamics of mantle flow. The primary difference between the two styles of plate tectonics is

the ratio of mantle speed to plate speed (Figure 1.2 and Figure 1.5c). The high mantle speed relative

to plate speed of the sluggish-lid regime may also lead to changes in the subduction dynamics that

could be observed in the chemistry of erupted igneous rocks or surface tectonics.

Our results imply a shift in plate tectonic style from around 0.5 to 1.5 Ga. This may appear con-

tradictory to many studies that predict the onset of plate tectonics, or at least a shift in volcanic–

tectonic mode, during the Archean (Korenaga, 2013), and it is seemingly consistent with a study

that has proposed that the transition to modern subduction occurred in the Neoproterozoic (Stern,

2005). However, we emphasize that all of our results have some form of plate tectonics with sub-

duction zones and ridges through the last 4 Ga, and the transitions shown in Figures 1.5 and 1.6 do

not represent the onset of plate tectonics, but rather a transition in the style of plate tectonics from

sluggish-lid to active-lid. Therefore, our results are most consistent with geologic studies which ar-

gue for plate tectonics since the Hadean (e.g., Hopkins et al., 2010). Additionally, we caution that

we only tested the sensitivity of the results to a limited number of model parameters, and we did

not modify any of those parameters through time, and thus our results do not provide a rigorous

estimate for the timing of the transition.

Our study has focused on the CO2 outgassing flux and melt production at ocean ridges. Un-

fortunately, these quantities are hard to constrain from the geologic record, given that seafloor

older than 180Ma is not preserved, and, as we noted above, outgassing also occurs at other vol-

canic settings. It is possible that an abrupt transition in plate tectonic style would increase melt

production and CO2 outgassed globally, not just at ocean ridges, which may be detectable in the ge-

ologic record. It is also possible that the relatively constant, low values of CO2 outgassing during the

phase of sluggish-lid convection is also true at sites of intraplate volcanism. If so, this would imply

that high levels of CO2, that may be required to explain the faint young sun paradox, cannot come
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frommantle outgassing and that the paradox is exacerbated by the phase of sluggish-lid convection.

However, relatively low values of mantle outgassing cannot rule out CO2 outgassing via slab de-

carbonation, which may be more common during the Archean and even necessary to explain the

faint young sun paradox (Dasgupta, 2013). However, a rigorous evaluation of the net flux of CO2

requires that the impact of a change in plate tectonic style on outgassing and ingassing at subduc-

tion zones or hotspots be quantified. We also note that CO2 outgassed at ridges reacts with the fresh

basalt erupted onto the seafloor, and, consequently, this weathering process might limit the volume

of outgassed material that enters the water column and, eventually, the atmosphere.

1.6 Conclusions

The model results described above are simplistic, but they highlight the need to consider the style of

mantle convection when estimating melt production and volatile outgassing at ocean ridges in the

Precambrian. Our analysis shows that it is possible to avoid the thermal catastrophe with a simple

change in force balance, and that it is not necessary to invoke feedbacks on dissipation mechanisms

at the subduction zone, or a phase of fully stagnant-lid convection, to satisfy thermal constraints.

This indicates that there may have been some form of plate tectonics as early as the Hadean. More-

over, we have demonstrated that plate speed, melt production, and CO2 outgassing flux at ocean

ridges do not necessarily increase with increasing mantle temperature. Modeling the level of CO2

outgassing and melt production at ocean ridges in the early Earth will require that one also considers

the mantle carbon content, ridge length, and tectonic or convective style. Our analysis also indicates

that the transition from sluggish-lid to modern-style plate tectonics may not have been a sharp tran-

sition, but rather an event characterized by a gradual change, and discriminating between the two

has fundamental implications for the geochemical and geological evolution of the Earth. Finally,

carbon recycling for a large part of the planet’s history is most likely required to match present-day
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mantle carbon content and ocean ridge outgassing rates. Without a mechanism of mantle carbon re-

plenishment from surface reservoirs, the starting mantle carbon content at the onset of convection-

driven outgassing would have to be unrealistically high.
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2
The effect of the deep water cycle on the

evolution of the mantle and plate tectonic

style

2.1 Introduction

Early Earth tectonic regimes and geochemical processes are still poorly understood due to the paucity

of data available for interpretation. Geodynamic models of Earth’s tectonic and thermal evolu-

tion can provide insight into the possible processes occurring in the Precambrian both through

numerical simulations and parameterized mantle convection models. Pioneering work which first

recognized the importance of mantle convection as the primary mechanism of heat transport (as
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opposed to conduction) over Earth history, used simple analytic scalings based on present-day plate

tectonic processes to model the thermal evolution of the Earth (e.g., Tozer, 1972; Schubert et al.,

1979). These early thermal history models built on the boundary layer model of mantle convection

from Turcotte & Oxburgh (1967) which describes the physics of an isoviscous fluid (i.e. no astheno-

sphere) with weak plates where the plate speeds are close to, or greater than, mantle speeds. We refer

to this style of plate tectonics, where the plate and mantle are fully coupled, as “active-lid” plate tec-

tonics. These models highlight the potential importance of the temperature dependence of mantle

viscosity on the rate of mantle cooling. However, they lack two important factors: 1. Water cycle

feedbacks; and 2. Alternative plate tectonic or mantle convection modes.

A number of studies have shown that small additions of water can have a significant effect on

the viscosity of the mantle (e.g., Hirth & Kohlstedt, 1996) and the temperature of melting at ocean

ridges (e.g., Asimow et al., 2003). Jackson & Pollack (1987) were the first to include a deep water cy-

cle in a parameterized convection and thermal history model. Their model used the same scaling for

the Nusselt number as the previous models (i.e. Nu ∝ Ra
1
3 ) with a modified viscosity formulation

that included an additional term for water. This expression was then combined with a parameteri-

zation for the subduction ingassing flux as well as the ocean ridge outgassing flux in order to model

the volatile and thermal history simultaneously. Studies that followed (e.g., McGovern & Schubert,

1989; Franck & Bounama, 2001; Sandu et al., 2011; Höning & Spohn, 2016; Franck & Bounama,

1995; Crowley et al., 2011) continued to use the conventional mantle convection scaling while mod-

ifying other aspects of their parameterizations, such as the viscosity equation or the subduction

flux. These studies further highlighted the importance of including water feedbacks into models

of Earth’s long term evolution. However, the convection parameterization they adopted assumes

that there has been no change in convection or plate tectonic style through Earth history and that

convection on Earth can simply be modelled as an isoviscous fluid with a weak boundary layer.

Recently, the nature of the plate tectonic regime that dominated in the Early Earth has been the
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source of debate involving both geodynamic arguments and geologic arguments. Korenaga (2006)

showed that conventional mantle convection scalings cannot accurately model the thermal history

of the Earth since the Hadean. Furthermore, disagreements continue among geologists regarding

the tectonic processes that occurred in the Precambrian based on certain rock formations and geo-

chemical tracers (see Korenaga, 2013; van Hunen &Moyen, 2012, and references therein). This

has led to the idea that there may have been a different form of plate tectonics or mantle convection

in the Early Earth— so-called sluggish-lid or stagnant-lid regimes— or feedbacks that have not yet

been identified or considered. While a number studies have investigated the thermal evolution of the

Earth with plate boundary feedbacks or possible changes in plate tectonic style (e.g., Foley & Rizo,

2017; Korenaga, 2006), only one published study has explored the thermal history of the Earth

with a water cycle parameterization that does not adopt the traditional mantle convection scaling

(Nu ∝ Ra
1
3 ) (Seales & Lenardic, 2018). In their model, the Nusselt number is still parameterized as

having a power law dependence,Nu ∝ Raβ, but the value for β is considered a parameter that can

be varied to explore different convection scalings ranging from sluggish- to active-lid. However, the

value of β is treated as constant through time, an assumption that does not allow for the exploration

of a transition in plate tectonic style.

In Chapter 1, we ran a suite of models using the Crowley &O’Connell (2012) parameterization

which naturally allows for a change in plate tectonic style. Crowley &O’Connell (2012) created

new convection scalings based on the conventional mantle convection scalings but with the inclu-

sion of strong plates and the possibility of higher mantle speeds than plate speeds. Their equations

showed that there are often multiple solutions for plate speed for the same Rayleigh number, and

that at higher Rayleigh numbers, as existed in the Early Earth, sluggish-lid plate tectonics (plates

moving slower than the mantle below) becomes a more likely regime. These scalings were applied

in a thermal evolution model in Chapter 1 which demonstrated that only models which start in a

sluggish-lid tectonic regime are able to realistically simulate Earth’s long term thermal history. How-
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ever, Chapter 1 did not include any effects of water on convection processes. In this study, we will

revisit the parameterization of the thermal and tectonic evolution of the Earth using the model of

Crowley &O’Connell (2012) with the added complexity of a deep water cycle.

2.2 Methods

2.2.1 Thermal history model

The thermal evolution of the Earth can be modeled as a combination of heat flow out of the mantle

due to conduction and heat flow into the mantle from core heating and internal heat generation due

to radioactive decay. The following conservation of energy equation is used to calculate the mantle

potential temperature (Tp) at each time step.

ρgCpV
δTp

δt
= H(t)ρgV+ Scqc − Smqs(Tp,Up) (2.1)

Here ρg, Cp,V, Sc, qs, qc,Up and t represent the average mantle density, specific heat, mantle volume,

the surface area of the core, the surface area of the mantle, the core heat flux, the plate speed (half-

spreading rate), and time, respectively. H(t) is the internal heat generation of the system (units of

W/kg) (see Supplementary Material). The heat flux out of the surface (qs) is based on the simple

half-space cooling model of (Turcotte & Schubert, 2014):

qs = 2ΔTkc

√
Up

πκL
, (2.2)

where kc, κ, and L represent the thermal conductivity, thermal diffusivity, and length of the convec-

tion cell, respectively, and ΔT represents the temperature drop across the boundary layer. We start

all model runs at 4 Ga, the start of the rock record. We use a constant core heat flow of 5 TW and

assume a constant surface temperature of 0◦C, such that ΔT equals Tp. A full list of parameters is
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included in Tables 2.1, 2.2, and 2.3.

