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Water and Phase Transitions in Rocky Planetary Interiors

Abstract

This dissertation explores two fundamental aspects of rocky planetary interiors: water

and phase transitions. The first two chapters investigate the deep water cycles in

Earth and Mars. The research provides an estimate of the bulk water storage capacity

of their mantles as a function of mantle potential temperature using thermodynamic

modeling, and examines its implications for the hydrosphere of early Earth through

isostatic modeling. In the third chapter, a machine learning framework is introduced

for determining high-pressure phase diagrams, with a specific focus on the post-spinel

transition in Mg2SiO4. The resulting nonlinear Clapeyron slope of the post-spinel

transition is then used to estimate its lateral variation at the base of the Earth’s

transition zone.
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Chapter 1

Introduction: A Personal Account of

the Research Process

Not only do scientists’ statements create problems for historical elucidation;

they also systematically conceal the nature of the activity which typically gives

rise to their research reports. In other words, the fact that scientists often

change the manner and content of their statements when talking to outsiders

causes problems—both for outsiders’ reconstruction of scientific events and

for an appreciation of how science is done. It is therefore necessary to

retrieve some of the craft character of scientific activity through in situ

observations of scientific practice. More specifically, it is necessary to show

through empirical investigation how such craft practices are organised into a

systematic and tidied research report.

—Bruno Latour and Steve Woolgar, Laboratory Life

1



CHAPTER 1. INTRODUCTION

To begin my dissertation, I’ve chosen a quote from “Laboratory Life” by Bruno Latour

and Steve Woolgar (Latour and Woolgar 1986). The book argues that scientific

knowledge is not something that simply waits to be discovered. Instead, it’s created

through a complex web of social interactions, negotiations, and power relations among

scientists, their instruments, and their research subjects. Although I’m not a big fan of

Latour’s philosophy and have mixed feelings about his ahistorical views on how scientific

knowledge is constructed, I do appreciate his innovative approach to studying science

ethnographically and his insightful comments about what is often left out of research

reports. Scientific journals and peer review can systematically obscure the nature of

scientific activities, preventing readers from understanding how research intentions and

motivations evolve over time, and how related activities are carried out, frustrated, or

even sometimes abandoned.

The three main chapters of my dissertation were copied and pasted directly from

two previously published articles (Dong et al. 2021, 2022b)and a preprint on arXiv

(Dong et al. 2022a). As Latour correctly notes, they don’t provide enough context by

themselves. To help outsiders understand scientific events and appreciate how science

is done, Latour suggests using in-situ observations of scientific practice. This allows

observers to gain insight into the craftsmanship of scientific activity. Since my work isn’t

significant enough for an philosopher like Latour to spend months observing and writing

about, I will personally provide an account of my research process ex-situ. I hope that

by sharing this, readers will gain some insight into how I transform a small part of the

natural world that interests me into something that can be observed, measured, and

analyzed.

In this dissertation, I present three chapters that, as the title suggests, can be

2



CHAPTER 1. INTRODUCTION

broadly divided into two topics: water and phase transitions. Although these two topics

may not seem closely related, they both originated from the same idea I had early on in

graduate school.

At the beginning of my graduate studies in 2017, I sat down with my advisor,

Rebecca Fischer, to discuss potential projects. My initial interest was to work with

Rebecca on melt-solid partitioning in mantle silicates, a topic that had yielded conflicting

results in previous experimental work (Fig. 1.1, Nomura et al. 2011; Andrault et al. 2012;

Tateno et al. 2014). Together we planned to extend existing experimental constraints

to the megabar range using the 8-color spectrometry system she was building. This

would allow us to map the pressure and temperature dependence of iron partitioning

between the solid and liquid phases as silicate melts between the solidus and liquidus.

The original members of the Fischer group, including Rebecca, Matt, and myself, later

joined by Terry-Ann and Kierstin, worked for about two years to complete the laser

heating part of the system. However, to provide a reliable temperature map, we still

needed to complete the 8-color system, which was halted by the pandemic in early 2020.

By the time we returned to the lab and resumed construction of the 8-color system

in 2022, Matt had graduated and Kierstin and Terry-Ann had left for their new jobs.

With only about a year left in my Ph.D., it became impractical for me to continue the

partitioning project, and these experiments I had designed and planned for my Ph.D.

never materialized.

Both Rebecca and I anticipated the uncertainty and slow progress of the experimental

work, so at the beginning of my Ph.D. we decided to work on a petrological modeling

project. This ensured that even if the experiments did not work out, we would still have

some research output. I still remember the day I had that conversation with Rebecca.
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Figure 1.1: Literature data on the partitioning of iron between bridgmanite

and melt as a function of pressure. The published data on iron partitioning between

bridgmanite and melt show significant differences and inconsistencies. One possible expla-

nation for these discrepancies is that the value of KD(Fe) depends on the degree of partial

melting and therefore on temperature. To investigate this, it may be helpful to create a

temperature map of the sample that correlates temperature with chemical composition.

This map could provide insight into how KD(Fe) changes with temperature during melt-

ing. This figure was made in 2020 for my NASA FINESST grant application.

She asked me, “What projects would you like to do? You can try to come up with your

own, or I can introduce you to some of my ideas.” Eager to try something on my own, I

suggested spending a few weeks brainstorming ideas to see how far I could go. She gave

the green light to this “experiment” of mine.

We explored several ideas, and the most well-developed ones were in areas that I

had been exposed to during my undergraduate research; and one of them was water

in the transition zone. I worked on several multi-anvil experiments with Feng Zhu,
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a postdoc in Jackie’s lab, and we studied the reaction between iron and water-rich

wadsleyite (Zhu et al. 2019). This was the first time I learned that water could be

stored in planetary interiors. At that time, prior to 2017, most of the literature on this

topic focused on Earth’s transition zone today. Many experimental studies of the water

storage capacity of nominally anhydrous minerals in the mantle had been conducted, but

these experiments could only be reliably performed at relatively low temperatures (lower

than today’s mantle temperatures). As multi-anvil techniques advanced, experimental

temperatures reached as high as 1900 K, with some groups reaching 2200–2300 K (e.g.,

Fig. 1.2; Ohtani et al. 2000). With present-day temperatures at 1900 K, we finally had a

constraint on water storage capacity in the present-day mantle transition zone.
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Figure 1.2: An example of an early data set on water content in hydrous

ringwoodite under water-saturated conditions, taken from Ohtani et al. (2000).

This study is one of the earliest to point out the potential temperature dependence of

water storage capacity in nominally anhydrous minerals, such as ringwoodite. The figure

was made in the fall of 2017, when Rebecca and I were first exploring the topic of water

in the transition zone.
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As I examined the data, I found the temperature dependence intriguing.

Conceptually, the temperature axis in the plot also represents the cooling history of the

planet, and the decreasing trend with temperature could easily be interpreted as a change

in water storage over Earth’s history. To constrain the total mantle water capacity of a

cooling planet, we needed to understand how the water storage capacities of each mantle

mineral change with pressure and temperature, as well as their proportions relative to

each other and how they change with temperature. Although the Earth’s mantle is a

multiphase system with over 40 minerals other than olivine and its polymorphs, for

simplicity we started with only wadsleyite and ringwoodite in the Mg2SiO4 composition.

I plotted the thickness of the two parts of the transition zone and was fascinated by

the results (Fig. 1.3). If all the simplifications we made were true, ringwoodite would

disappear at the base of the transition zone, and since ringwoodite is one of the largest

potential water reservoirs on Earth, this would have a significant impact on our estimate

of water capacity.

Of course, the mantle is composed of minerals other than olivine, and a detailed

description of the mantle mineral assemblaged and their proportions is not a trivial

task. To understand how the proportions of each phase change over time as the planet

cools, we have to rely on thermodynamic modeling. At the time, the widely available

thermodynamic code was ”Perple X,” which my labmate Matt had used in his Mars

paper (Brennan et al. 2020). I experimented with it, but was not entirely happy with

the numerical instability it sometimes produced. The other code I was aware of was

”HeFESTo”, created by Lars Stixrude and Carolina Lithgow-Bertelloni Stixrude and

Lithgow-Bertelloni (2011, 2005, 2022). Since the code was not publicly available, I sent

Lars a cold email, and he replied a month later, agreeing to meet and share their results.
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Figure 1.3: Estimated thickness of mantle transition zone for a Mg2SiO4 Com-

position. A figure produced in December 2017 from a back-of-the-envelope calculation,

showing the plotted thickness of the mantle transition zone for a simplified Mg2SiO4

composition. The thinning of the ringwoodite layer, a potential water reservoir, would

significantly affect the estimation of Earth’s mantle water capacity.

Being relatively new to modeling and unfamiliar with Linux and Fortran, I asked

Rebecca if I could visit Lars and Carolina in London. She agreed and even covered my

$400 expedited visa fee! On my way to London I brought an incomplete set of water

storage capacity data with an exponential fit. While visiting Lars, I coded several

hundred lines that later became the central part of my project. Although we spent

another year building detailed thermodynamic models for water and running Monte

Carlo sampling for sensitivity tests, and this work was not published until 2021, by the

end of my London trip in 2018 we already had a rough idea of the Archean water world

for my first paper.
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I recall having separate, independent conversations with both Rebecca and Lars in

which I expressed my doubts. I asked them if the excess water, given that the water

storage capacity in the mantle was much less than the actual water content today, would

end up on the surface, resulting in a larger Archean ocean. Was this a crazy idea? Both

responded with something along the lines of “why not”. With the blessing of both Lars

and Rebecca, this little pet project I started to fill in the gaps between building our

laser heating system and eventually became the bulk of my Ph.D. thesis. Two papers

on this project have been published (Dong et al. 2021, 2022b) and are included in this

dissertation as Chapters 2 and 3.

The connection between the water project and the phase transition project arises

when calculating the proportion of each phase in the mantle. For those who have

seen a pseudosection of the Earth’s mineral assemblage, the first thing they notice are

the stability fields of the mineral assemblages. Each stability field defines a unique

combination of minerals whose proportions change with pressure and temperature.

Pseudosections are the ultimate atlas of the Underworld. Thermodynamically, they are

constructed from each end member component and require input on the phase relations

of the end members. The phase relations of the end members may appear well defined,

but the cleanliness of their phase boundaries can sometimes be quite deceptive. An

example is Mg2SiO4, arguably the most fundamental phase diagram for the Earth’s

interior. When the existing experimental data are superimposed on the phase boundary

we draw for the transition, the transition does not appear to be constrained by the data

at all (Fig. 1.4).

Intrigued by such discrepancies in the data, I went to Argonne to do XRD diffraction

experiments. First, we tried the membrane cell, which supposedly could precisely
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Figure 1.4: Experimental data for wadsleyite, ringwoodite, and bridgmanite +

periclase from literature, plotted in red, blue, and yellow, respectively. Notably,

the post-spinel boundary appears to be unconstrained by the available data. The dashed

lines in the plot represent the computational results obtained from HeFESTo. This figure

was initially created in 2018 for our beamtime application to GSECARS 13 ID-D at APS.

control the pressure during heating. This technique would have the advantage of

providing a tight bracket at a relatively pressure-independent phase boundary. The

practical challenge is that the membrane cell does not work as perfectly as intended.

It has very little ability to reduce pressure incrementally, making reverse experiments

impossible. In addition, compressing the cell during heating often causes the sample to

move, misaligning the X-ray and heated spots, which could be fatal to observing phase

stability. Therefore, we returned to the conventional short symmetric cell. Even with

heating alone, identifying phase transitions between these patterns is a tricky business.

Wadsleyite and bridgmanite have relatively low symmetry, resulting in many overlapping

peaks, while ringwoodite has relatively high symmetry and its peaks are mostly buried
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by those of wadsleyite and bridgmanite. This makes triple point identification very

difficult.

All of these experimental efforts took place in 2018 and 2019. However, I was

unable to complete the data analysis, partly due to the distraction of the water project

and partly due to the practical challenges I have described. When faced with an X-ray

pattern with a large number of peaks, the human cognitive system fails completely.

I went through the data twice, manually fitting the peaks and identifying the first

appearance of the new phase. However, I couldn’t convince myself that the pattern

I found was the actual appearance of the first new peaks. I was frustrated by the

possibility that my personal biases, or those of another experimenter, had crept into the

data. Perhaps we were using an outdated JCPDS file that didn’t give a good prediction

of the temperature dependence of the peaks, or we missed important bridgmanite or

ringwoodite peaks, or we simply mislabeled the phase when we was tired. As a result,

I ended up constructing my own EoS for all relevant phases and implementing some

rudimentary peak search functions. Although the code never worked perfectly and the

fitting procedure sometimes broke down, viewing the pattern with a waterfall figure and

the unique peak search allowed me to feel more confident that the pattern I identified

could be the first appearance of the new phase.

Building my own peak identification workflow took a couple of months, and I

thought that was essentially it for the project. However, I was just beginning the most

difficult part of the project - determining how to draw a boundary/line from my phase

stability observations. Most of the experimenters before me produced their own results,

drew a line by hand, and considered it acceptable. They were often very selective with

their data, discarding any inconsistent runs and finding reasons to justify excluding

10



CHAPTER 1. INTRODUCTION

them from the analysis. While this practice isn’t necessarily “wrong,” since it represents

personal judgment based on expert experience, the problem arises when experts draw

many different lines for a single phase boundary—so which one should I trust?

I began to consider an alternative, more “mechanical” method of finding the phase

boundary, as opposed to the conventional expert judgment approach, which may suffer

from a posteriori bias based on the experimenter’s idiosyncratic judgment. Unfortunately,

there are few readily available inversion schemes in the literature. “HeFESTo” has

an inversion code based on linear discriminant analysis implemented by Lars, but

this requires careful selection of a minimal set of observations. Consequently, linear

discriminant analysis, like human vision, performs poorly when faced with conflicting

evidence (Stixrude and Lithgow-Bertelloni 2011). When I visited Lars after he moved to

UCLA, I asked him about the inversion strategy. He referred me to a book chapter by

Abby Kavner that presented a probability analysis of phase stability observations based

on logistic regression (Kavner et al. 2000). This was something he was interested in

implementing in HeFESTo, but had limited time to fully develop. I took a quick look at

the article but couldn’t fully understand the paper, so this direction came to a standstill.

At EPS, every graduate student is required to take two math or statistics classes.

At the time, I was one class away from fulfilling this requirement. So I decided to enroll

in an introductory data science class with Matt and Zack, not realizing that the core

of such a class would revolve around classification—essentially, drawing boundaries for

multidimensional data. Throughout the course, I was systematically introduced to a

variety of classification algorithms, from logistic regression to random forests to neural

networks.
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This course helped me develop the technical skills needed to implement Lars’

suggestion to try logistic regression. Building on Abby’s article, the advantage of

this approach is the introduction of supervised learning, which helps avoid overfitting.

Machine learning may be a more brutal approach compared to the fine-tuned expert

judgment we are familiar with, but it offers an alternative perspective that contrasts

with traditional methods that are often highly selective in their results and thus more

susceptible to a posteriori bias.

Over the course of five years, almost the entirety of my Ph.D., this phase transition

project progressed from our initial experiments on Mg2SiO4 to the development of a

global inversion strategy for phase stability data. A preprint of an improved Mg2SiO4

phase diagram generated using a novel global inversion strategy was posted to arXiv in

2022 (Dong et al. 2022a). This journey taught me the hard lesson that data analysis

is often as important as data collection. However, in the mineral physics community,

data analysis currently seems to receive far less epistemic credit than the production of

primary data, even when the published primary data was accompanied by potentially

flawed interpretations. Thanks to the challenges I encountered during my experimental

efforts, I was motivated to delve into this exploding field of data science and machine

learning, which not only opened up a whole new direction for my research, but also

provided a fresh perspective on the existing data that the mineral physics community

has been collecting for decades.

Now, let me give you a preview of what’s to come. In Chapters 2 and 3, I will take

you on a journey exploring the deep water cycle and surface water stability of Earth and

Mars using a thermodynamic model of water storage capacity in nominally anhydrous

minerals. With these findings, I will demonstrate how the water storage capacity of the
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solid mantles of these planets generally increases with decreasing temperature due to

secular cooling. Surprisingly, the water capacity in the early, hot mantle of Earth is

probably smaller than in the present-day mantle water content, indicating that the extra

water in today’s mantle would have existed on the early surface, forming a water world

with little exposed land. Additionally, I will explore the relationship between an early

global ocean, the geological record, and the habitats of early life.

In Chapter 4, I will introduce you to a machine learning approach that infers

high pressure phase transitions from experimental data on Mg2SiO4 and addresses the

nonlinearity of the post-spinel transition. I will explain how this nonlinear transition

affects mantle convection and its expression in slabs and plumes worldwide. Through my

results, you will see that in the present-day mantle, the average post-spinel Clapeyron

slope in plumes is about three times more negative than that in slabs.

Recently, I have been working to develop reference P–T phase diagrams for the

major mantle oxides and iron using the global inversion strategy presented in Chapter 4.

This project has the potential to synthesize existing experimental and simulated data up

to multi-megabar pressures, and the resulting phase diagrams will serve as a roadmap

for exploration of planetary interiors. However, the preliminary results need further

refinement and are incomplete. As a result, I have decided not to include them in this

dissertation, but hope to refine and publish these results in the next few years.

In the Afterword, I offer a more detailed consideration of two types of water worlds.

The first is a terrestrial world with all its continents submerged in water, and the second

is an exoplanet with a thick water envelope. I then discuss how my interest in this

topic has evolved from one type of water world to the other, and how this evolution
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has reflexively shaped my research goals for the future. I also discuss my attempt to

draw an “objective” phase boundary, and how this challenge sparked my interest in the

philosophy of science and the concept of objectivity.

As I wrap up this introduction, I’d also like to emphasize my interest in the history

of geophysics, which occupied most of my time during the last few years of my Ph.D.

when I wasn’t debugging code or running experiments. I came across a wealth of

fascinating archival materials related to Francis Birch, one of the founders of solid earth

science. These materials have the potential to reveal the early history of mineral physics

and the connection between the Manhattan Project and Birch’s model of the Earth’s

interior. Unfortunately, I have not devoted as much attention to discussing my historical

research as I have to my scientific work in this dissertation. Nevertheless, I remain

optimistic that I’ll soon be able to put these archival materials into a narrative and bring

them to light.
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Chapter 2

Constraining the Volume of Earth’s

Early Oceans With a

Temperature-Dependent Mantle

Water Storage Capacity Model

Water, water, every where,

And all the boards did shrink.

—Samuel Taylor Coleridge, The Rime of the Ancient Mariner
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Abstract∗

The water content in Earth’s mantle today remains poorly constrained, but the bulk

water storage capacity in the solid mantle can be quantified based on experimental data

and may amount to a few times the modern surface ocean mass (OM). An appreciation

of the mantle water storage capacity is indispensable to our understanding of how water

may have cycled between the surface and mantle reservoirs and changed the volume of

the oceans through time. In this study, we parameterized high pressure-temperature

experimental data on water storage capacities in major rock-forming minerals to track

the bulk water storage capacity in Earth’s solid mantle as a function of temperature. We

found that the mantle water storage capacity decreases as mantle potential temperature

(Tp) increases, and its estimated value depends on the water storage capacity of

bridgmanite in the lower mantle: 1.86–4.41 OM with a median of 2.29 OM for today

(Tp = 1600 K), and 0.52–1.69 OM with a median of 0.72 OM for the early Earth’s solid

mantle (for a Tp that was 300 K higher). An increase in Tp by 200–300 K results in a

decrease in the mantle water storage capacity by 1.19+0.9
−0.16–1.56

+1.1
−0.22 OM. We explored

how the volume of early oceans may have controlled sea level during the early Archean

(4–3.2 Ga) with some additional assumptions about early continents. We found that

more voluminous surface oceans might have existed if the actual mantle water content

today is >0.3–0.8 OM and the early Archean Tp was ≥1900 K.

∗This chapter includes modified content from my previously published article, “Constraining the

Volume of Earth’s Early Oceans With a Temperature-Dependent Mantle Water Storage Capacity Model,”

which appeared in AGU Advances in 2021.
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2.1 Introduction

Water was delivered to the Earth during accretion and/or soon afterward (Morbidelli

et al. 2000). This was followed by vigorous outgassing of possibly oxidized volcanogenic

gases, including H2O (Hirschmann et al. 2012), from the early Earth’s mantle, which

may have led to the formation of primordial oceans (Elkins-Tanton 2008). Sometime

after the onset of plate tectonics, mantle rehydration by subduction (Rüpke et al. 2004;

Iwamori 2007; van Keken et al. 2011) began to change the relative water contents of the

surface and internal reservoirs.

Extensively preserved eustatic sea-level records indicate that the continental

freeboard has been approximately constant throughout the Phanerozoic (541 Ma to

the present) (Miller et al. 2005). However, the subaqueous and subaerial proportions

of the Earth’s surface may have been quite different before the Phanerozoic, especially

in the early Archean, approximately from the Eoarchean to the Paleoarchean (4–3.2

Ga). Though they are sparse, isotopic records from the early Archean may be used

to indirectly constrain the size of the early oceans (Kurokawa et al. 2018; Pope et al.

2012; Johnson and Wing 2020). One such constraint is the deuterium-depleted hydrogen

isotopic signature (D/H) recorded in serpentinized oceanic crust from the ca. 3.8 Ga Isua

Supracrustal Belt in Greenland. This low D/H ratio of the Eoarchean ocean could be

explained by the preferential loss of hydrogen from the deuterium-depleted early oceans

to the mantle through subduction over geologic time, which suggests more voluminous

oceans in the early Archean (Kurokawa et al. 2018; Pope et al. 2012).

Previous studies showed that surface water may have been continuously transported

beyond the volcanic front to contribute to the deeper mantle’s possible water-rich regions
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(Hacker 2008; van Keken et al. 2011). The exact value of the present-day global net

water flux into the deep mantle is still under debate, especially in terms of uncertainties

associated with the contribution of (nonmagmatic) updip transport of water (e.g., Bebout

1996) and the hydration (serpentinization) of oceanic mantle (e.g., Korenaga et al. 2017).

The current estimates on the present-day value are on the order of 1011–1012 kg/year

(Korenaga et al. 2017; Schmidt and Poli 2014; van Keken et al. 2011). Furthermore, the

onset and efficiency of early subduction, and hence the total net water flux in the past,

remains even less constrained (e.g., van Hunen and Moyen 2012). If the recycled water

flux were larger than the outgassed water flux over the age of the Earth, then possibly

several tens of percent to a few times the Earth’s present-day ocean mass (OM) could

have been returned into the deep mantle van Keken et al. (2011).

Numerous geodynamical studies have investigated the coupled evolution of Earth’s

interior and surface oceans in hydrous mantle convection, implying that the volume of

the surface oceans evolves with time over billion-year timescales (e.g., Crowley et al.

2011; Korenaga et al. 2017; Nakagawa and Iwamori 2019; Price et al. 2019; Sandu et al.

2011). However, most of the existing geodynamical models did not take into account

the mineral physics constraints on mantle water storage; some assumed that the solid

mantle is a water reservoir with infinite storage capacity. In reality, Earth’s solid mantle

has a finite water storage capacity (e.g., Bercovici and Karato 2003). Melting of mantle

rocks and hence the release of water will occur when the mantle water content exceeds

its storage capacity (the maximum amount of water that mantle mineral assemblages

can hold structurally) near its solidus. The coevolution of water in Earth’s interior and

surface reservoirs may have been further regulated by the bulk water storage capacity in

the solid mantle; however, this particular perspective remains virtually unexplored.

18



CHAPTER 2. WATER STORAGE IN THE EARTH’S MANTLE

In mineral physics, water storage capacities in major rock-forming minerals of

Earth’s mantle have been studied individually by high pressure (P ) and temperature

(T ) experiments and/or ab initio molecular dynamic simulations (Tables A.1–A.3). In

particular, due to the strong negative effect of temperature on water storage capacities

in nominally anhydrous minerals (NAMs), the mantle water storage capacity would have

increased over geologic time as a result of secular planetary cooling. Although these

individual water storage capacities have been measured over ranges in temperature and

pressure that encompass much of the present-day and early mantle conditions, a detailed,

quantitative estimate of the bulk mantle water storage capacity is not yet available.

This study estimated the bulk water storage capacity in Earth’s solid mantle at different

mantle potential temperatures (Tp) and demonstrated that the bulk solid mantle water

storage capacity was smaller in the hotter mantle of the early Earth relative to that

of the present-day. In addition, we applied this temperature-dependent water storage

capacity model to constrain the volume of the surface oceans and explore its implications

on long-term sea-level change.

2.2 Methods

2.2.1 Water Storage Capacities in Olivine, Wadsleyite, and

Ringwoodite

To quantify the P–T effects on water storage capacities in major NAMs of Earth’s

mantle, we compiled and parameterized high-pressure mineral physics data on water

storage capacities (Tables A.1–A.3; Fig. 2.1) and partition coefficients of the NAMs
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(Table S4). Hydrogen enters these NAMs through crystal defects and forms hydroxyl

groups. The water storage capacity in a mineral under H2O-saturated conditions can be

expressed as (see Appendix A.1):

ln(cH2O) = ln(
1

2n
) + a +

n

2
· ln(fH2O) +

b + c · P + d ·XFe

T
(2.1)

with T in kelvin (K), P in gigapascals (GPa), fH2O (water fugacity) in GPa, and XFe

(iron content) in mole fraction. The parameters a, b, c, d, and n are obtained from an

nonlinear robust regression to the compiled experimental data for olivine, wadsleyite,

and ringwoodite. We quantified the water storage capacities in other abundant NAMs in

the upper mantle and transition zone using their water partition coefficients (see Section

2.3).

In selecting experimental data to include in the fitting, we have established the

following criteria: 1) At least one liquid phase has to be present in the recovered phase

assemblage to ensure that the coexisting NAMs were most likely saturated with water

(when the water concentration equals the water storage capacity). 2) Only water

storage capacities measured by direct quantitative analytical methods (Fourier transform

infrared spectroscopy [FTIR], secondary ionization mass spectrometry [SIMS], and

elastic recoil detection analysis [ERDA]) were used. In contrast, those based on more

qualitative estimation methods (e.g., water content estimated from lattice parameters)

were excluded. More details on data selection are described in Appendix A.2.
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Figure 2.1 (following page): Water storage capacities in olivine (a), wadsleyite

(b), and ringwoodite (c) at high pressure and temperature. The colored open

circles are experimentally determined water storage capacity data from Tables A.1–A.3.