2.2.2 Mantle convection scalings

In order to calculateUp for a given Tp and, in turn, calculate qs, we employ the semi-analytic scalings

of Crowley &O’Connell (2012) with a finite-strength plate and depth-dependent viscosity. This

model defines two energy balance equations: one for the entire convecting mantle:

Di⟨Q⟩ = φm + τyfdlUp, (2.3)

and one for the lithospheric plate alone:

DiL⟨QL⟩ = LPxpdlUp + LτpUp + τrdlUp (2.4)

The left-hand size of Equation 2.3 is the rate of change of potential energy in the mantle due to

convection. This rate is governed by the viscous dissipation in the mantle and asthenosphere, and

dissipation in both the plate and fault zone. The lithospheric energy equation 2.4 defines a balance

between the dissipation in the plate and fault zone as well as work done on the plate by pressure gra-

dients and basal traction forces (right-hand side) and the rate of change of potential energy in the

lithosphere (i.e., gravitational sliding; left-hand side). In these equations, Pxp is the lateral pressure

gradient at the base of the mantle, τp is the shear stress at the base of the plate, and φm is the dissi-

pation in the mantle and asthenosphere (see Appendices A and B for more details on calculations).

τyf represents the combination of stress due to faulting at the plate boundary and the yield stress of

the plate. The net resisting stress, τr, is the difference between τyf and the slab pull stress (τsp). The

lithospheric depth (dl) is defined as the depth at the subduction zone and is given by:
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dl = c0

√
κL
Up

(2.5)

where c0 is a constant which represents the percentage of temperature change across the boundary

layer that defines the thermal lithosphere. DiL andDi are defined as the dissipation number of the

lithosphere and mantle:

DiL =
αlgdl
Cp

(2.6)

Di =
αggd
Cp

(2.7)

In these equations, d is the whole mantle depth, g is the acceleration due to gravity, and αl and

αg are the thermal expansivities of the lithosphere and whole mantle. ⟨QL⟩ and ⟨Q⟩ are the depth

averaged vertical advective heat flows through the lithosphere and mantle, respectively:

⟨QL⟩ =
Lqs
2

(2.8)

⟨Q⟩ = (qs + qc)L
2

(2.9)

2.2.2.1 Incorporatingwater into mantle convection calculations

In order to understand the effects of a water cycle on mantle convection processes, we have two

parameterizations for the mantle viscosity (μm) which contributes to our calculation of φm andUp

(see Appendix B and the Crowley &O’Connell, 2012, Appendix). In the model runs without a

water cycle, the viscosity is solely temperature-dependent and is given by the following expression:
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μm = μ0dry exp
(

E
Rg

(
1

ΔTp
− 1

1300
)

)
(2.10)

When a water cycle is included, the viscosity becomes both temperature- and water-dependent.

In this case, we use the viscosity parameterization of Mei & Kohlstedt (2000a,b) with diffusion

creep:

μm = μ00wetf
−r
h2o exp

(
E
nRg

(
1

ΔTp
− 1

1300
)

)
(2.11)

Here, fH2O is the water fugacity and r is an experimentally determined power law coefficient. fH2O is

related to the mantle water content (Xm) through the following equation:

fH2O = e(A0+A1(lnCOH)+A2(lnCOH)
2+A3(lnCOH)

3) (2.12)

where COH = 6.3Xm (Li et al., 2008). The values for the constants A0–A3 are given in Table 2.1.

μ0wet and μ0dry are calculated to be consistent with the average mantle viscosities at present-day deter-

mined in Lau et al. (2016). For a mantle potential temperature of 1350◦C and 100 ppmH2O, the

calculated mantle viscosity is 2.5 × 1021 Pa·s. μ0wet and μ0dry will be different in every run because E

and r are parameters we vary in our parameter sweep (Table 2.2).

2.2.2.2 Possible convection solutions

Solving Equations 2.4 and 2.3 simultaneously can result in up to three solutions forUp shown in

Figure 1.2. Depending on which terms in the energy balance equations dominate, sluggish-lid or

active-lid may be the resulting mode of plate tectonics. Modern-style plate tectonics (i.e., active-lid)

is defined by a fully-coupled plate and mantle resulting in plate speeds close to the characteristic

mantle speed (Um). In contrast, sluggish-lid tectonics refers to the case where the plate and mantle
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are partially decoupled such that the plate is moving at a speed much slower than the mantle below.

Using these scalings, we are able to model thermal histories without directly imposing the plate

tectonic style. This degree of freedom distinguishes our parameterized thermal history model from

other models which incorporate a water cycle into the convection equations (e.g., McGovern &

Schubert, 1989; Franck & Bounama, 2001; Sandu et al., 2011; Höning & Spohn, 2016; Franck &

Bounama, 1995; Crowley et al., 2011), which, as discussed above, assume a constant style of plate

tectonics (i.e., a constant β value) for all time.

With the exception of viscosity, which varies with temperature and water content, all parameters

are assumed to stay constant through time.

2.2.3 Deep water cycle

In our model of the deep water cycle, water is outgassed from the mantle at mid-ocean ridges due to

hydrous decompression melting and is ingassed at subduction zones. The water content in the man-

tle (Xm) at a given point in time is assumed to be uniformly distributed and given by the following

equation:

Xmt+1 = Xmt + (Hin −Hout)LridgeΔt (2.13)

whereHin is the rate of regassing of water at subduction zones andHout is the rate of degassing of

water at ocean ridges.

2.2.3.1 Mid-Ocean Ridge Degassing

The rate of melt production (normalized by ridge length) at ocean ridges is computed using the

following expression:
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M = 2ρL

∫ 0

Ps
U(P)F(P)dP, (2.14)

where ρL is the density of the lithosphere, Ps is the pressure of the mantle solidus, F(P) is the melt

fraction as a function of pressure, andU(P) is the horizontal velocity as a function of pressure be-

neath the ridge computed using Equation A4 of Crowley &O’Connell (2012). We assume that wa-

ter is a perfectly compatible element in mantle melting and that all melt that is produced is erupted

to the surface. Therefore, the following equation can be used to calculate the rate of mantle out-

gassing of water:

Hout = 2XmρL

∫ 0

Ps
U(P)d(P) (2.15)

where F(P) and Ps are calculated using the equations for mantle melting derived by Keller & Katz

(2016). In this system of mantle melting, the mantle is simplified into four components: dunite

(Dun), dry basalt (MORB), carbonated basalt (cMORB), and hydrated basalt (hMORB). For the

purposes of exploring the effects of water, we exclude the carbonated basalt component and assume

a dunite component of 80%. The hMORB andMORB components are determined by the amount

of water in the mantle with 1 hMORB equal to 5 ppmmantle water content.

2.2.3.2 Subduction zone regassing

Regassing of water occurs at subduction zones where altered oceanic crust and lithosphere subducts

beneath oceanic or continental crust. A portion of the volatiles stored in the subducting slab are

released via subduction zone volcanism (fr), while the rest (1− fr) enter the mantle in the form of hy-

drous minerals (e.g., Hacker, 2008). The rate of water ingassing is dependent on the half-spreading

rate (Up), the depth of the hydrated layer (dh), and the proportion of water in the hydrated layer

(Xh):
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Hin = UpfrXhρcdh (2.16)

Here, ρc is the density of the basaltic crustal layer. We assume that crustal layer is the hydrated zone

with the value of fd = 1. fr and xh are chosen such that the ratio of degassing to regassing with

present-day plate speeds and temperatures is roughly one. This depth is calculated from the results

of Equation 2.14 which describes the amount of melt erupted at ocean ridges. The present formula-

tion of ingassing is similar to some previous thermal history models (e.g., Franck & Bounama, 2001)

but contrasts with others that use the whole lithosphere as the hydrated layer (Sandu et al., 2011;

Crowley et al., 2011; Seales & Lenardic, 2018). This may appear to be a minor issue, but the choice

has significant implications. If one takes the entire lithosphere as the hydrated later, one would ex-

pect the regassing rate to increase as the Earth cools because the lithosphere thickens as the Earth

cools. In contrast, our model would predict regassing to decrease as the Earth cools because the crust

would be thinner. We return to this point in Section 2.3.6.

2.2.4 Parameter sweep

In order to explore the full range of behaviors possible, we conducted a random search of 10 mantle

parameters: the length of the convecting cell (L), the activation energy (E), the depth of the lower-

most mantle (dm), the net resisting stress (τr), the yield and faulting stress (τyf), the viscosity contrast

(c1), the lithospheric depth number (c0), the viscosity power law coefficient for water (r), as well as

the starting values of water content (Xm0) and mantle temperature (Tp0). For most of the parameters

(L, E, dm, τr, c0, r, Tp0), we selected values from a normal distribution around the most widely cited

value in the literature (Table 2.2). However, for certain mantle parameters (Xm0 , τyf, c1), we selected

values from a uniform distribution to reflect the lack of consensus in the literature (Table 2.3).

We used the same parameters for the cases with and without water, with the exception of r and
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Symbol Value Unit Description

αg 2.5× 10−5 K−1 Average mantle thermal expansivity
αl 3.5× 10−5 K−1 Lithospheric thermal expansivity
ρg 4500 kg/m^3 Average mantle density
ρl 3300 kg/m^3 Lithospheric density
kc 2.5 W/m/K Thermal conductivity of the lithosphere
κ 6.31× 10−7 m2/s Thermal diffusivity of the lithosphere
Rg 8.31 J/mol/K Gas constant
T0 1300 MPa Reference temperature
d 2900 km Whole mantle thickness
V 9.08× 1020 m3 Volume of the mantle
Sm 5.1× 1014 m2 Surface area of the mantle
Sc 1.5× 1014 m2 Surface area of the core
Cp 1200 J/kg/K Specific heat
g 9.8 m/s2 Gravity
Lridge 65× 106 m Length of ridge system
fd 1 Degassing fraction
fr 0.3/0.035 Regassing fraction (crustal/lithospheric alteration)
A0 -0.8 fH2O equation
A1 4.4 fH2O equation
A2 -0.57 fH2O equation
A3 0.033 fH2O equation
xh 3000 ppm Slab water content

Table 2.1: Parameters used in model calculation.