The colored lines correspond to the fits to the data, with the regression parameters pro-

vided in Table A.4. Symbol and line colors indicate water storage capacities in log ppm

wt. (olivine) or wt. (wadsleyite and ringwoodite). In (a), the black dotted lines indicate

the present-day geotherm (Tp = 1600 K) and the early Archean geotherm (Tp = 1900 K).

In (b), the star is a theoretical estimate of water storage capacity in wadsleyite at 1573 K

and 15.5 GPa, based on a charge balance calculation (Kudoh et al. 1996). In (b and c),

the dashed rectangular boxes indicate the temperature ranges inclusion containing ∼1.4

wt.% H2O (Pearson et al. 2014) is indicated by an arrow. Its water content corresponds

to formation at up to ∼1690 K, consistent with its cold origin in a subducting slab.
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2.2.2 Water Storage Capacity in Bridgmanite and Other Lower

Mantle NAMs

Experimental constraints on water storage capacities in lower mantle NAMs are

inconsistent and insufficient to fit the thermodynamic model presented above. The

synthesis of large, high-quality hydrous single crystals of lower mantle phases and

measurements of their water contents will likely remain technically difficult for a long

time to come.

This study focused on the temperature effect on solid mantle storage capacity, so

we investigated a temperature-dependent scenario: different values for bridgmanite’s

water storage capacity are calculated based on the temperature-dependent water

storage capacity in ringwoodite (Figure 1c) and the experimentally determined partition

coefficient between ringwoodite and bridgmanite (Drw/bdg = 15 ± 8; Inoue et al. 2006).

The partition coefficient values used here are in good agreement with the ab initio

simulation performed by Hernández et al. (2015), where they found a partition coefficient

of about 15 for the Fe-bearing system. This scenario resembles a pyrolitic mantle where

ringwoodite and bridgmanite coexist. Bridgmanite makes up more than half the mass of

the mantle, so uncertainties in bridgmanite’s water storage capacity are by far the most

important consideration in evaluating constraints on whole-mantle storage capacity.

Therefore, we performed a series of Monte Carlos simulations to examine the

combined uncertainties of the thermodynamic models for olivine, wadsleyite, and

ringwoodite, and the water storage capacity in bridgmanite calculated from the partition

coefficient (Section 2.4). We also estimated the bulk water storage capacity associated

with each experimental constraint on bridgmanite (Section 3.2) and demonstrated that
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our stated uncertainty range encompasses the full range of water storage capacities

reported by previous experimental studies on bridgmanite (see data compilations in

Kaminsky 2018; Fu et al. 2019).

The water storage capacity in postperovskite is calculated based on the

computationally determined, temperature-dependent partition coefficient between

bridgmanite and post-perovskite (Dbdg/ppv = 2–18; Townsend et al. 2016), with 10 ppm

wt. prescribed for both calcium silicate perovskite and ferropericlase. Calcium silicate

perovskite may have a higher water storage capacity (Chen et al. 2020), especially at

the P–T conditions of the uppermost lower mantle (Muir and Brodholt 2018). However,

this high-pressure mineral converts to an amorphous phase upon pressure release, so

its water storage capacity has not been quantitatively constrained (Chen et al. 2020;

Németh et al. 2017). The water storage capacity in ferropericlase is likely to be relatively

low throughout the lower mantle (Bolfan-Casanova et al. 2002; Litasov 2010).

2.2.3 Phase Equilibria of Earth’s Solid Mantle and Its Bulk

Water Storage Capacity

Using the thermodynamic code HeFESTo and the self-consistent thermodynamic data

set contained therein (Stixrude and Lithgow-Bertelloni 2011), phase proportions for the

pyrolite mantle were computed along a series of geothermal adiabats at various mantle

potential temperatures (Tp) from 1550 K to 1950 K, with consideration of the influence

of phase transformations on the mantle’s thermal structure. Melting was not included in

the phase equilibria computation. The simplified bulk composition of pyrolite (Workman

and Hart 2005) (in mole%) includes six chemical components: SiO2 (38.71%), MgO
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(49.85%), FeO (6.17%), CaO (2.94%), Al2O3 (2.22%), and Na2O (0.11%), which form 21

distinct mantle phases. An equilibrium phase diagram of Earth’s pyrolite mantle was

computed up to 27 GPa (Figure 2), and phase assemblages above the anhydrous solidus

curve (Herzberg et al. 2000) were truncated.

In calculating the Earth’s solid mantle bulk water storage capacity, the water storage

capacities in individual mantle minerals at each pressure and temperature were evaluated

and summed. The water storage capacity models for olivine, wadsleyite, ringwoodite,

and bridgmanite are described in Sections 2.1 and 2.2. The water storage capacities in

the rest of the abundant mantle silicates (j), including orthopyroxene, clinopyroxene,

garnet, and high-pressure clinoenstatite, were estimated based on their water partition

coefficients (D
i
j

H2O
) relative to a major silicate phase (i):

cjH2O
=

ciH2O

D
i
j

H2O
(T, P,XFe, XAl)

(2.2)

The partitioning behavior of water is a function of T , P , XFe, and XAl. Here, we

consider temperature, pressure, and compositional dependences for the water partition

coefficients of orthopyroxene, clinopyroxene, and garnet relative to olivine, which

have been parameterized based on previous studies (Hauri et al. 2006; Keppler and

Bolfan-Casanova 2006):

D
i
j

H2O
(T, P,XFe, XAl) =

ciH2O

cjH2O

=
Ai

Aj

· fni−nj
H2O

· e
(∆H1 bar

i −∆H1 bar
j )+(∆V solid

i −∆V solid
j )·P

RT (2.3)

The water storage capacities in the literature compilations (Hauri et al. 2006; Keppler

and Bolfan-Casanova 2006) used in the partition coefficient calculations were based on

uncorrected experimental data (see Appendix A.2), but they are self-consistent and

hence provide the P–T dependences of the partition coefficients.
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Here, to obtain their water partition coefficients at different P–T conditions and

Al contents, we used the previously published and tabulated parameters for the water

storage capacities in olivine, orthopyroxene, clinopyroxene, and garnet (Table A.5) in

Eq. 2.3. The water storage capacities in orthopyroxene, clinopyroxene, and garnet used

here were based on the water storage capacity in olivine and the partition coefficients

calculated from Equations 2 and 3. The water partition coefficient of high-pressure

clinoenstatite relative to olivine can be approximated as a constant (D
ol/hcp
H2O

≈ 0.8;

Withers et al., 2007).

The total solid mantle water storage capacity was then taken as the sum of the

water storage capacities in individual mantle minerals based on the relative abundances

of the thermodynamically stable phases that are present at that P–T condition:

cmantle
H2O

= (cH2O)i · (Xi +
∑
j

(Xj ·D
i
j

H2O
)) (2.4)

where Xi,j is the mole fractions of minerals i (olivine and its polymorphs) and j (other

mantle minerals) in pyrolite. Water storage capacity profiles as a function of depth were

quantified along a series of geotherms and integrated to produce total water storage

capacities of the pyrolitic mantle as a function of mantle potential temperature.

The nominally anhydrous phase assemblage of the pyrolite mantle between 3 and

27 GPa computed from HeFESTo (Fig. 2.2) is consistent with the experimentally

determined phase relations for a CMAS-pyrolite with 2 wt.% H2O (Litasov and Ohtani

2002), where all hydrous minerals are unlikely to be stable along the geotherms of

the ambient mantle, especially in the early Archean when Tp was 200–300 K higher

(Herzberg et al. 2010). The effects of water on melting (Hirschmann et al. 2009) and

solid-state phase transformations (Frost and Dolejs 2007), likely to be relatively small
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under nominally anhydrous conditions, were not considered in the computation.

2.2.4 Uncertainties in Mantle Water Storage Capacity From

Monte Carlo Sampling

The temperature-dependent mantle water storage capacity model described above

involves a number of input parameters with associated uncertainties, assumed to be

normally distributed, including the experimentally determined partition coefficient

between ringwoodite and bridgmanite (Inoue et al. 2006) and fitted regression parameters

(Table A.4).

To obtain a statistically significant estimate of mantle water storage capacity and

investigate the propagation of the uncertainties associated with all parameters, we used

a Monte Carlo sampling method to explore the full parameter space. Each Monte Carlo

simulation is based on 104 combinations of randomly sampled parameters from their

normal distributions. Parameters for upper mantle and transition zone minerals are given

in Table A.4. For bridgmanite, Drw/bdg = 15± 8 (Inoue et al. 2006). The mantle water

storage capacity reported for each potential temperature corresponds to the median

of one representative set of 104 simulations. Two-sided uncertainties in mantle water

storage capacity at each Tp were used, corresponding to the 5th and 95th percentiles of

the distribution; the interquartile range (IQR) of each distribution, between the 25th and

75th percentiles, is also presented. The Monte Carlo sampling occasionally generated

unphysical water storage capacities in bridgmanite (i.e., negative values or 4 wt.%), due

to the considerable uncertainty in Drw/bdg. These extreme values are less than 0.5 % of

the total sampled parameters and have been removed. The distribution of the simulation
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Figure 2.2: Bulk water storage capacity map of the pyrolitic mantle up to

27 GPa. The bulk water storage capacities were calculated based on the relative abun-

dances and water storage capacities of NAMs at each P—T (Tables A.1–A.5). The stable

phase assemblages of a pyrolitic mantle were computed using the thermodynamic code

HeFESTo. Mantle phases are labeled as: ol: olivine, wd: wadsleyite, rw: ringwoodite,

bdg: bridgmanite, fp: ferropericlase, cpx: clinopyroxene, opx: orthopyroxene, hpcpx:

high-pressure clinopyroxene, ak: akimotoite, st: stishovite, and capv: CaSiO3-perovskite.
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results is close to log-normal but with long tails, likely due to the large uncertainty

associated with the water storage capacity in bridgmanite.

2.2.5 Isostatic Equilibrium and Flooding of Early Continents

The estimated water storage capacity in the early Archean mantle and the possible

range of present-day mantle water contents, were then used to calculate minimum

volumes of the early Earth’s oceans (Section 3.3). The implications for flooding of the

continents were investigated, with the isostatic balance between continents and oceans

parameterized as (Figure S4; Flament et al. 2008; Korenaga et al. 2017):

eqn− ch2− 5ρw ·(h+d0)+ρoc ·hoc+ρol ·hol+ρom ·hom = ρom ·max(0, h)+ρcc ·hcc+ρcl ·hcl

(2.5)

where h is the sea level difference relative to the present-day value and d0 is the depth

of mid-ocean ridges. ρi and hi denote the densities and thicknesses, respectively, of

the various components i in the isostatic balance, namely water (w), oceanic crust

(oc), depleted oceanic lithospheric mantle (ol), oceanic asthenospheric mantle (om),

continental crust (cc), and continental lithospheric mantle (cl).

The present-day hypsometry curve (continental elevation relative to sea level) was

approximated by fitting the ETOPO1 Global Relief Model (Amante and Eakins 2009),

where ∼27.5% of the present-day continents are submerged under water. The vertical

scale of hypsometry was defined as a variable to describe its likely reduction due to

the weaker lithosphere in the Archean (Rey and Coltice 2008). Both cases with and

without reduction in the hypsometry were tested (Section 3.4). The bathymetry curve

was calculated based on Flament et al. (2008), and the details are described in Appendix
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A.3.

The densities and thicknesses of oceanic crust and depleted mantle (ρoc, ρol, hoc,

and hol) can be parameterized as functions of mantle potential temperature, based on a

decompression melting model (Korenaga 2006) in which a hotter mantle in the Archean

would generate thicker oceanic crusts (hoc) and depleted mantle residues (hol). The

density of oceanic asthenospheric mantle (ρom) can also be parameterized as a function

of mantle potential temperature (Korenaga et al. 2017):

ρom(Tp) = ρom(Tp,0) · (1− α · (Tp − Tp,0)) (2.6)

where ρom(Tp,0) is 3300 kg/m3 and the thermal expansion coefficient α is 3.5 × 10−5

K−1 (Bouhifd et al. 1996). The density and thickness of continental crust are assumed

to be independent of potential temperature and are taken to be ρcc = 2890 kg/m3

(Korenaga et al. 2017) and hcc = 34 km (Huang et al. 2013), respectively. The average

density of continental crust is assumed to be constant through time based on recent

studies suggesting that the Archean continental crust was dominated by felsic rocks (e.g.,

Greber and Dauphas 2019; Guo and Korenaga 2020; Ptáček et al. 2020). However, the

possibility of a more mafic early continental crust, which would have been denser, cannot

be ruled out (e.g., Tang et al. 2016). The average Archean continental lithospheric

mantle was likely highly depleted compared to its oceanic counterpart (Servali and

Korenaga 2018). To describe how buoyant the continents would have been in the early

Archean, we introduced a buoyancy correction, ∆ρAcl = –5 kg/m3, similar to Korenaga

et al. (2017). The density ∆ρAcl = –5 kg/m3 is hence expressed as ρom(Tp) + ∆ρAcl = –5

kg/m3. The compensation depth is taken as the base of the continental lithosphere (200

km), which is used to determine the thicknesses of the oceanic asthenospheric mantle
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(hom) and continental lithosphere (hcl) in the model (Fig. A.4).