Xm0 , which are only included in the water cycle runs. We performed 5,000 runs at a time until the

final distribution of results was no longer changing. In the end, we searched 55,000 parameter sets

for both the water and no water cases. In the discussion below, results with a water cycle will be

referred to as ”wet” and those without a water cycle will be referred to as ”dry”.
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Symbol Mean Sigma Min Max Unit Description

erf
( c0
2

)
0.9 0.0166 0.85 0.95 Plate thickness parameter

E 250 33 125 375 kJ Activation energy
τr 100 75 MPa Resisting stress
dm 2× 106 0.165× 106 2.5× 106 1.5× 106 m3 Lower mantle depth
r 1 0.16 0.5 1.5 Viscosity power law coefficient
L 2d 0.3d 1d 3d m Length of plate
Tp0 1525 40 1400 1650 ◦C Initial Mantle Temperature

Table 2.2: Parameters with uncertainty defined by a Gaussian distribution with the specified mean and sigma.
For some values, strict minimum and maximum values were imposed.

Symbol Min Max Unit Description

c1 2 30 Viscosity contrast
τyf 100 1000 MPa Fault zone and yield stress
Xm0 10 500 ppm Initial mantle water content

Table 2.3: Parameters searched using a uniform distribution.

2.3 Results andDiscussion

2.3.1 Factors influencing plate tectonic style: plate vs. mantle speed

By first examining the results of the Crowley &O’Connell (2012) model for all parameters at 4 Ga

(i.e., the initial conditions), we can determine which factors exert the strongest control on the plate

tectonic style. As noted above, the difference between sluggish- and active-lid tectonics is manifested

in the ratio of plate to mantle speed. Figure 2.1 shows the bivariate histogram of the initial plate

speed and initial mantle speed on a log scale for both the wet and dry model runs with the color

of each hexagon representing the number of points within that area. Along the x- and y-axes are

the marginal distributions of each variable. These plots display the bimodal distribution in plate

speed quite clearly where sluggish-lid solutions have lower plate speeds and ratios of plate to mantle

speed significantly less than one (dashed black line). Active-lid solutions, in contrast, have higher
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plate speeds with a ratio of mantle to plate speed greater than or equal to one. The figure also shows

the strong (one-to-one) correlation between plate speed and mantle speed for active-lid solutions.

Because the plate and mantle are coupled in active-lid tectonics, as the mantle viscosity is lowered,

both mantle and plate speeds increase simultaneously. Sluggish-lid solutions do not show this trend

because the plates are partly decoupled from the mantle. In this case, plate speeds remain relatively

unchanged as the mantle speed increases due to decreasing mantle viscosity caused by the decreasing

traction at the base of the plate. Over all parameters, 49.6% start in active-lid, 33% in sluggish-lid,

16.9% have multiple solutions possible, and 0.5% that have no solutions. The runs with a water

cycle have a higher proportion of solutions which begin in sluggish-lid tectonics or have multiple

solutions. This is illustrated in the histograms ofUp in Figure 2.1.
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Figure 2.1: Bimodal distribution of the initial plate speed (Up) and mantle speed (Um), both on a log scale, for
runs without a water cycle (a) and with a water cycle (b). Hexagonal bins are colored by the number of points
that fall in that bin. Darker colors have a higher density of points. The histogram along the right-hand side y-
axis shows the marginal distribution of the initialUp. The histogram along the top x-axis shows the marginal
distribution of the initialUm.
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Figure 2.2: Distribution of parameters for the initial model results. Gray bars represent the full distribution
search for each parameter. The green bars represent the distribution of the parameter that start in active-lid
(left), sluggish-lid (right), or have multiple solutions possible (middle). Parameters shown are τr (a,b,c), τyf
(d,e,f), log10 μm (g,h,i) and c1 (j,k,l).
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2.3.2 Factors influencing plate tectonic Style: Parameter distributions

Four parameters have the strongest influence on the resulting plate tectonic style: net resisting stress

(τr), yield and faulting stress (τyf), the initial mantle viscosity (μm0
), and the viscosity contrast be-

tween the mantle and asthenosphere (c1). The other parameters that were explored (dm, c0, and L)

contribute weakly to the plate tectonic style. We note that the parameters E (activation energy), Xm0

(initial mantle water content), Tp0 (initial mantle potential temperature), and r (viscosity power law

coefficient for water) are all incorporated into the initial mantle viscosity μm0
, which is the variable

that ultimately influences the plate tectonic style.

Figure 2.2 shows the marginal distributions of τr, τyf, log10 μm0
, and c1. The gray histograms are

the distributions searched in our parameter sweep, while the green histograms are the distributions

of the runs that begin in active-lid, sluggish-lid, or both active- and sluggish-lid tectonics (i.e., mul-

tiple solutions are possible). The parameter with the strongest influence on the initial plate tectonic

style is the net resisting stress, which is the strength of the plate relative to slab pull. The overall dis-

tribution of τr is Gaussian from -209 to 430MPa with a mean value of 100MPa. This distribution

is shifted to values above 28MPa with a mean value of 162MPa for runs that begin in sluggish-lid

mode (Figure 2.2c) and below 280MPa with a mean of 46MPa for active-lid mode (Figure 2.2a).

Models that have both sluggish- and active-lid solutions at 4 Ga have a τr which ranges from 33 to

306MPa with a mean value of 135MPa (Figure 2.2b). Sluggish-lid is more likely with a high τr be-

cause in this case there is a resistance to motion that slab pull is unable to overcome and the plate

and mantle are able to decouple. In contrast, slab pull is sufficiently strong for low τr values to pull

the plate along with the mantle. In order for a plate to have multiple solutions, it must have a net

resisting stress that is not too high or too low.

The yield and fault stress, τyf, has a similar effect on the plate tectonic style as the net resist-

ing stress. Our parameter sweep sampled τyf from a uniform distribution ranging from 100 to
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Figure 2.3: τyf versus τsp for runs that start in active-lid (a), sluggish-lid (c), or have multiple possible solutions
(b). The dashed black line represents the case of τr = 30Mpa.

1000MPa. Values for τyf that cause τyf – τr = τsp to be less than zero are eliminated, which leads to

a mean value of 600MPa for the full distribution. Active-lid solutions exist for all values of τyf with

a mean value of 541MPa (Figure 2.2d). This is because any model run with a τr less than 28MPa

must start in active-lid mode regardless of the value for τyf. Sluggish-lid convection exists for most

values of τyf except when this parameter is less than 205MPa (Figure 2.2f). The mean value for

sluggish-lid solutions is 758MPa. As expected, sluggish-lid convection is more likely to occur for

high values of τyf because the resistance to motion has a stronger effect than slab pull at these high

values. Models which can begin in either sluggish- or active-lid tectonics have τyf values which range

from 165 to 944MPa with a mean value of 455MPa (Figure 2.2e). Figure 2.3 shows the τyf and τsp

runs that start in active-lid (left), sluggish-lid (right), or have multiple solutions at 4 Ga (middle). An

interesting feature of these runs is that the range of τr where multiple solutions are possible becomes

more limited with higher values of τyf and τsp whereas the solution space where only sluggish-lid

runs exist expands with higher τyf.

Though the forces on the plate have the strongest influence on the plate tectonic style, mantle vis-

cosity (Figures 2.2g, h, and i) and the viscosity contrast between the mantle and asthenosphere (Fig-

ures 2.2j, k, and l) also exert a secondary effect on plate tectonic style through their control on the
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traction forces at the base of the plate. A high viscosity in the mantle and asthenosphere increases

the traction at the base of the plate, leading to active-lid tectonics in which the plate is dragging the

mantle along with it. Lowmantle and asthenosphere viscosities lead to low or negative traction

forces on the base of the plate and in this case sluggish-lid solutions or multiple solutions become

more likely. This is described in more detail in Crowley &O’Connell (2012).

In this discussion, we have excluded water content as a parameter because water is captured

within the viscosity parameter. However, the water content does influence initial plate tectonic

style as well as plate and mantle speeds through its impact on viscosity. For models without a deep

water cycle, only the variation in Tp0 and E are incorporated into the equation for mantle viscosity.

When Xm0 and r are incorporated into the equation, the range of mantle viscosity can involve values

both higher and lower than the equation for a dry mantle viscosity. Figure 2.4 shows the distribu-

tion of mantle viscosity values considered in the search procedure for both the wet and dry model

cases. The runs without water only vary as much as the mantle temperature will allow. When water

is incorporated, the mantle viscosity extends to even lower mantle viscosities yielding more sluggish-

lid solutions at the start (46% for wet runs and 39% for dry runs). This is reflected in the histograms

on the right-hand y-axis of Figure 2.1a and b. There is a stronger peak at higher plate speeds (i.e.,

active-lid) with the dry runs relative to the wet runs. Additionally, the wet runs yield a larger range

of initialUp for the active-lid runs and larger range of initialUm for both the active- and sluggish-

lid runs when compared with the dry runs (Figure 2.4). In sluggish-lid mode, the plate speed does

not increase with increasing viscosity, but the mantle speed does. While in active-lid mode, both the

plate and mantle speed (which are strongly coupled) vary with mantle viscosity.

2.3.3 Overall results at 4 Ga

Figure 2.5 shows the mantle potential temperature and plate speed at present-day (i.e. after 4 bil-

lion years of evolution) for all model simulations both with and without a water cycle. The colors
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Figure 2.4: Distribution of initial mantle viscosity for simulations with (blue) and without (red) a water cycle.

indicate whether the specific model run ended in active- or sluggish-lid tectonics at present-day. For

both plots, the results that end in sluggish-lid mode have a downward sloping trend. This is because

higher temperatures result in lower mantle viscosity which leads to increased decoupling of plate

and mantle and slower plate speeds. In contrast, for the active-lid runs, the plate and mantle are

fully-coupled, and thus higher temperatures lead to lower viscosities and, as a consequence, higher

plate and mantle speeds. These trends hold for both the cases with and without a water cycle indi-

cating that the inclusion of the water cycle does not significantly impact the overall behavior of the

system. Out of all model runs, 6% reach temperatures that are too hot and result in no possible so-

lutions. These models experience long phases of sluggish-lid convection in which heat flow due to

internal heating is unable to efficiently escape through the surface.

2.3.4 Earth’s thermal history

Even though the overall behavior of the system is largely unchanged by the inclusion of the water

cycle, our focus is largely on whether Earth-like thermal histories satisfy a specific set of constraints.

In particular: the half spreading rate at present-day must be in the range 1–10 cm/yr; mantle tem-

perature at present-day must be between 1300◦C and 1400◦C; and the total mantle heat flow (Qs)
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Figure 2.5: Plate speed versus mantle potential temperature at present-day for runs without a water cycle (a)
and with a water cycle (b). Runs that end in active-lid are shown in green. Runs that end in sluggish-lid are
shown in purple.

at present-day must be between 40 and 50 TW. Out of the 110,000 parameters searched, 188 led to

thermal histories which satisfy these constraints. A similar number of runs with a water cycle (100)

as without (88) satisfy these constraints.

Figure 2.6 shows the mantle temperature, plate speed, and plate tectonic style versus time for the

runs with and without a water cycle that satisfy the above constraints. The wet and dry runs show

more similarity than they do differences. Consistent with the results of Chapter 1, only runs that

go through a long phase of sluggish-lid tectonics are able to satisfy present-day constraints. More-

over, even without considering other constraints, only runs which go through a phase of sluggish-lid

before transitioning to active-lid are able to achieve a realistic present-day temperature. Sluggish-lid

runs with no transitions end up too hot, and active-lid runs with no transitions end up too cold.

Furthermore, the switch from sluggish-lid to active-lid tectonics manifests in the plate speed as a

sharp, smooth, or intermediate transition, displaying the same three styles of behavior as Chapter 1.

With the exception of the transition time period, the plate speeds remain within an order of mag-
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Figure 2.6: Full evolution of (a,b) Tp, (c,d)Up, and (e,f) plate tectonic style which satisfy the Earth-like con-
straints for the runs with (left) and without (right) a water cycle.
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Figure 2.7: The evolution of (a) mantle water content and (b) the ratio of the degassing to regassing rate. The
dashed line in (b) represents a degassing to regassing ratio of 1.
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nitude of present-day plate speeds, consistent with recent findings in the rock record Brenner et al.

(2019). All of the model runs have moderate values of τr ranging from 62–118MPa and high values

of τyf ranging from 650–1000MPa. These values are similar for both the dry and wet model runs.

All of the runs must go through a phase of sluggish-lid; a τr value that was too low would preclude

such a phase. However, most of the runs with high τr remain in sluggish-lid mode, resulting in very

high temperatures at present-day. The high value of τyf in the Earth-like solutions acts to slow down

plate speeds, and thus heat escape, in active-lid mode and this yields a mantle potential temperature

that does not fall below the lower bound constraint of 1300◦C. Since runs with and without a water

cycle exhibit similar behavior in terms of plate tectonic style and the nature of the sluggish- to active-

lid transition, it would be difficult to distinguish between the two regimes on the basis of the rock

record.

The only significant difference between the dry and wet runs is that there are twice as many solu-

tions which start in active-lid mode, transition to sluggish-lid mode, then transition back to active-

lid mode when the water cycle is included. This indicates that the Earth could have potentially tran-

sitioned between sluggish- and active-lid states more than once before reaching its present state.

This complex evolution is related to the starting water content. The history of mantle water con-

tent and the ratio of degassing-to-regassing for simulations which satisfy the above set of Earth-like

constraints are shown in Figure 2.7. The initial water content ranges from 17–498 ppm with an

approximately uniform distribution. The runs which have a very low initial water content start in

active-lid mode because the viscosity is low. This leads to a higher amount of regassing relative to de-

gassing (Figure 2.7b) which, in turn, increases the water content and leads to sluggish-lid tectonics.

Once the temperature starts dropping due to both convection and the decrease in internal heating,

the runs can then transition back to active-lid tectonics.
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Figure 2.8: Box plots of the distribution of (a) final mantle water content (ppm) and (b) final mantle tem-
perature for runs which end in active-lid (green) and sluggish-lid modes (purple). Box represents the middle
50% of the distribution. The whiskers extend to 1.5 times the middle 50% range. Outliers are shown as black
diamonds.

2.3.5 Does the deep water cycle matter?

Given the similarities between the dry and wet runs shown in Figures 2.5 and 2.6, the following

question arises: can we learn anything about a planet’s thermal history from the inclusion of a water

cycle? It is apparent that including the water cycle is not necessary for one to determine the general

behavior of a planet’s thermal evolution using these mantle convection and water cycle scalings un-

less volatile cycling is the goal of the study. For instance, one could consider incorporating a grain

size evolution parameterization into the model of plate strength instead of simply using a constant

parameter of τyf given the importance of plate strength variables on the plate tectonic style. In this

case, a simple parameter sweep will likely be able to elucidate the general behavior of the system

without the additional complication of incorporating a water cycle.

Nevertheless, there are a number of notable features in the results with a water cycle that may be

applicable to future studies of the Earth or other Earth-like planets. First, the plate tectonic style ex-

erts a significant control on the water content at present-day. Solutions that end in sluggish-lid yield

a wide range of final mantle water contents, from 80–1000 ppm. In contrast, solutions that end in

54



0 200 400
Initial H2O

50

75

100

125

150

175

Fi
na

l H
2O

Figure 2.9: Contour plot showing the bivariate distribution of the initial water content and final water content
of runs which end in active-lid (green) and sluggish-lid (purple). The lowest contour in each is not shaded.

active-lid have an order of magnitude less variation in water content, 63–174 ppm, independent of

the initial water content (2.8a). This behavior also applies to the mantle temperature (Figure 2.8b.

However, the large variation in final Xm for runs that end in sluggish-lid mode is somewhat mislead-

ing. Above∼ 1750◦C, regassing begins to substantially increase causing mantle water content to

rise rapidly. The equations in our model are unlikely to be valid for temperatures this high as signif-

icant portions of the upper mantle will begin melting leading to changes in the dynamics of mantle

flow and plate motion as well as the cycling of volatiles.

By eliminating results with present-day temperatures over 1750◦C, the fundamental differences

between active- and sluggish-lid solutions can be discerned. Figure 2.9 shows the distribution of ini-

tial water content versus final water content for runs that end in active-lid (green) and sluggish-lid

(purple) regimes at present-day and have a present-day Tp less than 1750◦C. Solutions which end

in sluggish-lid are shifted to higher values of the final Xm than active-lid solutions. Additionally, the

variability in final water content is larger for the sluggish-lid solutions (standard deviation of 13)

than active-lid (standard deviation of 8). This is expected as the coupled nature of active-lid tecton-

ics results in strongly regulated temperature and water cycles such that there is limited variation in

the final state of the mantle.
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Furthermore, the final water content is independent of the initial water content regardless of the

plate tectonic style. Unfortunately, this means that knowing the present-day water content does

not provide insight into the water content of the early Earth’s mantle. Nevertheless, this does yield

useful information for studies of the evolution of Earth-like planets. If it is believed that a planet is

currently in an active-lid state of plate tectonics, extensive knowledge of the starting conditions may

not be necessary to understand the present-day state of the mantle.

Another notable feature of the water cycle is it’s influence on the final plate tectonic style. For

almost all runs, the final plate tectonic style is the same as the initial plate tectonic style. Only about

5% of runs actually transition from one style to another. In this way, the initial water cycle can exert

a control on the thermal evolution as high Xm0 are more likely to start in sluggish-lid mode while

lower Xm0 are more likely to start in active-lid mode due to the impact of water on viscosity. Ad-

ditionally, runs that go through a sluggish-lid phase before transitioning to an active-lid mode at

present-day show a bias towards high starting water contents (Figure 2.10). This may indicate that

the early Earth had higher mantle water content than present-day. However, we cannot rule out the

possibility of low Xm0 . Though we do not directly model super-Earths, studies have shown that the

lithospheric resistance forces are more likely to dominate convective forces in super-Earths, increas-

ing the tendency toward stagnant-lid convection or, possibly, sluggish-lid tectonics (e.g., Stein et al.,

2013). In this case, one may not need higher water content to start in sluggish-lid tectonics, but one

may need significantly lower water content to start in, or transition to, active-lid tectonics.

2.3.6 Regassing parameterization

As discussed in Section 2.2.3.2, we assumed that the amount of water re-entering the mantle is pro-

portional to the depth of the crust in which a large portion of alteration occurs. However, many

studies incorporate a parameterization that is proportional to the lithospheric depth (e.g., Sandu

et al., 2011; Crowley et al., 2011; Seales & Lenardic, 2018). This is a crucial difference because a
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Figure 2.10: Histogram showing the distribution of the initial water content for the runs which go through a
phase of sluggish-lid tectonics before transitioning to an active-lid phase.

hotter mantle leads to more melting and, therefore, thicker crust but it also leads to a thinner litho-

sphere. As a consequence, these parameterizations are characterized by opposite feedbacks. To de-

termine the sensitivity of our model results to the regassing parameterization, we ran 5,000 of the

parameter sets used in the runs above with the lithospheric regassing parameterization.

Figure 2.11 shows the overall results for the final Tp andUp for all three types of runs: dry, wet

with crustal alteration, and wet with lithospheric alteration. Overall, the distribution of plate speeds

and temperatures for runs that end in sluggish- and active-lid are the same for all three. Yet, the

range of final water content illustrates the sensitivity of these results to the adopted parameteri-

zation. Figure 2.12 shows the distribution of final water content for runs that end in sluggish-lid

and active-lid modes. Simulations that end with a Tp greater than 1750◦C are excluded. The runs

with lithospheric alteration predict higher water content for active-lid solutions than sluggish-lid.

Additionally, the active-lid solutions have a much wider range of possible final water content than

sluggish-lid. This is the opposite to the results with crustal alteration. Note, however, that these
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Figure 2.11: Distribution of finalUp and Tp for the runs using 5,000 parameter sets (a) without a water cycle,
(b) with a water cycle that incorporates crustal alteration, and (c) with a water cycle that incorporates litho-
spheric alteration. Runs that end in a sluggish-lid mode are shown in purple and runs that end in an active-lid
mode are shown in green.

results remain independent of the starting water content.