With the final topographic profile governed by oceanic and continental buoyancy,

bathymetry, and hypsometry, the integral of the ocean volume over the submerged area

was calculated. The convergence of sea level (h) was obtained by iteratively computing

the ocean volume at various h until the desired ocean volume at the relevant mantle

potential temperature Tp was reached, using the bisection method with a step size in h

of 10–4 km. The ocean volume of the present-day Earth was benchmarked to be 1.45 ×

1021 kg, which agrees with the ocean volume calculated from ETOPO1 (OM = 1.335 ×

1021 kg) (Eakins and Sharman 2010) within <12%.

2.3 Results and Discussion

2.3.1 Parameterization of the Water Storage Capacity Model

in Olivine, Wadsleyite, and Ringwoodite

The five parameters a, b, c, d, and n were fitted to the data on water storage capacity

in olivine (Table A.1) using a robust regression with bisquare weighting of the residuals.

Constants a, c, and d were found to be statistically insignificant (p-values > 0.05; no

significant compositional dependence within the range Mg# =
XMg

XMg+XFe
· 100 = 81–100,

and pressure affects water storage capacity only through fH2O), which yields the equation

(Fig. 2.1a; Table A.4):

ln(cH2O) =
n

2
· ln(fH2O) +

b

T
(2.7)
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The fitted value of n may represent the average number of hydroxyls through multiple

substitution mechanisms over the wide range of pressure and water concentration for

olivine (Ferot and Bolfan-Casanova 2012; Otsuka and Karato 2011). Temperature

dependence of the water storage capacity in olivine ( b
T
) can be attributed to the decrease

in the activity of the H2O component in the aqueous fluid or silicate melt with increasing

temperature (Mibe et al. 2002; Stalder et al. 2001).

Similarly, the five parameters were fitted to the data on water storage capacity in

wadsleyite and ringwoodite (Tables A.2 and A.3), and n, c, and d were found to be

statistically insignificant (p-values > 0.05; i.e., no significant water fugacity, pressure, or

compositional dependence). Therefore, with the fits of a and b from a robust regression

(Figures 2.1b and 2.1c; Table A.4), the water storage capacities in wadsleyite and

ringwoodite can be expressed in a simplified form of Eq. 2.1:

ln(cH2O) = a +
b

T
(2.8)

Under pressures and temperatures beyond upper mantle conditions (>5 GPa),

aqueous fluids and silicate melts are completely miscible and become one single liquid

phase (Mibe et al. 2002). Increasing miscibility between silicate melts and hydrous

fluids may provide a physical explanation for the lack of statistical significance of

the water fugacity term in Equation 8 (when fH2O can no longer be approximated by

the equation of state of pure water at these conditions), and leaves three degrees of

freedom in the system MgO–SiO2–H2O. Even at a fixed pressure and temperature (two

degrees of freedom), the water storage capacity can only be strictly defined and unique

if one additional coexisting phase is present. In practice, however, measurements of

the water storage capacities in wadsleyite and ringwoodite remain approximately the
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same regardless of the speciation, even in the presence of an additional buffering phase

(Litasov et al. 2011). Therefore, experimental data in the literature may be used to fit

the model (Eq. 2.8) regardless of the experiments’ buffering phases.

Since wadsleyite and ringwoodite are stable over a narrower range of pressure than

olivine, no significant pressure effect was observed experimentally (Demouchy et al.

2005). Water storage capacities in Fe-bearing wadsleyite (Mg# = 87–96) were shown to

be comparable to those in Fe-free wadsleyite (Litasov and Ohtani 2008). Temperature is

the only variable shown experimentally to directly affect water storage capacities in both

wadsleyite and ringwoodite (Demouchy et al. 2005; Litasov and Ohtani 2008; Ohtani

et al. 2000). Although thermodynamic interpretations of the fitted parameters n, a, and

b remain challenging, the water storage capacity parameterizations (Eqs. 2.7 and 2.8;

Table A.4) describe the experimental observations adequately (Fig. 2.1; Tables A.1–A.3).

2.3.2 A Comparison of Bridgmanite Water Storage Capacity

Between the Temperature-Dependent Mantle Water

Storage Capacity Model and Experiments

To model the temperature-dependent water storage capacity in bridgmanite, we used

the partition coefficient of water between ringwoodite and bridgmanite. Both the

mineral physics experiments of Inoue et al. (2010) and the first-principles simulation of

Hernández et al. (2015) suggest Drw/bdg ≈ 15 ± 8. In the model, this choice of Drw/bdg

leads to 370+1240
−180 ppm wt. (IQR = 270–570 ppm wt.) in bridgmanite at Tp = 1600 K

and 170+570
−95 ppm wt. (IQR = 110–270 ppm wt.) at Tp = 1900 K. With 10 ppm wt. each

in calcium silicate perovskite and ferropericlase, the bulk water storage capacity in the
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lower mantle is 290+950
−140 ppm wt. at Tp = 1600 K (IQR = 210–440 ppm wt.) and 130+440

−70

ppm wt. (IQR = 90–210 ppm wt.) at Tp = 1900 K.

Existing measurements on the water storage capacity in bridgmanite are still

in disagreement, with quantitative reports ranging from less than a few ppm wt.

(Bolfan-Casanova et al. 2003), to a few hundred ppm wt. (e.g., Meade et al., 1994;

Litasov et al., 2003 [Al-free]; Inoue et al., 2010; Fu et al., 2019 [FTIR]), to 1,000–1,500

ppm wt. (Litasov et al., 2003 [Al-bearing]; Fu et al., 2019 [SIMS]), to >2,000 ppm wt.

(Murakami et al. 2002).

Inoue et al. (2010), referred to hereafter as “In10,” synthesized coexisting mineral

assemblages of ringwoodite with 0.63–0.76 wt.% H2O and bridgmanite with 300–700 ppm

wt. H2O at 23–23.2 GPa and 1873 K, with a starting composition of (Mg0.8Fe0.2)2SiO4

plus 15.8 wt.% H2O. The water contents in the ringwoodite phase have reached the

storage capacity of ringwoodite (∼0.68 wt.%, predicted from our ringwoodite model in

Section 2.3.1), while a significant amount of water still remained in the bridgmanite

phase; both phases are expected to have reached their storage capacities with 15.8 wt.%

H2O in the starting bulk composition. Use of the bridgmanite storage capacity based on

In10 has the significant advantage of constraining the temperature dependence through

use of the partition coefficient and a temperature-dependent model for ringwoodite.

Two earlier studies by Meade et al. (1994) (Me94) and Litasov et al. (2003) (Li03)

reported slightly lower water storage capacities in the Mg-endmember of bridgmanite

MgSiO3: in Me94, the FTIR measurements showed 105(25) ppm wt. H2O at 27 GPa

and 2103 K; in Li03, the FTIR measurements indicated 104(14) ppm wt. H2O, while

the SIMS measurements showed 300(100) ppm wt. H2O, in bridgmanite synthesized
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at 25 GPa and 1500 K. Unlike other silicate phases such as olivine, wadsleyite, and

ringwoodite (Tables S1–S3), there is an evident discrepancy between the FTIR and SIMS

measurements for bridgmanite. The prevalence and cause of this discrepancy between

the two analytical methods remain unclear. The most recent study by Fu et al. (2019)

(Fu19) showed a similar discrepancy and reported a water concentration in bridgmanite

of 596–731 ppm wt. (FTIR) and 1005–1031 ppm wt. (NanoSIMS), where (Al,Fe)-bearing

bridgmanite single crystals were synthesized from a hydrous melt containing 6.7 wt.%

water at 24 GPa and 2073 K. Compared with the Mg-endmember, the presence of

(Al,Fe) may have slightly enhanced the water storage capacity in bridgmanite through a

variety of possible substitution mechanisms (Walter et al., 2015), as similar effects have

been observed in olivine (Hauri et al. 2006; Withers et al. 2011).

As discussed above, the majority of the existing measurements on water storage

capacity in bridgmanite, except for Murakami et al. (2002) (Mu02) and Bolfan-Casanova

et al. (2003) (Bo03), are in agreement with the predicted range at Tp = 1600 K (190–1570

ppm wt.). Bo03 reported that bridgmanite could contain only a few ppm wt., near or

less than the detection limit, while Mu02 reported 1,900–2,400 ppm wt. H2O in their

(Al,Fe)-bearing samples. Both the extremely low (<10 ppm wt.) and high (>2000 ppm

wt.) water storage capacities have been suggested to result from the presence of tiny

inclusions of hydrous phases in their mineral assemblages (Fu et al. 2019; Schmandt

et al. 2014). In Bo03, brucite, Mg(OH)2, and ringwoodite with 0.14–0.21 wt.% water

were formed along with dry bridgmanite (1–2 ppm wt.) from a bulk H2O content of

6 wt.% that was likely undersaturated. The water content in its ringwoodite phase

was well below the expected storage capacity based on our model (∼1.59 wt.%), also

suggesting that the sample was synthesized in water-undersaturated conditions. Brucite
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and ringwoodite in Bo03 may have devoured the water in the system and made the

amount of water dissolved in their bridgmanite samples much smaller than the storage

capacity of bridgmanite coexisting only with hydrous melt (Fu et al. 2019). In Mu02,

the high water content based on FTIR may include a contribution from the brucite

phase, which is associated with a sharp peak at 3680 cm–1 that is present in their FTIR

spectra (Fu et al. 2019; Schmandt et al. 2014). The formation of nanoscale, intergranular

inclusions of the hydrous phase remains the main challenge in synthesizing hydrous

bridgmanite. As yet, only Fu19 successfully measured the water capacity in high-quality,

inclusion-free (Al,Fe)-bearing bridgmanite single crystals (596–731 ppm wt. from FTIR

and 1005–1031 ppm wt. from NanoSIMS). This measurement may be more robust than

previous studies because it avoids the primary source of uncertainty arising from the

presence of intergranular hydrous inclusions (Fu et al. 2019). Though no temperature

dependence can be derived directly from the Fu19 study based on their bridgmanite

single crystals, it does imply that the water storage capacity in bridgmanite is within

the ranges of our model results for bridgmanite within the 5th and 95th percentiles (e.g.,

190–1610 ppm wt. at Tp = 1600 K; 75–740 ppm wt. at Tp = 1900 K).

We also estimated the bulk water storage capacities that Earth’s lower mantle would

have based on each experimentally measured bridgmanite water storage capacity (Fig.

2.3). The top of the lower mantle would have a storage capacity of 70–110 ppm wt.

and 70–280 ppm wt. based on the MgSiO3 samples from Me94 and Li03, respectively;

310–680 ppm wt. and 890–1300 ppm wt. based on (Al,Fe)-bridgmanite single crystals in

Fu19 and (Al,Fe)-bridgmanite in complex assemblages in Li03, respectively; 1250–1740

ppm wt. based on (Al,Fe)-bridgmanite with inclusions of hydrous phases from Mu02.

If the absolute water contents in bridgmanite from In10 are used, the bulk lower

36



CHAPTER 2. WATER STORAGE IN THE EARTH’S MANTLE

Figure 2.3 (following page): Adiabatic geotherms and water storage capacity

profiles at mantle potential temperatures of Tp = 1550–1950 K. In (a), geother-

mal profiles are shown with a spacing of 50 K in Tp. The adiabatic curves are deflected

at phase transformations according to the Verhoogen effect, where the magnitudes of the

temperature discontinuities are related to the latent heat of the pertinent phase trans-

formations. Phase assemblages of the pyrolitic mantle vary slightly for different Tp. In

(b), the storage capacity profiles are shown. The mineral assemblages at transition zone

pressures (with wadsleyite and ringwoodite) have the largest water storage capacities, but

the storage capacity of this region drops by ∼2/3 from Tp = 1600 K–1900 K. The changes

in the shapes of the profiles with temperature are due to changes in the stable phase as-

semblage. The P–T conditions of the existing experimental constraints on bridgmanite’s

water storage capacity and estimates of the bulk water storage capacity associated with

them at the top of the lower mantle are plotted in the inserts (c and d), respectively.

Details can be found in Section 2.3.2
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mantle storage capacity is 210–620 ppm wt. H2O. However, some of these bridgmanite

samples were synthesized at temperatures that are much lower than a realistic geotherm,

so these values are, to some extent, upper bounds. Even without the Monte Carlos

simulations, our model results (Fig. 2.3) are already consistent with the majority of bulk

mantle water storage capacities derived from experimental data on bridgmanite and are

slightly lower than those based on the (Al,Fe)-bearing samples embedded in complex

mineral assemblages reported in Mu02 and Li03. With the Monte Carlos simulations,

the estimated uncertainties of our model results between the 5th and 95th percentiles

(e.g., 190–1610 ppm wt. at Tp = 1600 K) encompass the full range of the existing

measurements of bridgmanite’s water storage capacity (Figs. 2.5a and 2.4b).

2.3.3 Temperature-Dependent Mantle Water Storage Capacity

We computed the mantle water storage capacity at each P–T point based on the relative

abundances of minerals and their water storage capacities up 27 GPa (Figure 2), and

calculated water storage capacity profiles along the different geotherms, then integrated

them throughout the entire mantle (Fig. 2.3). The water storage capacity in an upper

mantle mineral assemblage increases significantly with pressure, but at the base of the

upper mantle it is still about 7 times smaller than that of the transition zone (1210 ppm

wt. at 13.5 GPa and 1800 K, vs. 8060 ppm wt. at 14.0 GPa and 1800 K).

For the entire Earth’s mantle, we obtained a storage capacity of 2.29+2.21
−0.43 OM

(OM = 1.335 × 1021 kg) at present with Tp = 1600 K (IQR = 2.07–2.65 OM), and

0.72+0.97
−0.20 OM in the early Archean with Tp = 1900 K (IQR = 0.62–0.90 OM) (Figs.