We can also explore the sensitivity of results that satisfy Earth-like constraints to the choice of

regassing parameterization. None of the runs with lithospheric alteration are able to satisfy all of the

Earth-like constraints, while there are nine acceptable results for both the dry runs and the wet runs

in the case of crustal alteration. This is likely just a consequence of the limited range of parameters

searched. For the purposes of understanding the thermal evolution, Figure 2.13 shows the runs with

crustal alteration and lithospheric alteration that satisfy the present-day Tp andUp constraints. The

evolution of plate speed and mantle temperature is similar in both types of runs. In particular, both

evolve through a long phase of sluggish-lid tectonics before transitioning to an active-lid mode at

present-day; show smooth and abrupt transitions; and have plate speeds between 1 and 10 cm/yr

for most of Earth history, though the plate speeds seem to gradually increase in the lithospheric

alteration runs. Additionally, runs with lithospheric alteration reach much higher, and possibly

unrealistic, mantle temperatures during the phase of sluggish-lid convection. This is an important

result because it demonstrates that regardless of the model of regassing chosen, a transition in plate

tectonics is still required.

However, the evolution of mantle water content is highly dependent on the model chosen. As
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Figure 2.12: Box plots of the distribution of final mantle water content (ppm) for runs with (a) crustal alter-
ation and (b) lithospheric alteration. Runs which end in an active-lid mode are shown in green, and runs
that end in a sluggish-lid mode are shown in purple. Boxes represent the middle 50% of the distribution. The
whiskers extend to 1.5 times the middle 50% range. Outliers are shown as black diamonds.

Figure 2.13: Evolution of (a,b) Tp, (c,d)Up, and (e,f) plate tectonic style for runs with (left) crustal alteration
and (right) lithospheric alteration.
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Figure 2.14: Evolution of (a,b) Xm and (c,d) the ratio of degassing to regassing for simulations (left) with
crustal alteration and (right) with lithospheric alteration.

described in Crowley et al. (2011), using the lithospheric alteration model predicts the mantle to

be cooling while regassing. This is illustrated in Figure 2.14 where the models begin regassing as the

mantle begins cooling quickly after the transition to active-lid tectonics. This contrasts with the

crustal alteration results that show an increase in degassing after the transition to active-lid (Figures

2.14c and Figure 2.7b). Moreover, the crustal alteration model leads to simulations that quickly

evolve to a degassing-to-regassing ratio close to one for most of Earth history. The initial ratio of

degassing-to-regassing is principally controlled by the water content, even for simulations that do

not satisfy Earth-like constraints. In contrast, the lithospheric alteration model runs show a very

wide range of degassing-to-regassing ratios throughout Earth history. These results highlight the

sensitivity of volatile cycling to the adopted model of regassing with significant implications for early

Earth atmospheres and surface geochemistry.
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2.4 Conclusions

We have extended the thermal evolution model developed in Chapter 1 to include a deep water

cycle that perpetually links Earth’s interior and surface. This work has shown that the inclusion of

a water cycle does not significantly change the evolution of the plate tectonic or thermal regimes.

In order to reach present-day Earth conditions, a long phase of sluggish-lid tectonics is required,

and the transition from sluggish- to active-lid shows the same range of behavior in runs with and

without a water cycle. Additionally, we have demonstrated that the plate boundary forces exert the

strongest control on plate tectonic style and the thermal evolution. A possible next step is to include

a parameterization of τyf and τr, such as a grain-size evolution model (Foley & Bercovici, 2014), in

order to explore the behavior of the system under changing plate conditions.

Although the forces acting on the plate have the strongest effect on the mantle evolution, water

still influences the mantle viscosity and, through this connection, it has a significant influence over

the thermal and plate tectonic evolution of the system. Specifically, model runs which go through

a phase of sluggish-lid tectonics before transitioning to active-lid tectonics are more likely to have

higher water contents at 4 Ga which suggests that the early Earth had higher water content than

present-day.

Finally, we explore the sensitivity of our results to the choice of mantle regassing model. We have

demonstrated that this choice does not significantly contribute to the behavior of the thermal and

plate tectonic evolution. However, the time history of the ratio of degassing-to-regassing is signif-

icantly impacted by this choice. Models that adopt crustal alteration have degassing-to-regassing

ratios close to one for most of Earth history, while models that assume lithospheric alteration have a

degassing-to-regassing ratio that decrease significantly over Earth history and show large variability.

This illustrates the importance of understanding subduction zone metamorphic processes when

modeling early Earth climate and surface chemistry.
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3
Revisiting an enigma: Earth’s dynamic

ellipticity over the past 25Myr

3.1 Background

The oblateness of the Earth (i.e. dynamic ellipticity) exerts a fundamental control on its orbital evo-

lution, including its rotation rate, obliquity, and axial precession. These factors, in turn, influence

the time history of solar insolation and are responsible for setting the pulse of climatic variations

observed in the geological record (e.g., Hays et al., 1976). Astronomical tuning methods have been

developed to map variations in climate proxies measured in sedimentary cores into high-resolution

time series using modeled fluctuations in Milankovitch cycles (eccentricity, obliquity, and climatic

precession). However, the accuracy of such methods is limited by uncertainties introduced in the
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many-body orbital integrations used to predict Milankovitch cycles, in particular those associated

with the imprecisely known time history of Earth’s dynamic ellipticity (Laskar, 1999).

3.1.1 Defining dynamic ellipticity

Dynamic ellipticity,H, also known as the precession constant or dynamic flattening, is a measure of

the degree of oblateness of the Earth. It varies over time due to mass redistribution within Earth’s

interior and on its surface. H is defined by the following equation:

H =
1
C

[
C− 1

2
(A+ B)

]
. (3.1)

where C is the polar moment of inertia, and A and B are the two equatorial moments of inertia.

Dynamic ellipticity is dominated by the hydrostatic form of the planet associated with its present

rotation rate. Perturbing the above equation, and noting that the trace of the inertia tensor remains

constant under deformation, yields (e.g., Mitrovica et al., 1997):

ΔH =
3
2
ΔC
C

(3.2)

If we denote the present day precession constant asH0, then we will present results for the rel-

ative perturbation ΔH/H0, where now the symbol Δ represents a perturbation from the present

day value. We will also adopt the same convention as Morrow et al. (2012), where the mean value of

perturbations over the time window, Δt, is denoted by ⟨ΔHH0
⟩Δt.

We will focus on two geophysical processes that drive long-term changes in the dynamic elliptic-

ity of the Earth. The first is glacial isostatic adjustment (GIA), i.e., the response of the Earth to ice

age cycles of the Plio-Pleistocene, which is characterized by timescales ranging from thousands to

millions of years (e.g., Lisiecki & Raymo, 2005). The degree to which GIA influences the dynamic

ellipticity depends on the viscoelastic properties of the Earth. Morrow et al. (2012) emphasized that
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a relatively weak lower mantle allows the solid Earth to isostatically compensate for Plio-Pleistocene

changes in ice and ocean loading on sufficiently short timescales that changes in dynamic ellipticity

will be relatively muted. Progressively increasing the lower mantle viscosity leads to progressively

greater isostatic disequilibrium in response to these evolving loads, and larger fluctuations in dy-

namic ellipticity.

The second process that influences dynamic ellipticity is solid-state convection in the Earth’s

mantle. Advection of mantle buoyancy anomalies not only drives plate motions and sea-floor

spreading, but also leads to changes in the shape and gravitational field, including the oblateness of

the planet, on timescales ranging from 10s to 100s of millions of years (Hager et al., 1985). Once

again, the magnitude of the impact onH is dependent on mantle viscosity. In contrast to GIA

physics, a weak lower mantle viscosity leads to large changes in dynamic ellipticity due to the in-

creased vigor of convection, whereas a more viscous lower mantle results in relatively small changes

in dynamic ellipticity.

3.1.2 Defining the enigma

There are two published estimates for the dynamic ellipticity of the Earth during the Cenozoic

based on deep-sea sedimentary cores. First, Lourens et al. (2001) analyzed the ratio of titanium

to aluminum as a function of depth in a sedimentary core from the easternMediterranean span-

ning 2.44–2.90Ma. They compared this depth series to orbital cycles calculated from Laskar et al.

(1993), exploring a range of possible values for dynamic ellipticity. They concluded that the average

dynamic ellipticity over the past 3 Myr was close to the present-day value, with ⟨ΔHH0
⟩3Ma ranging

from−0.3 × 10−3 to+0.3 × 10−3. Second, Pälike & Shackleton (2000) analyzed the variation of

magnetic susceptibility in a sedimentary core from 25Ma and concluded that ⟨ΔHH0
⟩25Ma must have

been between−0.4× 10−3 and+0.1× 10−3. While the results of these two studies may seem com-

plimentary, Morrow et al. (2012) argued that the studies actually define an “enigma” since ⟨ΔHH0
⟩3Ma
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close to zero implies a weak lower mantle viscosity to minimize the impact of Plio-Pleistocene GIA,

while a value of ⟨ΔHH0
⟩25Ma close to zero implies a stiff lower mantle so as to minimize the signal from

mantle convection.

The purpose of this paper is to reassess this enigma in light of new and more accurate orbital inte-

grations and mantle convection modeling. We begin by reviewing current GIA and mantle convec-

tion models and the quantitative insights that they can provide in regard to fluctuations in Earth’s

dynamic ellipticity. Next, we re-evaluate the two published constraints on dynamic ellipticity us-

ing new orbital integration software. Finally, we discuss possible solutions to the enigma defined by

Morrow et al. (2012) in the context of our newmodeling results.

3.2 Numerical models of dynamic ellipticity

3.2.1 Glacial isostatic adjustment models

Figure 3.1a shows the global benthic δ18O stack from Lisiecki & Raymo (2005) for the last 3 Myr,

which has commonly served as a proxy for ice volume. While the mapping between δ18O and ice vol-

ume is hampered by a number of uncertainties (e.g., Waelbroeck et al., 2002), it is generally accepted

that higher values reflect more significant glacial conditions. Over this 3 Myr period, the Earth was

subject to glacial cycles of increasing magnitude, with an obliquity-paced periodicity of∼40 kyr un-

til∼800 ka, followed by the so-called ”Mid-Pleistocene transition” to cycles of period∼100 kyr that

appear to be linked to orbital eccentricity. The last such cycle occurred from∼120–6 ka, with the

Last Glacial Maximum reached at 26 ka, and it involved a mass flux equivalent to∼130 m of global

average sea level change (Austermann et al., 2013).

The predictions of ΔH
H0

due to GIA in Figures 3.1b and 3.1c are generated using a theory of ice age

dynamics that involves a gravitationally self-consistent treatment of sea level changes (Kendall et al.,

2005) and they require, on input, models for the full space-time geometry of ice mass changes and
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Figure 3.1: Figure modified fromMorrow et al. (2012). (A) The Lisiecki & Raymo (2005) global stack of
benthic δ18O record over the last 3 Myr. (B) Numerical prediction of changes in ΔH

H0
due to GIA based on the

VM2mantle viscosity profile (Peltier, 2004) and ice history derived from (A). (C) Same as (B), except that the
MF viscosity model (Mitrovica & Forte, 2004) is adopted in the calculation.

the radial profile of mantle viscosity. For the former, we adopt the ice history developed by Raymo

et al. (2011), based on a global mean sea level history inferred from Figure 3.1a. For the latter, we

have used two different Earth models. Figure 3.1b incorporates the VM2 viscosity profile inferred by

Peltier (2004) on the basis of a global suite of GIA data. The model is characterized by a moderate,

factor of∼5 increase in viscosity from the upper mantle to the lower mantle, with a peak viscosity of

∼ 3× 1021 Pa·s (Figure 3.2).

Figure 3.1c is based on a viscosity profile (MF) that was derived byMitrovica & Forte (2004)

from a joint inversions of GIA data (post-glacial decay times from regions of ancient ice cover) and

observations related to mantle convection (plate motions, dynamic topography, long wavelength

geoid anomalies and excess ellipticity of the core-mantle-boundary inferred from Earth rotation

data). TheMFmodel is characterized by a three order of magnitude increase in mantle viscosity

to a peak value of∼ 3 × 1023 Pa·s at mid lower mantle depth (Figure 3.2). These models predict
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Figure 3.2: Radial viscosity profiles discussed in text.
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⟨ΔHH0
⟩3Ma values of−0.37 × 10−3 and−1.2 × 10−3, respectively (Figures 3.1b, 3.1c). The nega-

tive values reflect the fact that during the present interglacial period, polar ice volumes are smaller

(and oblateness greater) than during the mean state over the glacial cycles of the past 3 Myr, and the

higher magnitude of the prediction for the MF reflects the reduced level of isostatic compensation

associated with this model’s higher viscosities in the lower mantle. Both predictions of ⟨ΔHH0
⟩3Ma lie

outside the range estimated by Lourens et al. (2001) from observations (Figure 3.4a).

3.2.2 Mantle convection models

In the 1980s, global geophysical research focused on numerical modeling of mantle convection con-

strained by satellite-derived estimates of the Earth’s long-wavelength gravity field (e.g., Richards &

Hager, 1984; Ricard et al., 1984; Hager et al., 1985). These efforts combined early tomographic

models of seismic velocity variations in the mantle with experimental constraints frommineral

physics on the mapping between these velocities and density (or, equivalently, buoyancy), with

the goal of constraining the depth-dependent variation of mantle viscosity. While this approach

provides invaluable insights on mantle dynamics, trade-offs between mantle buoyancy and viscos-

ity introduce considerable uncertainty (Thoraval & Richards, 1997). Subsequent work therefore

extended these studies to consider a wider range of present-day observations (as discussed in the pre-

vious paragraph; Forte & Peltier, 1987; Lithgow-Bertelloni & Richards, 1998; Gurnis et al., 2000;

Forte &Mitrovica, 2001; Simmons et al., 2006).

A number of studies have extended the present-day snapshot of mantle dynamics, the focus of

the above analyses, to model the time history of the system. These analyses were generally based on

the ‘backward advection’ of the governing field equations under the caveat that thermal diffusion is

treated as negligible since it is not temporally reversible in a unique sense and solving for this process

is not tractable due to numerical instabilities (Steinberger & O’Connell, 1997; Conrad &Gurnis,

2003; Moucha et al., 2008). Morrow et al. (2012) used backward advection to calculate ΔH
H0

over 25
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Figure 3.3: Results of the adjoint modeling.The blue line incorporates the density structure derived from
Simmons et al. (2012).The pink line uses the density structure from French & Romanowicz (2014).

million years following the technique of Forte et al. (2010), in which an initial density field is derived

from a joint inversion of global geodynamic and seismic data sets (Simmons et al., 2012). However,

a major drawback of backward advection simulations is that they produce transient behavior within

the thermal boundary layers characterized by model simulations undergoing an initial jump prior to

reaching steady-state; this jump contaminates the most recent evolution. These issues are avoided in

more sophisticated adjoint treatments that solve the full field equations in a forward sense and there-

fore rigorously incorporate thermal diffusion (e.g., Bunge et al., 2003; Ismail-Zadeh et al., 2004;

Zhou & Liu, 2017; Li et al., 2017; Price & Davies, 2018; Ghelichkhan & Bunge, 2018). We have em-

ployed the adjoint method of Ghelichkhan & Bunge (2018) to calculate changes in ΔH
H0

over the last

25Myr using the MF viscosity model.

We have performed two adjoint simulations of changes in the dynamic ellipticity over the past

25Myrs, both of which adopt the MF viscosity model (Figure 3.3). The two are distinguished on

the basis of the adopted seismic tomography model used to define the density structure; either the

model of Simmons et al. (2012) (the simulation will be labeled as MF-S) or French & Romanowicz

(2014) (the MF-FR simulation). Both simulations show a decrease in oblateness from∼20Ma to
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Table 3.1: Average values for changes in dynamic ellipticity calculated from time series of mantle convection
models. MF =Mitrovica & Forte (2004), FR = French & Romanowicz (2014), S = Simmons et al. (2012)

Viscosity Model TomographyModel ⟨ΔHH0
⟩3Ma × 1000 ⟨ΔHH0

⟩25Ma × 1000

MF S +0.002 +1.100
MF FR +0.176 +1.399

present-day, with a slight increase from 25Ma to∼20Ma. A notable feature of these models is that

changes in dynamic ellipticity occur on timescales typically associated with glacial cycles. Over the

last 6 Myr, the MF-S simulation predicts a relatively constantH, and one would infer that GIA is

the dominant process affecting dynamic ellipticity over this time scale. In contrast, at 6 Ma the MF-

FR simulation predicts ΔH
H0

∼ 0.8 × 10−3 which is comparable to changes due to GIA (Figure

3.1b and 3.1c). The values of ⟨ΔHH0
⟩3Ma and ⟨ΔHH0

⟩25Ma for both time series are listed in Table 3.1.

As one would expect, mantle convection has a smaller impact on dynamic ellipticity relative to GIA

over the past 3 Myr. Nevertheless, the difference between the two predictions of ⟨ΔHH0
⟩3Ma in the

table highlights the sensitivity of the results to the adopted tomography model. TheMF-FRmodel

tomography has a significant enough effect on dynamic ellipticy to compensate for some of the

impact onH of glacial cycles.

3.2.3 Model comparisonwith original data

Figure 3.4 provides a summary of the estimates of mean dynamic ellipticity change ⟨ΔHH0
⟩ since (a) 3

Ma and (b) 25Ma. In Figure 3.4a we show results from both the two GIA runs and the two man-

tle convection simulations. The value L01-La93 is the observationally inferred estimate of Lourens

et al. (2001). As described inMorrow et al. (2012), predictions based on the two GIA simulations

are not consistent with the L01-La93 estimate. Moreover, no combination of GIA and mantle con-

vection simulations would yield a total ⟨ΔHH0
⟩3Ma that satisfies the observational constraint. We have

not performed mantle convection simulations with the VM2 viscosity profile, and it is possible that
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the combination of GIA and convection signals in this case may satisfy the L01-La93 constraint.

However, Morrow et al. (2012) have shown that a convection simulation based on the VM2 viscos-

ity model is inconsistent with the estimate of ⟨ΔHH0
⟩25Ma from Pälike & Shackleton (2000) (hence-

forth PS00). In Figure 3.4b, we show the predictions of ⟨ΔHH0
⟩25Ma from the two adjoint simulations

as well as the estimate PS00. Both predictions fall well outside the error bars of the PS00 estimate.

However, we cannot rule out the possibility that incorporating a different tomography or viscosity

model would produce a convection signal inH consistent with PS00.

3.3 Re-examination of observational estimates ofH

It is important to note that the two estimates, L01-La93 and PS00, for for variations in Cenozoic

dynamic ellipticity are calibrated to the Laskar et al. (1993) orbital simulation (La93). Since the

publication of those results, new orbital models have been released by Laskar. Here, we will re-

examine the results in Figure 3.4 in light of these new orbital models.
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Laskar et al. (2011) (La10) provided a newmodel for calculating the time-varying astronomical

parameters: orbital eccentricity, orbital inclination, the longitude of the perihelion relative to a fixed

vernal point, and the longitude of the ascending node over the past 250Myr. These variables, along

with dynamic ellipticity and tidal dissipation, are then input into an integration program to cal-

culate the time-varying climatic precision and obliquity. Unfortunately, while Laskar et al. (2011)

describes an improved integration program, the relevant code and equations to perform these in-

tergrations are not provided. To circumvent this issue, we have adopted the integration scheme of

Laskar et al. (2004) modified to allow for a time-varying dynamic ellipticity.