2.4, A.1, A.2; Table 2.1). While the uncertainties (5th–95th percentiles) are somewhat
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Figure 2.4 (following page): Temperature–dependent water storage capacity in

the Earth’s solid mantle. (a, b) In the upper panels, the thick blue curves correspond

to the bulk water storage capacity profiles along a mantle geotherm at (a) Tp = 1600 K

and (b) Tp = 1900 K, which were calculated with the combination of the best fit param-

eters listed in Tables A.4 and A.5. The light blue curves correspond to 104 samples in

a representative set of Monte Carlo simulations. In the lower panels, the contributions

of individual NAMs to bulk water storage capacity are shown. (c) Water storage capac-

ity of the Earth’s mantle as a function of Tp. Open blue circles and thick blue curve

correspond to the medians of 104 Monte Carlo simulations for bulk mantle water stor-

age capacities at each Tp. The error bars represent the 5th and 95th percentiles of each

distribution. The dashed rectangles correspond to the estimated ranges of present-day

(blue) and early Archean (red) mantle potential temperatures. The mantle water storage

capacity decreases significantly as Tp increases, due to the strong temperature dependence

of water storage capacities in mantle NAMs. (d) Distributions and differences in mantle

water storage capacities generated from the Monte Carlo sampling (within 5th and 95th

percentiles) are drawn as violin plots. Each histogram shows the statistical distribution of

the sampled bulk water storage capacities. The vertical dashed and dotted lines represent

the medians and interquartile ranges, respectively, for Tp = 1600 K (upper, blue) or Tp =

1900 K (lower, red).
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large due to the uncertainties in bridgmanite, the negative temperature effect is very

robust because the uncertainties at different Tp are highly correlated, and the median

bulk water storage capacity of Earth’s mantle increases significantly with decreasing

mantle potential temperature (secular cooling). For example, a lower storage capacity

in bridgmanite would decrease the calculated bulk water storage capacity at present,

but it would similarly decrease the calculated bulk water storage capacity in the early

Archean (Figure S3). During the early Archean, the higher temperatures would have

caused significantly lower water storage capacities in most rock-forming NAMs, narrowed

the width of the transition zone, and possibly caused the breakdown of wadsleyite

into garnet and ferropericlase, which store much less water (Figs. 2.2 and 2.3). These

temperature effects result in a significantly lower water storage capacity for the mantle

of the young planet: the storage capacity in an early, hotter mantle (Tp = 1800–1900 K,

∆Tp = +200–300 K) is 1.19+0.90
−0.16–1.56

+1.16
−0.22 OM smaller than at present.

A critical source of uncertainty is the pressure-temperature effect on the water

storage capacities in lower mantle NAMs. The pressure-temperature effect on these

water storage capacities, as well as their water partition coefficients above mid-mantle

pressures (>30 GPa), have not been constrained experimentally. The temperature effect

would likely give rise to a smaller bulk water storage capacity in the lower mantle when

Tp is higher, as seen in other NAMs. Conversely, we may conjecture that the storage

capacities will increase at higher pressures, as this is the case for olivine and pyroxene for

which have been studied over a significant range of pressures (Figs. 2.3 and 2.4). Such a

pressure dependence for wadsleyite and ringwoodite is not evident in their regressions,

perhaps because those phases are not stable over a sufficient range of pressures. If the

pressure effect surpasses the temperature effect at greater depth, our upper bound on
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the bulk water storage capacity may need to be revised upwards.

Another important source of uncertainty is that water storage capacities are not

strictly additive for complex rocks. The pyrolite mantle is likely to have a lower storage

capacity than the sum of its individual minerals, as demonstrated experimentally (Ardia

et al. 2012; Ferot and Bolfan-Casanova 2012; Tenner et al. 2012). Our current model

could be improved if experiments that were conducted with complex mineral assemblages

were used. Unfortunately, there is not enough literature data on the P–T effects on the

actual storage capacity of the full complex pyrolite assemblage. At some conditions, such

as in the lower mantle, experiments with complex assemblages are simply not available,

in which case the storage capacities in individual minerals have to be used. Thus, these

calculated water storage capacities may only represent an upper bound on the storage

capacity profile of the upper mantle, transition zone, and possibly lower mantle as well.

Furthermore, a variety of hydrous phases, such as phase D (Frost and Fei 1998;

Shieh et al. 1998), phase H (Nishi et al. 2014; Ohtani et al. 2014), δ-phase (Yuan

et al. 2019), and possibly hydrous silica (Lin et al. 2022) as well as free aqueous fluid

(Tschauner et al. 2018), carried by or derived from cold subducted slabs, may provide

additional water storage in the present-day mantle. However, these phases are stable

only at relatively low temperatures, so most of them may only remain thermally stable

for less than 300 Ma after subduction (van der Meer et al. 2010) before slab materials

become thermally equilibrated with the surrounding mantle. The additional water

storage capacity from hydrous phases would also be limited by the total amount of water

available in the cold subducting slab. Petrological analyses suggest that the fraction of

Earth’s deep mantle comprised of recycled crust is ∼20% (Sobolev et al. 2007; Xu et al.

2008). If subducted slab materials are cold enough to retain water for a maximum of 300
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Ma (van der Meer et al. 2010) and subduction has been operating for ∼4,000 Ma, then

∼300 Ma/4,000 Ma = 7.5% of this subducted material remains cold enough to stabilize

hydrous materials (7.5% × 20% = 1.5% of the total deep mantle). If slabs contain an

average of 2 wt.% water, with an upper bound of 1/3 of this water retained beyond

the volcanic arc to be subducted (van Keken et al. 2011), this would amount to 0.3

OM stored in the present-day mantle in hydrous phases of subducted slabs. This upper

bound is significantly lower than the storage capacity of NAMs in the present-day mantle

and would have been considerably lower in the hotter early mantle, so their presence in

the mantle today only increases the difference between the storage capacities of the early

and modern Earth. Although the residence time for water in hydrous minerals (<300

Ma; van der Meer et al. 2010) is short, and the storage capacity in hydrous minerals

is relatively small compared with that in NAMs, these slab-derived hydrous minerals

and their breakdown reactions are key intermediates of the deep water cycle toward

long-term stable water storage in the NAMs of Earth’s mantle.

In this study, we focus on the early period of the Archean Eon (4–3.2 Ga) that

includes the Eoarchean (4–3.6 Ga) and the Paleoarchean (3.6–3.2 Ga). Rock records from

this period are scanty or lacking; Earth’s mantle had cooled enough to remain mostly

solid, and water delivery from impacts had waned, making the total water budget in the

Earth more stable. The ambient mantle Tp for the early Earth is thought to have been

higher than in the present-day mantle (Tp = 1600 K), though estimates of the mantle Tp

in the early Archean (4–3.2 Ga) vary from ∆Tp = +200 to ∆Tp = +300 K, depending on

conflicting interpretations of petrological constraints (Aulbach and Arndt 2019; Condie

et al. 2016; Ganne and Feng 2017; Herzberg 2019; Herzberg et al. 2010). The classical

heat flow scaling predicts that mantle temperature decreases monotonically but would
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lead to a thermal runaway if the present-day Urey ratio is adopted; alternatively, a

different thermal history model presented by Korenaga and others (e.g., Herzberg et al.

2010; Korenaga 2006) suggests that the Earth’s thermal evolution switched from initially

warming up to cooling down around 3 Ga. Other resolutions to the thermal runaway

include different modes of tectonics or a weaker temperature effect on viscosity. All of

the studies discussed above maintain, however, that the mantle potential temperature in

the early Archean (4–3.2 Ga) was 1800–2000 K (∆Tp = +200–300 K).

Table 2.1:: Bulk Water Storage Capacity in Earth’s Solid Mantle (OM)

Tp (K) 5-th %tile 25-th %tile 50-th %tile 75-th %tile 95-th %tile

1550 2.37 2.62 2.86 3.3 5.36

1600 1.86 2.07 2.29 2.65 4.41

1650 1.48 1.66 1.85 2.16 3.65

1700 1.19 1.35 1.52 1.79 3.05

1750 1.03 1.18 1.34 1.58 2.73

1800 0.83 0.96 1.1 1.32 2.32

1850 0.66 0.78 0.9 1.09 1.98

1900 0.52 0.62 0.72 0.9 1.69

1950 0.41 0.5 0.59 0.74 1.47

2.3.4 Minimum Volume of Earth’s Early Archean Oceans

The present-day mantle water content is not necessarily equal to its storage capacity. The

total amount of water in the oceans plus the mantle may have remained approximately

45



CHAPTER 2. WATER STORAGE IN THE EARTH’S MANTLE

constant since the early or mid-Archean; exchange between the ocean and mantle

reservoirs redistributed water over geological time (van Keken et al. 2011). If the mantle

today holds more water than its water storage capacity during the early Archean (e.g.

0.72+0.97
−0.2 OM at Tp = 1900 K, IQR = 0.62–0.90 OM), more voluminous surface oceans

must have existed in the past. If 1 or 2 OM water are stored in the mantle today, the

early Earth with a water-saturated mantle at Tp = 1900 K should have had surface

oceans with a minimum volume of 1.27+0.20
−0.96 OM (IQR = 1.10–1.38 OM) or 2.27+0.20

−0.96 OM

(IQR = 2.10–2.38 OM), respectively (Fig. 2.4). The exact prediction depends on the

amount of water in the mantle today and the early Archean mantle Tp.

Alternatively, with 0.5 OM stored in the mantle today, the minimum volume of

the early Archean oceans is 0.77+0.20
−0.77 OM (IQR = 0.60–0.88 OM), smaller than the

surface oceans today. In this particular scenario, the volume of the early oceans becomes

less constrained without a detailed knowledge of the water flux. If a more voluminous

Archean ocean can be excluded through an improved understanding of the geologic

record in the future, this would indicate that the bulk water content of the present-day

mantle is lower than its early water storage capacity 0.72+0.97
−0.20 OM at Tp = 1900 K.

To place constraints on the volume of the early oceans, the bulk water content in

the present-day Earth’s mantle is a key piece of information. One standard method to

estimate the mantle H2O content is to use the roughly constant H2O/Ce ratio in oceanic

basalts and the Ce concentration in the bulk silicate Earth (BSE). Estimates of the

actual mantle water content today based on H2O/Ce ratios in oceanic basalts typically

span 0.5–2 OM (Dauphas and Morbidelli 2014; Hirschmann 2018). The latest estimate

with a rigorous error analysis by Hirschmann (2018) implies that the present-day water

content is between 0.55 and 0.95 OM, which is at the lower end of this range. However,
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Figure 2.5: Minimum volume of early Archean oceans as a function of Tp and

present-day mantle water content (a, median; b, 5-th percentile; c, 95-th per-

centile). With a water-saturated mantle at Tp = 1900 K and a present-day mantle water

content of 1–2 OM, the early Archean Earth should have had surface oceans of 1.27+0.21
−0.96

OM (IQR = 1.10–1.38 OM) to 2.27+0.21
−0.96 OM (IQR = 2.10–2.38 OM). Alternatively, with

a present-day mantle water content of 0.5 OM, the minimum volume of the early Archean

oceans is 0.77+0.21
−0.77 OM (IQR = 0.60–0.88 OM), smaller than the surface oceans today.

The white solid lines correspond to the volume of present-day oceans (1 OM), delineating

the boundary between necessarily bigger early oceans and possibly smaller early oceans.
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the assumption underlying this H2O/Ce method, that all geochemical reservoirs with

different H2O/Ce have been sampled by the full spectrum of oceanic basalts that have

been analyzed, may not hold if there exist large regions of the mantle with H2O/Ce ratios

higher than the bounds constrained from a typical mid-ocean ridge basalt or ocean island

basalt source. Recent studies have found some modern localities with elevated H2O/Ce

ratios, such as the islands of Bermuda (Mazza et al. 2019), and suggest that some deeper

water-enriched mantle reservoirs with distinct H2O/Ce may not be represented in the

suite of oceanic basalts that have been analyzed previously. In particular, Bermuda

may sample the water-enriched transition zone underneath it, in which wadsleyite and

ringwoodite can theoretically store up to a few weight percent of water in their structures.

Geophysical and geochemical constraints also suggest that the transition zone is at least

locally water-enriched, based on the water concentration measured in a diamond-hosted

hydrous ringwoodite inclusion (Pearson et al. 2014), as well as geophysical inferences

from electrical conductivity (Kelbert et al. 2009), viscosity (Fei et al. 2017), and possibly

shear wave velocities (Schulze et al. 2018; Wang et al. 2019). If modern localities like

Bermuda with elevated H2O/Ce ratios represent a significant fraction of the mantle,

such as the transition zone, the current best estimate based on H2O/Ce (0.55–0.95 OM)

may be an underestimate. However, it is perhaps unlikely that the hundreds of oceanic

basalt localities that have been studied in the literature (compared to only a few with

elevated H2O/Ce ratios) somehow fail to sample the majority of the mantle. Therefore,

the upper bound on the present-day mantle water content likely does not exceed 2 OM;

at the same time, a present-day water content of <0.5 OM would be contradictory to

observations of deep water-enriched reservoirs (e.g., Mazza et al. 2019) and the predicted

global flux of H2O to the deep mantle over geological time (e.g., Korenaga et al. 2017;
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van Keken et al. 2011).