3.3.1 Lourens et al. (2001)

To test the robustness of the published dynamic ellipticity estimate of Lourens et al. (2001), we

reproduced their analysis of ⟨ΔHH0
⟩3Ma as closely as possible. The first part of this method consists

of tuning the raw Ti/Al depth series obtained from the sedimentary core using a time series com-

puted from orbital calculations of normalized climatic precession minus one half the normalized

obliquity (P − T
2 ). For these calculations, we employ both the La93 and La10 methods to calcu-

late the obliquity (i.e., tilt of the rotation axis) and climatic precession time series for a variety of

dynamic ellipticity inputs. Tidal dissipation is set to the present-day value in each integration. Next,

we smooth and normalize the raw Ti/Al depth-series using a quadratic interpolation. We then con-

vert the depth-series to a time-series by matching the correlative peaks in the smoothed data and the

P − T
2 curves. These depth-to-time tie-points are then used to convert the rest of the raw depth-

series assuming constant sedimentation rates between these points. We note that this approach may

introduce bias to the results, since the curves are tuned to high-frequency forcing (climatic preces-

sion). In future work it may be worth exploring other possible tuning methods, such as dynamic

time-warping (Berndt & Clifford, 1994).

Once the raw Ti/Al time-series is tuned to each P − T
2 curve, the obliquity time lag is calculated.
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Figure 3.5: The pearson regression coefficient and obliquity time lag calculated following the method of
Lourens et al. (2001) Lourens et al. (2001) using La93 (A) and La10 (B) orbital calculations. The labeled
numbers represent the value of ⟨ΔHH0

⟩3Ma × 1000 input into the La93 and La10 orbital integrations.

This is done by computing the cross spectra of the P − T
2 curve with the tuned Ti/Al time-series

at a frequency of 1/41 ka using a Parzen smoothing-window with 238 lags. The Pearson regression

between the computed P− T
2 and the tuned Ti/Al time-series is also calculated. Figures 3.5a,b show

the results of this procedure using La93 and La10 orbital solution, respectively. Consistent with the

published analysis of Lourens et al. (2001), our results based on La93 show ⟨ΔHH0
⟩3Ma ≈ 0 has both

the highest regression coefficient and an obliquity lag close to zero. We are thus able to accurately

recreate their methodology. In contrast, repeating this analysis with the updated orbital time series

of La10 yields a ⟨ΔHH0
⟩3Ma that is close to+2.0× 10−3 (Figure 3.5b). This is significantly larger than

any other value obtained from either observations or model predictions (Figure 3.4a). If this new

constraint is robust, it implies that the Earth was on average more oblate during the last 3 Ma than

at present day; this cannot be explained by GIA alone since, as we have discussed, that process always

leads to a prediction of the Earth being less oblate in the past than at present, i.e., ⟨ΔHH0
⟩3Ma < 0

(Figures 3.1b, 3.1c and 3.4a).

Our revised observational estimate for ⟨ΔHH0
⟩3Ma creates a new enigma for which there are various
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explanations. First, it is possible that the method of Lourens et al. (2001) is not a robust approach

for reconstructing the history of dynamic ellipticity change, or that the data set adopted in the study

(and our reanalysis) is not a representative climate proxy record. Second, changes in dynamic ellip-

ticity over the last 3 Myr due to mantle convection may have been significantly larger in magnitude

and opposite in sign to the GIA signal. However, this scenario is unlikely. Our mantle convection

simulations yield values for ⟨ΔHH0
⟩3Ma that are at least an order of magnitude smaller than this new

estimate; indeed, our predicted time series of ΔH/H0 do not reach values as high as 2.0× 10−3 until

15–20Ma (Figure 3.3).

The Pälike & Shackleton (2000) analysis was also calibrated to the La93 orbital model. We have

not re-examined this data in light of updated orbital models. However, it is likely that their results

would be significantly impacted given the large changes in the orbital model over the past 3 Myr.

In exploring this issue we ran a simulation for the past 25Myr using the orbital integration of La10

and various ΔH/H0 values. Figure 3.6 shows the resulting time series of P − T
2 at three different

time periods, 2.6 Ma (Figure 3.6a), 15.2 Ma (Figure 3.6b), and 25.1 Ma (Figure 3.6c). The colors of

the curves refer to the specific history of dynamic ellipticity change adopted in the calculation. For

example, curves calculated using a constant ΔH/H0 value of 0 and+1.0× 10−3 are shown in yellow

and green, respectively. We note that at 25Ma these two time series are nearly indistinguishable.

Thus, to distinguish between these two values of ΔH/H0, additional constraints are required, for

example observations at∼15Ma (Figure 3.6b).

3.3.2 Resolving differences in orbital time series

Both the methods of Pälike & Shackleton (2000) and Lourens et al. (2001) compare orbital models

and sedimentary data using a frequency analysis. However, this class of analysis may neglect some

important details of the time series. Specifically, when climatic precession and obliquity are com-

bined, they often lead to unique and potentially diagnostic features within a particular climate cycle.
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For instance, precession and obliquity may cancel each other out at certain times leading to an ap-

parently skipped cycle. In Figure 3.6a, in addition to simulations based on ΔH/H0 values of 0 and

+1.0× 10−3, we include a curve generated using the GIA time series of ΔH/H0 computed with the

MF viscosity profile (Figure 3.1). In Figures 3.6b and 3.6c, we include results based on both adjoint

simulations of mantle convection (Figure 3.3). In most cases, the difference between the curves is

characterized by offsets in time and frequency. However, there are certain sections, highlighted by

the black boxes, where the climatic precession and obliquity interact to create different morpholo-

gies within the curve. Identifying such differences may be a powerful diagnostic tool since varia-

tions in shape may be easier to identify within the rock record than changes in frequency. We also

note that the frequency calculations are heavily dependent on the tuning method. While changes in

shape are less prominent over the past 5 Myr, they become significant when considering time win-

dows that sample older periods, 15Ma and 25Ma. An effort to use this approach to discriminate

between different convection models should be the target of future work.

3.4 Discussion of enigma solutions

3.4.1 Possible enigma solutions

Morrow et al. (2012) proposed four possible solutions to the original enigma which can now be

reassessed:

1. Mantle viscosity may be transient. Transient mantle viscosity refers to a rheology in which

a viscous response to an applied stress is a function of the timescale of the forcing. Given that

there are viscosity profiles that are able to fit both GIA and mantle convection observables,

transient mantle viscosity seems unlikely to be the source of the enigma (Mitrovica & Forte,

2004; Nakada & Lambeck, 1989; Lambeck et al., 1998).
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Figure 3.6: Time series of P − T
2 at (a)∼2.6 Ma, (b)∼15.2 Ma, and (c)∼25.1 Ma using different dynamic

ellipticity histories, as labeled.
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2. Tidal dissipation, which can influence dynamic ellipticity, varies with time. While this

is still a potential solution to the enigma, this effect is expected to be negligible (Laskar et al.,

2004).

3. Observationally-inferred bounds on dynamic ellipticity obtained from sedimentary

records may not be robust. As shown in Section 3.3.1, it is likely that the published estimate

of ⟨ΔHH0
⟩3Ma based on a deep sea record (Lourens et al., 2001) is incorrect. It is possible that

the method developed by Lourens et al. (2001) is robust, but in that case the estimate we

have obtained using this method and the La2010 orbital solution, ⟨ΔHH0
⟩3Ma ≈ +2.0 ×

10−3, defies any obvious physical explanation. It is clearly important to explore other tuning

methods and climate proxy records for the time periods we have considered here. We have

not yet considered, in detail, the tuning method of Pälike & Shackleton (2000), but given

the large change in orbital solution from La93 to La10, their estimate,−0.4 × 10−3 <

⟨ΔHH0
⟩25Ma < +0.1× 10−3, is likely inaccurate.

4. Models of mantle viscosity may exist which yield ΔH
H0

that are of opposite sign and equal

amplitude for GIA and convection parameters. This argument in Morrow et al. (2012)

was based on an assumption that the Lourens et al. (2001) estimate of ⟨ΔHH0
⟩3Ma was accu-

rate. However, while it is important to consider a variety of viscosity and seismic tomography

model pairings in analyses of sedimentary core records, it is unlikely, if not impossible, to rec-

oncile our newly derived estimate of ⟨ΔHH0
⟩3Ma ∼ +2.0× 10−3 with other choices for mantle

viscosity and seismic tomographic models.

3.4.2 Varying dynamic ellipticity

The discussion inMorrow et al. (2012) assumed that the Pälike & Shackleton (2000) dynamic el-

lipticity estimate is constant over the entire 25Myr window, and this led to the inference that the
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lower mantle viscosity must have been very high to limit changes in dynamic ellipticity. However,

that assumption is not necessarily correct. The orbital cycles calculated from La10 and La93 at a

specific point in time, XMa, are largely controlled by the average dynamic ellipticity from present-

day to XMa. Figures 3.7 and 3.8 illustrate this point. In Figure 3.7, we show three different and

hypothetical synthetic dynamic ellipticity time series from present-day to 25Ma. The green curve

has a constant value of zero, while the blue and red curves are two different sine curves that average

to a value of zero over the full time series. These curves were input into the La10 orbital software to

compare their effect onMilankovitch cycles. Figure 3.8a and b show the obliquity and climatic pre-

cession time series for each of the three dynamic ellipticity time series over a time window from 24.8

to 25Ma. These results are largely indistinguishable from one another, suggesting that the Pälike

& Shackleton (2000) estimate should be interpreted as a time-integrated average value rather than

a constant value through time. The only way to distinguish between the different dynamic elliptic-

ity curves is to consider their impact onMilankovitch cycles at an intervening point in time. Figure

3.8c and 3.8d illustrate this point by showing the obliquity and climatic precession within a time

window of 14.8–15Ma computed using the same three time series of ΔH/H0. The three different

dynamic ellipticity curves each lead to very different obliquity and climatic precession time series

within this time window.

This issue is important to keep in mind when interpeting published estimates of dynamic elliptic-

ity. A published value of ⟨ΔHH0
⟩25Ma close to present-day does not necessarily require a strong lower

mantle, as Morrow et al. (2012) assumed. Rather, it is possible that the dynamic ellipticity due to

mantle convection varied over this time period in such a way as to have a mean value close to zero.
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Figure 3.7: Hypothetical time series of dynamic ellipticity input into the La10 orbital software (see text).
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Figure 3.8: Obliquity (a and c) and climatic precession (b and d) cycles calculated from La10 around 25Ma (a
and b) and 15Ma (c and d).