Some estimates of the bulk water content in the present-day Earth’s mantle span

10–50 OM from cosmochemical arguments (e.g., Abe et al. 2000; Dreibus and Wänke

1989; Righter and Drake 1999). The cosmochemical constraints are often based on the

expected water contents of the primitive planetesimals that formed the Earth. The

efficiency of water delivery and retention during accretion, however, remains highly

controversial. Based on this temperature-dependent mantle water storage capacity

model, the possible range for present-day mantle water storage capacity (with Tp =

1550–1650 K) is 1.85–2.86 OM (medians), and at most 5.36 OM (the 95th percentile at

1550 K), with the possible addition of up to 0.3 OM stored in hydrous phases. Therefore,

the Earth’s solid mantle is physically unable to accommodate more than 5–6 OM today.

If the total amount of water that was delivered to the Earth was tens of OMs, the

excess water may have been either devolatilized and lost upon impact, lost to space, or

partitioned into the core during or shortly after the end of accretion (Wu et al. 2018).

Here, we conservatively consider only the minimum surface ocean volume under the

assumptions that the early mantle was water-saturated and the total water budget of

the mantle plus ocean was constant through time. This results in a lower bound on early

ocean volume because these assumptions are unlikely to be strictly correct. Though it

has been observed that some primordial water was retained in the Earth’s mantle (Hallis

et al. 2015), processes associated with magma ocean solidification and overturn would

have degassed the primordial mantle significantly and made its actual water content much

lower than its storage capacity (e.g., Elkins-Tanton 2008; Tikoo and Elkins-Tanton 2017).

Recent models based on noble gas constraints suggest that the early Earth may have

been dominated by net degassing from the interior, with net regassing (re-hydration) not
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becoming prevalent until sometime later (Marty et al. 2019; Parai and Mukhopadhyay

2018), though the exact timing of the switch is model-dependent, possibly sensitive

to continental growth (Guo and Korenaga 2020). In addition, we assumed that the

total water budget of the Earth system became stable by the early or mid-Archean

(Morbidelli et al. 2000; Zahnle et al. 2019) and remained approximately constant to the

present, with no significant H2O loss to space. The validity of this assumption strongly

depends on atmospheric composition (Wordsworth and Pierrehumbert 2013), and the

hydrogen escape rate might have been significant throughout the Archean (Zahnle et al.

2019) if the early Archean atmosphere was N2 poor and/or H2 rich. If the early mantle

were undersaturated with water and/or if a considerable amount of water was lost to

space since that time, the early surface oceans would have been even larger than these

predicted volumes.

Alternatives to water having resided on the surface include possible reservoirs of

water in the deep Earth, such as the core or partial melts in the mantle. However,

these possibilities are less likely. The water content of the core remains controversial

(e.g., Clesi et al. 2018; Hirose et al. 2019; Iizuka-Oku et al. 2017; Li et al. 2020; Okuchi

1997; Terasaki et al. 2012; Yuan and Steinle-Neumann 2020), but it is most likely not

decreasing over time, making it an unlikely source of an increase in mantle water.

Possible hydrous partial melts in the early mantle would have likely been too buoyant to

remain gravitationally stable at depth (Mookherjee et al. 2008) and would have erupted

to release their water onto the surface. To maintain neutral buoyancy of a hydrous

melt layer at the top of the transition zone, even along the present-day geotherm, its

water content would be limited to ∼8 wt.% (Sakamaki et al. 2006). With a 10 km thick

melt layer above the transition zone (Bercovici and Karato 2003), the additional water
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storage capacity contributed from this stable hydrous melt layer would amount to ∼1

OM. Seismic signatures of another possible melt layer at the base of the transition zone

have only been reported in a few localities around the globe (Schmandt et al. 2014),

so that the possible contribution from this layer should be several orders of magnitude

smaller. In addition, it has been suggested that a neutrally buoyant hydrous layer could

be present at the core-mantle boundary (Sakamaki et al. 2006), but there is no direct

seismic evidence of this on a global scale. Even if it exists, most of its water should have

had been lost to the core, which has a greater affinity for hydrogen (O’Rourke and Shim

2019).

2.3.5 Implications for the Flooded Fraction of Early Continents

Besides the volume of early oceans, the nature and tempo of continental growth play a

critical role in the modeling of the early Archean surface environment, which involves

a number of parameters without direct observational constraints, including the nature

of early continental and oceanic plates as well as surface topography (Section 2.2.4). In

particular, the total amount of emergent continents during the early Archean could have

been anywhere between ∼10% and 100% (e.g., Korenaga et al. 2017). The parameter

space of the sea level model has been explored in the earlier studies (Flament et al. 2008;

Korenaga et al. 2017), without consideration of the finite mantle water storage capacity.

However, it remains difficult to assess the degree to which different sets of parameters

can satisfy the observational constraints on the early Archean Earth. Therefore, unlike

for the volume of the early oceans, we did not perform a full uncertainty analysis on

the combined effects of these parameters (e.g., Seales and Lenardic 2020). In this study,
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Table 2.2:: Minimum flooded fraction of early Archean continents at Tp = 1900 K‡

Present-day fc* ft† 5-th 25-th 50-th 75-th 95-th

mantle water %tile %tile %tile %tile %tile

content (OM) (median)

0.5 1 1 84 74 54 19 0

0.3 1 19 17 15 12 0

1 0.3 96 94 88 16 0

1 1 1 95 94 92 89 11

0.3 1 86 79 64 33 6

1 0.3 100 100 100 98 0

2 1 1 99 99 99 98 93

0.3 1 98 97 97 96 70

1 0.3 100 100 100 100 100

* fc = 1 represents 100% of the present-day size of the continents.

† ft = 1 represents 100% of the present-day height of the continents.

‡ Results with possibly less flooded early Archean continents relative to present-day

(∼27.5%) are italicized.
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Figure 2.6 (following page): Minimum flooded fraction of early Archean conti-

nents as a function of Tp and present-day mantle water content from isostatic

modeling. Three explorative cases with an early Archean continental configuration of

fc = 1 and ft = 1, fc = 0.3 and ft = 1, and fc = 1 and ft = 0.3 are plotted in (a–c),

(d–f), and (g–i), respectively. With a greater volume of surface oceans at Tp ≥ 1900 K for

the early Archean mantle and >0.3–0.8 OM (medians) water stored in the mantle today,

the early continents may have been excessively flooded. The exact fraction of submerged

continents is dependent on model parameters. The black solid lines correspond to the

flooded fraction of present-day continents (∼27.5%), delineating the boundary between

necessarily more flooding than at present and possibly less flooding.
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the primary goal is to explore how our estimated volumes of the early oceans may have

influenced early Archean sea level. Therefore, we present three representative cases with

a continental configuration of (1) 100% of its present-day size (fc) and height (ft), fc =

1 and ft = 1; (2) fc = 0.3 and ft = 1; and (3) fc = 1 and ft = 0.3 (Fig. 2.6; Tables 2.2

and 2.3). For example, given the geochemical estimates of 1 OM stored in the mantle at

present and an early Archean Tp = 1900 K, with (1) fc = ft = 1, the early continents

were likely at least 92+3
−81% flooded (IQR = 89%–94%); with (2) fc = 0.3 and ft = 1, at

least 64+22
−58% flooded (IQR = 33%–79%); and with (3) fc = 1 and ft = 0.3, 100+0

−100%

flooded (IQR = 98%–100%). More specifically, the boundaries between less flooding and

more flooding relative to present-day sea level are shown as solid black lines in Figures

2.6a—2.6i. For the early Archean Earth at Tp = 1900 K with fc = ft = 1, the early

continents would have been more flooded than today if the present-day mantle water

content is > 0.4+0.5
−0.2OM (IQR = 0.3–0.5 OM); with fc = 0.3, ft = 1, > 0.8+0.9

−0.2OM (IQR

= 0.7–1.0 OM); and with fc = 1, ft = 0.3, > 0.4+1.0
−0.2 OM (IQR = 0.2–0.5 OM).

In general, increasing the volume of early continental crust or decreasing its

topography (height) increases the flooded fraction for a given Tp. If the early oceans

were more than twice as voluminous as in the present day with an early Archean Tp

≥ 1900 K, the continents were possibly covered entirely by water, with only a small

number of subaerial landmasses protruding above sea level due to hot spot volcanism

and/or oceanic plateaus. In contrast, if we assume a present-day mantle water content

of 0.5–1 OM or less, the minimum volume of the early oceans may be smaller than that

of the modern ocean (Fig. 2.6). In these scenarios, the majority of the early continents

would have been above sea level. It has been argued recently (Korenaga et al., 2017)

that the greater buoyancy of continental lithosphere relative to oceanic lithosphere was
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enhanced in the early Archean (e.g., ∆ρAcl = –5 kg/m3; see Section 2.2.4), which suggests

that having an early Archean sea level similar to present-day requires a larger volume of

surface oceans, even if early continents are 100% of their present-day size.

This model’s major caveat is that plate tectonics, with oceanic and continental

plates of different densities, is assumed to have been operating during the early Archean,

which may or may not have been the case (e.g., Brown et al. 2020; Cawood et al.

2018; Korenaga 2013). Alternatively, the early crust could have been a more uniform

lithosphere with a single density (e.g., Moore and Webb 2013), which would have

inhibited the positive topography in isostatic equilibrium, hence requiring a smaller

ocean volume to achieve the same flooded fraction of the early Earth’s surface.

Table 2.3:: Maximum Present-Day Mantle Water Content Permitted for Constant Free-

board at Tp = 1900 K (OM)‡

fc* ft† 5-th 25-th 50-th 75-th 95-th

%tile %tile %tile %tile %tile

(median)

1 1 0.2 0.3 0.4 0.5 0.9

0.3 1 0.6 0.7 0.8 1 1.7

1 0.3 0.1 0.2 0.3 0.5 1.3

* fc = 1 represents 100% of the present-day size of the continents.

† ft = 1 represents 100% of the present-day height of the continents.

‡ Constant continental freeboard indicates that the submerged fraction

of the continents was ∼27.5%.
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Most of the model results suggest a largely flooded early Archean Earth (Table 2.2).

Though extremely sparse, the geologic records from the early Archean (before 3.2 Ga) are

consistent with a global surface ocean with little or no land (a “water world”). A number

of recent isotope studies on Earth’s early surface environment (hydrogen isotopes: Pope

et al., 2012; Kurokawa et al., 2018; oxygen isotopes: Bindeman et al., 2018; Johnson &

Wing, 2020) suggest more voluminous early oceans with largely flooded continents. The

stable isotope signatures are consistent with observations that almost all large igneous

province volcanism was subaqueous before the Archean (e.g., Arndt and Nisbet 2012;

Kump and Barley 2007). Additionally, Earth’s earliest thick and laterally extensive

platform sedimentary successions were deposited only in the late Archean (Windley

1996), which could not have been created without continents becoming exposed at that

time.

A largely water-covered early Earth would have had a lower albedo than at present,

which may have moderated surface temperatures during this period of reduced solar

influx (Rosing et al. 2010) when early life may have been emerging. It might also have

induced the deep hydration of primitive oceanic lithosphere via thermal cracking and

subsequent serpentinization, helping to facilitate the onset of plate tectonics (Korenaga

2007). Additionally, increasing the ocean volume while decreasing the subaerial land area

may have significantly reduced tidal dissipation in the early oceans, possibly responsible

for the necessarily low lunar recession rate in the early history of the Earth-Moon system

(e.g., Hansen 1982; Motoyama et al. 2020).

However, interpretations for these early geologic records may not be unique. If

excessively flooded early continents and deeper oceans can be excluded through an

improved understanding of the geologic record in the future, then the present-day mantle
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water content would have to be <0.3–0.8 OM, and most likely much less than this range

since the early mantle was likely water-undersaturated.

2.4 Summary and Conclusions

We fitted a thermodynamic model to the experimental data on water storage capacities

in olivine, wadsleyite, and ringwoodite and quantified the pressure-temperature effects.

We also calculated the possible water storage capacity in bridgmanite at different

Tp based on the partition coefficient of water between ringwoodite and bridgmanite.

Combined with the mantle phase assemblages and their mineral proportions calculated

from HeFESTo, we established a temperature-dependent water storage capacity model

for the Earth’s solid mantle.

The bulk water storage capacity of the Earth’s solid mantle was significantly affected

by secular cooling due to its constituent minerals’ temperature-dependent storage

capacities. The mantle’s water storage capacity today is 1.86–4.41 OM, with a median

of 2.29 OM (Tp = 1600 K). This value is consistent with the geochemical estimates

of the present-day water content (0.5–2 OM). For the early Earth’s solid mantle (Tp

= 1900 K), the water storage capacity was only 0.52–1.69 OM, with a median of 0.72

OM. The uncertainties in our bulk water storage capacity estimates of Earth’s mantle

are dominated by uncertainties in the water storage capacities of lower mantle NAMs,

especially bridgmanite, which is an important target for future experimental studies.

Nevertheless, due to correlations in the uncertainties at different Tp, we robustly

find that the early (hotter) mantle’s water storage capacity would have been significantly
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lower than at present, by 1.19+0.90
−0.16–1.56

+1.16
−0.22 OM. If the actual water content of today’s

mantle is greater than its storage capacity was in the early Archean, then the early

Archean oceans must have been larger than at present, possibly causing excessive

flooding of the surface. Alternatively, if in the future an improved understanding of

the early Archean geological record rules out the possibility of larger oceans, then the

present-day mantle water content is constrained to be <0.3–0.8 OM, and likely much

less than this range.
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Chapter 3

Water Storage Capacity of the

Martian Mantle Through Time

Water, water, every where,

Nor any drop to drink.

—Samuel Taylor Coleridge, The Rime of the Ancient Mariner

Abstract∗

Water has been stored in the Martian mantle since its formation, primarily in nominally

anhydrous minerals. The short-lived early hydrosphere and intermittently flowing water

on the Martian surface may have been supplied and replenished by magmatic degassing

∗This chapter includes modified content from my previously published article, “Water Storage Ca-

pacity of the Martian Mantle Through Time,” which appeared in Icarus in 2022.
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of water from the mantle. Estimating the water storage capacity of the solid Martian

mantle places important constraints on its water inventory and helps elucidate the

sources, sinks, and temporal variations of water on Mars. In this study, we applied

a bootstrap aggregation method to investigate the effects of iron on water storage

capacities in olivine, wadsleyite, and ringwoodite, based on high-pressure experimental

data compiled from the literature, and we provide a quantitative estimate of the upper

bound of the bulk water storage capacity in the FeO-rich solid Martian mantle. Along

a series of areotherms at different mantle potential temperatures (Tp), we estimated

a water storage capacity equal to 9.0+2.8
−2.2 km Global Equivalent Layer (GEL) for the

present-day Martian mantle at Tp = 1600 K and 4.9+1.7
−1.5 km GEL for the initial Martian

mantle at Tp = 1900 K. The water storage capacity of the Martian mantle increases

with secular cooling through time, but due to the lack of an efficient water recycling

mechanism on Mars, its actual mantle water content may be significantly lower than its

water storage capacity today.

3.1 Introduction

Unlike Earth, which has vast oceans on its surface, Mars is primarily cold and dry today.

The majority of its surface water at present likely lies in the polar-layered deposits

(PLD) and in shallow ground ice. Melting the PLD and ground ice reservoirs would

produce an H2O layer with an estimated thickness of 20–40 m if it were spread evenly

over the Martian surface (Carr and Head, 2015), referred to as a Global Equivalent Layer

(GEL). Early Mars may have had a much larger surface water reservoir, as suggested

by its geomorphology (e.g., Carr 1996) and abundance of ancient clay minerals (e.g.
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Ehlmann and Edwards 2014). The high D/H ratio of the present Martian atmosphere (at

least 5–7 times higher than the terrestrial value, e.g., Villanueva et al. 2015) can also be

interpreted as the result of loss of early surface water reservoirs (Chassefiere et al. 2013;

Kurokawa et al. 2014; Scheller et al. 2021). The current size of the Martian surface water

reservoir is the result of a complex history of crustal hydration, atmospheric escape, and

mantle outgassing since its formation (Jakosky 2021).

Water, which has been stored in the Martian mantle rocks since its formation, can

lower their viscosity and affect the thermal evolution of the Martian interior, which

further alters melting in the mantle and hence controls crustal formation as well as

water outgassing onto the Martian surface (e.g., Hauck and Phillips 2002; Fraeman and

Korenaga 2010; Grott et al. 2011; Morschhauser et al. 2011; Sandu and Kiefer 2012;

Ruedas et al. 2013a,b; Breuer et al. 2016; Ogawa 2021). For a better understanding of

how the water budget of the Martian surface and interior reservoirs have evolved through

geologic time, quantitative constraints on water in the Martian mantle are indispensable.

Current geochemical estimates of the Martian mantle water content are often

based on our existing Martian meteorite archives, and their estimated water contents

fall in the range 14–250 ppm wt H2O (summarized in Filiberto et al. 2019, and

references therein). However, these meteorite-based estimates have two major drawbacks

(Filiberto et al. 2019): (1) the water content derived from one or a few meteorite

samples may only represent their source regions instead of the average mantle; and

(2) several secondary processes, including shock, magmatic degassing upon cooling,

and terrestrial contamination may have altered the original water contents of these

meteorites. Alternatively, as observational constraints on Martian mantle structure

continue to improve (e.g., Mocquet and Menvielle 2000; Civet and Tarits 2014; Johnson
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et al. 2020; Ruedas and Breuer 2021; Stahler et al. 2021), the mantle water content may

be constrained by geophysical observables such as seismic velocities and attenuation and

electrical conductivity in the future (Verhoeven and Vacher 2016; Ruedas and Breuer

2021).

In this study, we present a mineral physics approach to put constraints on the

amount of water in the Martian mantle. On a microscopic level, water is stored in the

form of structurally-bound hydroxyl groups (OH) in the nominally anhydrous minerals

(NAMs), which comprise the bulk of the Martian mantle. Instead of being infinite

water reservoirs, individual mantle NAMs have finite OH solubilities, also known as

their water storage capacities. Numerous mineral physics studies (cf. Dong et al. 2021,

and references therein) have investigated the water storage capacities in major NAMs

common to the mantles of terrestrial planets. The experimental data on the major

NAMs’ water storage capacities available in the literature were used in this study to

model the bulk water storage capacity of the Martian mantle based on its stable mineral

assemblages (Tables S11–S13). An analogous calculation for the Earth indicates that

the terrestrial mantle today has an estimated bulk water storage capacity of 2.3 times

the modern surface ocean mass (Dong et al. 2021). The Martian mantle is expected

to be primarily composed of olivine (ol) and its high-pressure polymorphs, wadsleyite

(wd) and ringwoodite (rw), as well as pyroxene (px ) and garnet (gt), similar to Earth’s

mantle at the same pressures (Bertka and Fei 1997). However, the bulk water storage

capacity of the Martian mantle could be quite different from that of the Earth, due to

the smaller planetary size of Mars, the different Martian mantle potential temperature,

and the potentially more iron-rich composition of the Martian mantle. Here we first

quantified the effects of iron on the water storage capacities of major mantle NAMs, and
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then built a bulk water storage capacity model for the solid Martian mantle and tracked

its evolution along mantle adiabats as a function of Tp.

3.2 Methods

3.2.1 Equilibrium Phase Assemblages of the Martian Mantle

We computed a series of adiabatic temperature gradients (areotherms) of a simplified

Martian mantle composition as a function of pressure for Tp from 1500 to 1900 K, using

the thermodynamic code HeFESTo and the self-consistent parameter set contained

therein Stixrude and Lithgow-Bertelloni (2005, 2011) (Fig. B.1). The equilibrium

mineral assemblages along these adiabats were calculated to constrain the mineralogical

evolution of the Martian mantle with secular cooling over geologic time (Figs. B.2–B.6).

Conversion from pressure to depth was performed using a thin shell calculation

(Supplementary Text S1). The simplified bulk silicate Mars (BSM) composition in

our model was a six-component system of Na2O–CaO–FeO–MgO–Al2O3–SiO2, with

abundances primarily based on Taylor (2013) (“T13”, Table B.1). In addition, a

pseudosection for the T13 composition was calculated between 3 and 22 GPa and

between 1500 K and 2500 K to explore how Martian mantle equilibrium mineral

assemblages vary with pressure (P) and temperature (T). We also included another four

BSM compositions, from Liebske and Khan (2019) (“LK19”, Tables B.2–B.3), Yoshizaki

and McDonough (2020) (“YM20”, Table B.4) and Khan et al. (2022) (“K22”, Table B.5)

to test the sensitivity of our calculations to mantle composition (Fig. S2–S6, Section

3.3.2). At least 25 mantle phases (e.g., ol, wd, rw) with 47 endmember species (e.g.,
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fo–fa) are likely to be stable over the P–T conditions of terrestrial planetary mantles and

have been considered here (cf. Table A1 in Stixrude and Lithgow-Bertelloni 2011). The

phase stability predictions of HeFESTo are generally consistent with the experimental

results based on a BSM composition similar to T13 (Bertka and Fei 1997; Khan et al.

2022). For the full description of the thermodynamic method of HeFESTo, see Stixrude

and Lithgow-Bertelloni (2005, 2011).

3.2.2 Bulk H2O Storage Capacity of Martian Mantle Rocks

In calculating the bulk water storage capacity of the solid Martian mantle, the water

storage capacities of individual NAMs at each pressure and temperature were estimated

and summed. The water storage capacities of the major NAMs in the Martian mantle

(ol, wd, and rw) can be parameterized as:

ln(cH2O) = ln(
1

2n
) + a +

n

2
· ln(fH2O) +

b + c · P + d ·XFe

T
(3.1)

with T in kelvin (K), P in gigapascals (GPa), fH2O (water fugacity) in GPa, and XFe

(iron content) in mole fraction (see more details in Dong et al., 2021). The constants a,

b, and c are related to the changes in entropy, enthalpy, and volume of the hydration

reaction, respectively; d expresses the effect of iron (as FeO); and n is the fugacity

exponent. We did not include the effects of oxygen fugacity, fO2), because its influence

on the water storage capacities of ol, wd, and rw is likely negligible (ol: Withers and

Hirschmann (2008); Gaetani et al. (2014); wd: Druzhbin et al. (2021); rw: Fei and

Katsura (2020)). The presence of trace elements may enhance water incorporation in

NAMs such as olivine at low pressures (< 3 GPa) and low temperatures (< 900 ◦C)

(Padrón-Navarta and Hermann 2017). However, the effects of trace elements diminish
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at the adiabatic Martian mantle conditions we are interested in here, and hence were

not included in the calculation. For simplification, we merged two constant terms, ln( 1
2n
)

and a, in Eq. 3.1 of Dong et al. (2021) into the constant a (Eq. 3.1) of this study.

To fit Eq. 3.1 for each NAM, we used a compilation of high-pressure mineral physics

data on NAM water storage capacities (in ol, wd, and rw) from Dong et al. (2021),

in which all water measurements based on Fourier transform infrared spectroscopy

(FTIR) were corrected to the same calibration (ol: Withers et al. (2012); wd/rw:

Bolfan-Casanova et al. (2018)). For this study, we made several improvements to the

Dong et al. (2021) data compilation: (1) a number of iron-rich samples (XFe = 0.19–0.44)

have been added to investigate how water storage capacities in NAMs may be different

from terrestrial values in the FeO-rich mantle of Mars. The newly-added data can be

found in Tables S11–13 of this study. (2) We excluded experimental data obtained from

complex rock compositions (e.g., a peridotitic or pyrolitic composition) because the water

storage capacity model is thermodynamically-derived for individual NAM phases. (3) We

excluded experimental data with <1 wt initial water content for olivine and those with

<5 wt for wadsleyite and ringwoodite to avoid water-undersaturated experiments. (4)

We excluded experimental data for olivine that equilibrated with excess ferropericlase,

(Mg,Fe)O, because a) the water storage capacities in these excess (Mg,Fe)O olivine

samples are likely different from those equilibrated with excess SiO2 at low pressures (Fei

and Katsura 2020), and hence they contribute additional uncertainty to the analysis; and

b) the run products of these excess (Mg,Fe)O experiments do not resemble the mineral

assemblages of the upper mantles of either Earth or Mars.

The bulk water storage capacity of Martian mantle rocks, cmantle
H2O

, can be

approximated by a weighted average (by their proportions X) of the water storage
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capacities of individual stable mantle phases at each P–T , including olivine or its

polymorphs (i) and the coexisting mantle NAMs (j):

cmantle
H2O

= (cNAM
H2O

)i · (Xi +
∑
j

Xj ·D
i
j

H2O
) (3.2)

where D
i
j

H2O
is the water partition coefficient between i and j, (cNAM

H2O
)i is the water

storage capacity of olivine or its polymorphs, and (cNAM
H2O

)j = (cNAM
H2O

)i ·D
i
j

H2O
(T, P,XAl)

is the water storage capacity of coexisting mantle NAMs. We used several literature

compilations of uncorrected water storage capacity data (Hauri et al. 2006; Keppler

and Bolfan-Casanova 2006) to calculate D
i
j

H2O
from the quotient of their uncorrected

water storage capacities,
(cNAM

H2O
)i

(cNAM
H2O

)j
. Because the water storage capacity data for olivine (i,

numerator) and its coexisting mantle NAMs, orthopyroxene, clinopyroxene, and garnet (j,

denominator), require similar correction factors, the quotient D
i
j

H2O
is virtually unaffected

regardless of whether the numerator and denominator are corrected or not, as long as

the treatment is consistent. The effects of iron on the water partition coefficients (but

not the water storage capacities) are negligible compared with the effects of aluminum

(Withers et al. 2011) and hence are not included in the parameterizations. Details of the

parameterizations for these partition coefficients as a function of temperature, pressure,

and aluminum content, XAl, can be found in Dong et al. (2021). In addition, individual

NAM water storage capacities are not strictly additive for complex rocks. Solid mantle

rocks may have lower storage capacities than the sums of their individual minerals (e.g.,

Ardia et al. 2012; Tenner et al. 2012). Thus, the calculated water storage capacities for

the solid Martian mantle mineral assemblages, cmantle
H2O

, represent upper bounds.
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3.2.3 The Effects of Iron on Solid Mantle H2O Storage Capacity

In our previous study that focused on Earth’s mantle (Dong et al. 2021), we explored

the effects of iron on the water storage capacities of ol, wd, and rw, but with an

experimental data compilation that only included NAMs with XFe < 0.19. We found

that the compositional dependence d in Eq. 3.1 was statistically insignificant (p >

0.01) for all experimental data with XFe < 0.19. However, the significance threshold for

p-values (p = 0.01) is established by convention (Wasserstein and Lazar 2016), and this

finding for XFe < 0.19 (Dong et al. 2021) does not necessarily mean an absence of iron

effects in these minerals at higher XFe. A
d·XFe

T
term with a p-value slightly greater than

0.01 only indicates that the iron effect cannot be readily resolved due to the resolution

of the data for XFe < 0.19.