79



3.5 Conclusions

Using novel mantle convection simulation techniques and updated orbital models, we have re-

assessed the enigma identified byMorrow et al. (2012). The models of dynamic ellipticity changes

due to GIA produce ⟨ΔHH0
⟩3Ma less than zero, outside of the bounds of the previously published

estimate of Lourens et al. (2001). The models of dynamic ellipticity changes due to mantle con-

vection show an increasingly oblate Earth going back in time. Again, these simulations produce

values of ⟨ΔHH0
⟩25Ma outside the bounds of the previously published estimate of Pälike & Shackleton

(2000). Furthermore, we have shown that convection-induced perturbations in dynamic ellipticity

may be important even on GIA timescales. However, we are still unable to reconcile the estimate

of ⟨ΔHH0
⟩3Ma from Lourens et al. (2001) with a combination of dynamic ellipticity changes due to

mantle convection and GIA processes. In addition to reassessing the models of Earth’s mantle, we

have also recalculated the estimate of ⟨ΔHH0
⟩3Ma incorporating updated models of Earth’s orbit. Our

results predict a ⟨ΔHH0
⟩3Ma value of+2.0×10−3, an order of magnitude higher than the±0.3×10−3

predicted using the old orbital models. A positive value as high as+2.0× 10−3 for ⟨ΔHH0
⟩3Ma has no

physical explanation suggesting either the method of Lourens et al. (2001) may not be robust or the

data set is not representative. Lastly, this work has illustrated the importance of having data at time

points in between 3Ma and 25Ma in order to distinguish between potential dynamic ellipticity

time histories.
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4
Conclusion

This thesis has demonstrated the critical importance of interactions between Earth’s surface and

interior for Earth’s long-term evolution.

In Chapters 1 and 2 we implemented a thermal history model of the mantle that allowed for a

change in plate tectonic style to explore feedbacks between volatile cycles. Chapter 1 focused on

the outgassing of CO2 at ocean ridges over 4 Ga. Our results showed that to satisfy thermal con-

straints, the Earth must have started in a sluggish-lid mode of plate tectonics before transitioning to

an active-lid mode. Additionally, we showed that the plate speed and CO2 outgassing flux do not

necessarily scale with mantle temperature, and that it is possible to reach present-day mantle temper-

atures and plate speeds with a simple force balance that does not invoke any nuanced feedbacks (e.g.

grain size evolution, dehydration stiffening) or require a fully stagnant-lid mode of convection in the

Precambrian. The solutions show a range of evolutionary behaviors depending on the parameters
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chosen. The transition from sluggish-to active-lid regimes can be smooth, abrupt, or have an inter-

mediate time scale. A smooth transition is difficult to distinguish from a purely active-lid evolution-

ary path based on temperature, plate speed, melt production, and CO2 outgassing flux. In contrast,

an abrupt transition leads to a large increase in the average plate speed with a corresponding increase

in melt production and CO2 outgassing flux. Lastly, we demonstrated that carbon recycling is re-

quired for a large part of Earth history in order to explain present-day mantle carbon content and

outgassing. Most importantly, the chapter highlighted the importance of understanding the style of

mantle convection when considering melt production and volatile fluxes through Earth’s history.

Expanding on the work in Chapter 1, Chapter 2 explored the effects of a deep water cycle on the

thermal and tectonic evolution of the Earth. The results showed that both models with and without

a water cycle require a long phase of sluggish-lid tectonics to reach present-day thermal constraints.

Furthermore, the overall evolutionary behavior does not significantly differ between simulations

with and without a water cycle. While plate boundary forces exert the strongest control on the de-

termination of plate tectonic style, water content still plays an active role through its influence on

mantle viscosity. Simulations that involve a phase of sluggish-lid tectonics before transitioning to an

active-lid regime are much more likely to have higher water content at 4 Ga, suggesting that water

content in the Archean mantle was higher than in the present-day mantle. Finally, we compared

two different methods of modeling the recycling of water at subduction zones in which alteration

of the subducting slab: (1) is confined to the basaltic crust; or (2) exists over the full depth extent

of the lithosphere. While the general behavior of the thermal and plate tectonic evolutions remains

the same, the evolution of the degassing-to-regassing ratio is considerably changed between the two

results with potential implications for models of surface geochemical cycles in the early Earth.

Finally, Chapter 3 focused on the interactions between mantle dynamics and climate on timescales

of millions to tens of millions of years. Using novel mantle convection simulation techniques and

updated orbital models we reassessed the enigma identified byMorrow et al. (2012). The mod-
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els of dynamic ellipticity changes due to glacial cycles predict a less oblate Earth on average over

the last 3 Myr, and convection simulations predict a more oblate Earth on average over the last

25Myr. Both of these results are inconsistent with the previously published estimates, reinforc-

ing the enigma described byMorrow et al. (2012). However, the results also demonstrated that the

estimates of dynamic ellipticity from sedimentary core records change substantially when updated

orbital evolution models are employed. Specifically, the inferred dynamic ellipticity based on the

Lourens et al. (2001) deep sea core leads to unphysical results (a higher than present-day value across

the past 3 Myr) suggesting that either the method of Lourens et al. (2001) is not robust or that the

sediment core record is not representative of the true climate signal. Finally, we illustrate the neces-

sity of collecting additional data at time periods between 3Ma and 25Ma to distinguish between

different dynamic ellipticity time histories and to constrain the physical processes that give rise to

the time dependence.
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A
Calculation of Internal Heating

The internal heating of the system is primarily related to the decay of the radioactive elements 40K,

238U, 235U, and 232Th. This is calculated using the following equation with K, U, and Th concen-

trations from Lyubetskaya & Korenaga (2007).

(A.1)
H(t) = 0.9927CUH238U exp

(
t
ln 2
τ238U

)
+ 0.0072CUH235U exp

(
t
ln 2
τ235U

)
+ CThH232Th exp

(
t
ln 2
τ238Th

)
+ 1.17× 10−4CKH40K exp

(
t
ln 2
τ40K

)
In this case, t is time going backwards in years, C is the concentration of an element at present-

day,H is the heat production of an element, and τ is the half-life of an isotope.
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Symbol Value Unit Description

CU 17.3× 10−9 kg · kg−1 Concentration of Uranium
CTh 62.6× 10−9 kg · kg−1 Concentration of Thorium
CK 190× 10−6 kg · kg−1 Concentration of Potassium
H238U 9.17× 10−5 W · kg−1 Heat production of Uranium-238
H235U 5.75× 10−4 W · kg−1 Heat production of Uranium-235
H232Th 2.56× 10−5 W · kg−1 Heat production of Thorium-232
H40K 2.97× 10−5 W · kg−1 Heat production of Potassium-40
τ238U 4.46× 109 yr Half-life of Uranium-238
τ235U 7.04× 108 yr Half-life of Uranium-235
τ232Th 1.4× 1010 yr Half-life of Thorium-232
τ40K 1.26× 109 yr Half-life of Potassium-40
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B
Calculation ofUp

Our model is primarily based on the equations of Crowley &O’Connell (2012) (henceforth abbre-

viated CO12) with few changes. However, for the sake of reproducibility, a simple explanation of

the setup of equations is described here.

As mentioned in the main text, the model of CO12 is based on a lithospheric energy balance

(Equation B.1) and a global mantle energy balance (Equation B.2).

DiL⟨QL⟩ = LPxpdlUp + LτpUp + τrdlUp (B.1)

Di⟨Q⟩ = φm + τyfdlUp (B.2)

The left-hand side of each equation represents the rate of change of potential energy of the litho-
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sphere and the whole mantle. In Equation B.1, the terms on the right-hand side represent the lateral

pressure, traction at the base of the lithosphere, and the effective resistance of the plate, respectively.

The right-hand side of Equation B.2 is a combination of the mantle dissipation and the dissipation

in the plate. DiL andDi are defined as the dissipation number of the lithosphere and mantle (Equa-

tions B.3 and B.3).

DiL =
αlgdl
Cp

(B.3)

Di =
αggd
Cp

(B.4)

⟨QL⟩ and ⟨Q⟩ are the depth averaged vertical advective heat flow through the lithosphere and

mantle:

⟨QL⟩ =
Lqs
2

(B.5)

⟨Q⟩ = (qs + qc)L
2

(B.6)

In order to calculate the mantle dissipation, we use a combination of the horizontal deep mantle

dissipation (φmh), horizontal asthenosphere dissipation (φah), and the mantle corner flow dissipa-

tion (φmc). The calculation of the horizontal dissipations is written in CO12 Equation A16. How-

ever, A16 is incorrect and should be written as follows:

(B.7)
φn =

L(y1 − y0)
2μn

[
τ12 +

τ1(y0 − y1)
3

(3b+ A(y0 + 2y1))

+
(y0 − y1)2

60
(
20b2 + 5Ab(3y0 + 5y1)

)
+

(y0 − y1)2

60
A2 (3y0 + 9y0y1 + 8y12

)]
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This equation can be used for the horizontal deep mantle and asthenosphere dissipations with y0

and y1 representing the distance from the base of the mantle to the base of the layer and the top of

the layer, respectively. τ1 is the traction at the top of the layer (τa or τp).

The mantle corner flow is approximated by CO12 Equation 37:

φmc = 2μmVm
2 (B.8)

WhereVm is the vertical flow rate in the mantle given by CO12 Equation 36.

The details of solving these equations forUp can be found in the appendix of CO12.
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C
Mantle Melting Isopleths

The following equations are the mantle melting isopleths, lines of constant CO2 in the melt, based

on Dasgupta et al. (2013).

25 wt% CO2: T = 41.237P+ 1180.8 (C.1)

20 wt% CO2: T = 51.661P+ 1169.8 (C.2)

15 wt% CO2: T = 73.150P+ 1166.1 (C.3)

10 wt% CO2: T = 84.551P+ 1171.1 (C.4)
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5 wt% CO2: T = 90.420P+ 1175.5 (C.5)

2.5 wt% CO2: T = 93.231P+ 1179.4 (C.6)
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