The Martian mantle is typically estimated to be rich in iron, with a bulk silicate

Mg# (= 100 × XMg

XMg+XFe
, molar) of ∼75 (e.g., Taylor, 2013) compared to the bulk

silicate Earth’s Mg# of ∼89 (e.g. Workman and Hart 2005). The range of XFe (in mole

fraction) calculated for major NAMs throughout the Martian mantle (ol, wd, and rw)

span approximately 0.2–0.4 for the T13 bulk composition (depending on specific P–T

conditions as well as the mineral assemblages along adiabats with Tp = 1600–1900 K;

Figs. B.2–B.6).

From a thermodynamic point of view, the Gibbs free energy of NAM hydration may

be approximated as a linear function of XFe (Schmalzried 1994):

∆G∗ (P, T,XFe) ∼ ∆G∗ (P, T ) +XFe ·∆G∗ (P, T )′ + high-order terms (3.3)

where XFe ·∆G∗ (P, T )′ represents the deviation of the Gibbs free energy of hydration

from that of the Mg endmember due to the presence of iron. The water concentration
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cH2O is expected to change exponentially with XFe (Zhao et al. 2004):

cH2O ∝ e
XFe
RT

·∆G∗(P,T )′ (3.4)

Therefore, the effects of iron on the water storage capacities of ol, wd, and rw may

become significant at XFe = 0.2–0.4, even though they are currently not resolvable for

XFe < 0.19 using a robust nonlinear regression (Dong et al. 2021). In the context of an

iron-rich Martian mantle for this study, we included additional experimental data with

XFe > 0.19 from the literature (Tables B.11–B.13) to fit the d·XFe

T
term (Equation 1)

and to extrapolate the water storage capacities of NAMs to XFe = 0.2–0.4. Previous

experiments demonstrate that the water storage capacity of ol increases by a factor

of ∼2–3 as its XFe is increased from 0.2 to 0.4 at 3–6 GPa (Withers et al. 2011), so

at least for olivine, iron has noticeable effects on water storage capacity at XFe > 0.2.

However, no experimental study has systematically investigated the effects of iron on the

water storage capacities of wd and rw with XFe > 0.2. If we directly fit Equation 1 to

the compiled experimental dataset with the d·XFe

T
term, the scarcity and imbalance of

iron-rich samples, in particular for wd and rw, may cause an overfitting of d.

To avoid overfitting d, while also incorporating all experimental measurements into

our estimate of the Martian bulk mantle water storage capacity and its uncertainty,

we applied a statistical method called “bootstrap aggregation” or “bagging” (Fig.

3.1). The “bagging” method averages a large number (N) of the bulk mantle water

storage capacity models, M1, M2, . . . , Mn. These models are predicted based on

different bootstrapped/resampled datasets and their regressions of Eq. 3.1, with each

model having a variance σ2. This method reduces variance embedded in the fitted XFe

coefficients by generating a model-averaged prediction, M̄, with a variance of σ2

N
(James
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et al., 2013). In other words, we quantified the uncertainty in the d·XFe

T
terms based on

experimental data including only limited data at high iron contents (XFe > 0.19), and

then we incorporated the uncertainties associated with the extrapolations in XFe directly

as part of the uncertainty in the bulk mantle water storage capacity.

For the “bagging” method, we first resampled the literature data with replacement

and created 104 copies of the bootstrapped dataset (Step 1 in Fig. 3.1). We then fit a

separate set of water storage capacity models (for each of ol, wd, and rw ; Eq. 3.1) to

each resampled copy of the dataset (Step 2 in Fig. 3.1), resulting in 104 mantle water

storage capacity profiles along each adiabat for Tp = 1500–1900 K (Step 3 in Fig. 3.1).

All regressions were unweighted due to the lack of inter-laboratory standard practices

of error analyses. Finally, we aggregated the 104 water storage capacity profiles as a

function of depth for each Tp and obtained the best-fit profiles by model averaging

(mean) (Step 4 in Fig. 3.1). We integrated each water storage capacity profile as a

function of depth to obtain the bulk mantle water storage capacity for each Tp. To

quantify the uncertainty associated with this model, we report the mean bulk mantle

water storage capacities as the best-fit values, along with medians as well as 90/10, 95/5

and 99/1 confidence intervals in Table B.6. We use the 95/5 confidence intervals as the

error bars throughout the text for consistency. This “bagging” method, unlike the Monte

Carlo method used in Dong et al. (2021), considers all of the existing iron-rich NAM

samples without presupposing the effects of iron. The trade-off is that the “bagging”

method does not allow us to report a single set of regression parameters for each NAM

explicitly, because the bulk mantle water storage capacity is based on the average of 104

regressions for each NAM (3×104 regressions in total). Despite this different approach,

the average effects of pressure and temperature found by these regressions are consistent

70



CHAPTER 3. WATER STORAGE IN THE MARTIAN MANTLE

Figure 3.1: Workflow for the “bagging” method. Step 1: resampling from the

original datasets for ol, wd, and rw (compiled in this study) with replacement. Step 2:

fitting the T , P , and XFe dependence for each mineral for each of n resampled datasets.

Step 3: calculating n bulk water storage capacity profiles based on varying T , P , XFe, and

phase proportions along a specific areotherm at each Tp. Step 4: averaging all n profiles

to obtain the best-fit bulk water storage capacity profile for Tp. NAMs are labeled as: ol:

olivine, wd: wadsleyite, rw: ringwoodite.

71



CHAPTER 3. WATER STORAGE IN THE MARTIAN MANTLE

with those in Dong et al. (2021) (Fig. B.7).

In addition, the uncertainties in the models of the Martian internal structure (e.g.,

crust thickness, core radius) and mantle chemistry (e.g., bulk silicate Mars composition)

are not included in the error analysis. The bulk silicate Mars composition from Taylor

(2013) (based on a volatile-depleted CI chondritic composition and element correlations

in Martian meteorites) was used as the primary Martian mantle composition in this

study. The effects of using other bulk silicate Mars compositions are discussed in Section

3.3.2. The crustal thickness and the core–mantle boundary (CMB) depth were assumed

to be 50 km (e.g., Knapmeyer-Endrun et al. 2021) and 1600 km (e.g., Stahler et al.

2021), respectively, based primarily on InSight data as well as recent Martian internal

structure models (e.g., Brennan et al. 2020).

3.3 Results and Discussion

3.3.1 Depth-dependent Profiles of the Solid Martian Mantle

H2O Storage Capacity and the Effects of Fe

Using this bootstrapping approach, we found that iron generally increases the water

storage capacity of ol (Fig. 3.2a). The uncertainty in the regression increases at high

pressures and temperatures due to a scarcity of experimental data at higher P–T

conditions. For wd, we found that the resampling of the experimental data typically

produces a positive effect of iron on the wd water storage capacity; however, a significant

number of regressions produce either negative or no effect of iron on the wd water

storage capacity (Fig. 3.2b), which is due to inconsistencies in water measurements
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Figure 3.2: Effects of Fe content on the water storage capacities of (a) olivine,

(b) wadsleyite, and (c) ringwoodite at selected pressures and temperatures.

The open circles are experimentally-determined water storage capacity data from the nar-

row range of P–T conditions shown in the text of each figure for comparison to our models

(Tables B.11–B.13 and references therein); their associated uncertainties are not shown

for clarity. The blue curves correspond to the water storage capacities predicted at the

same P–T conditions for each mineral from the regressions of 104 sets of bootstrapped

data (Section 2.3). The red hatched regions indicate the approximate range of XFe ex-

pected for olivine, wadsleyite, and ringwoodite in the solid Martian mantle.
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Figure 3.3 (following page): H2O storage capacity diagrams of Martian (a;

model-averaged estimate from this study) and terrestrial (b Dong et al. 2021)

mantle assemblages between 3 and 22 GPa. The bulk H2O storage capacities at

each P–T were estimated from the H2O storage capacities of the stable phases and their

relative abundances. The thermodynamically-stable mantle assemblages were calculated

for a bulk silicate Mars composition (Taylor 2013) and a terrestrial depleted MORB

mantle composition (Workman and Hart 2005) using the thermodynamic code HeFESTo

(Stixrude and Lithgow-Bertelloni 2005, 2011). The anhydrous mantle solidi for Mars and

Earth are from Duncan et al. (2018) and Herzberg et al. (2010), respectively. Mantle

phases are labeled as: ol: olivine, wd: wadsleyite, rw: ringwoodite, fp: ferropericlase,

cpx: clinopyroxene, opx: orthopyroxene, hpcpx: high-pressure clinopyroxene, ak: akimo-

toite, st: stishovite, and capv: CaSiO3-perovskite.
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in the available literature data on wd. Fei and Katsura (2021) show that at similar

temperatures, the water storage capacity in Fe-bearing wd is indeed higher than that in

Fe-free wd, but they also noted that there is no experimentally-resolvable effect of iron

within the Fe-bearing samples with Mg# ∼ 88, consistent with the regression results in

Dong et al. (2021). This relatively high variation in the extrapolation of the iron effect

for wd is well characterized in the 104 regressions of bootstrapped datasets (Fig. 3.2b)

and is taken into account in the estimates of the bulk solid mantle water storage capacity

in Section 3.3.2. For rw, we found that the regressions of bootstrapped datasets suggest

a slightly negative effect of iron on water storage capacity, which is in good agreement

with experimental data at 1900–2000 K (Fei and Katsura 2020, Fig. 3.2c).

We computed 104 P–T water storage capacity diagrams based on a representative

set of bootstrapped regression parameters. Aggregating these results by model averaging,

we constructed a best-fit water storage capacity P–T diagram for the Martian mantle

(Fig. 3a) as well as water storage capacity profiles along its adiabats (Fig. 4a–c). We

found that the maximum water storage capacity along Martian adiabats is often reached

in wd within the ol–wd transition region (0.5–1.3 wt%, Fig. 4a–c), where the lower

temperatures and higher XFe in wd give rise to a higher water storage capacity (iron

preferentially partitions into wd within the ol–wd transition region, Fig. S2). Other

abrupt changes in the profiles are consequences of phase transformations in the Martian

mantle. The relatively large uncertainties in the extrapolation of the iron effect on the

wd water storage capacity (Fig. 2b) are manifested in the increased variations in the

water storage capacity profiles of the deeper Martian mantle (wd -dominated layers) in

Fig. 4a–b.
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Figure 3.4 (following page): Water storage capacity of the solid Martian mantle.

In the upper panels, the bold lines are the best-fit water storage capacity profiles along

mantle adiabats at (a) Tp = 1600 K, (b) Tp = 1900 K, and (c) Tp = 1500–1900 K, in

increments of 50 K. The light curves in (a) and (b) are 104 profiles from a representative

set of “bagging” sampling. In the lower panels, the red open circles are the bulk water

storage capacities for the solid Martian mantle at each Tp, which were calculated as the

medians of 104 “bagging” samples; the blue open squares are the bulk water storage

capacities for the solid Earth’s mantle estimated by Dong et al. (2021) In (d), the error

bars represent the 5th and 95th percentiles of each distribution; the shaded areas are the

estimated ranges for the Martian mantle Tp (Table B.6); and the boxes are the Tp ranges

estimated for different Martian basalt suites (Filiberto et al. 2019) In the inset of (d),

two distributions of “bagging” samples are shown, for Tp = 1600 K (blue) and Tp = 1900

K (red). The vertical dashed lines are the best-fit (model average) bulk water storage

capacity for each Tp. In (e), the hatched rectangular regions correspond to geochemical

estimates of the actual mantle water contents of Mars (red, 14–250 ppm wt or 80–1460

m GEL Filiberto et al. 2019) and Earth (blue, 0.5–2 OM or 5–19 km GEL Dauphas and

Morbidelli 2014; Hirschmann 2018)

77



CHAPTER 3. WATER STORAGE IN THE MARTIAN MANTLE

78



CHAPTER 3. WATER STORAGE IN THE MARTIAN MANTLE

The depth-dependent profiles (Figs. 3.4a–c) and P–T water storage capacity

diagram (Fig. 3.3a) show that the Martian mantle water storage capacity varies with

depth, but a depth-dependent profile in water storage capacity does not necessarily

imply a heterogeneous distribution of actual water content with depth. Instead, the

water storage capacity in the solid mantle only indicates the maximum water content

as a saturation limit for dehydration melting (Bercovici and Karato 2003), which is

not necessarily equivalent to the actual mantle water content. It has been suggested

that the water distribution in the Earth’s mantle is heterogeneous due to the presence

of advection, such as partial melting upon transport to a region with a lower water

storage capacity (Karato et al. 2020). Due to the lack of a sharp water storage capacity

discontinuity in the Martian mantle, however, the associated partial melting mechanism

would be less effective at maintaining a heterogeneous water distribution in Mars.

A recent Martian hydrogen isotope study (Barnes et al. 2020) characterized the

D/H ratios of the Martian crust between 3.9 and 1.5 Ga based on ALH 84001 and NWA

7034 (D/H = 2.68–5.73 × 10−4). That study argued that to produce such D/H ratios for

the crust using mixing models, at least two isotopically-distinct mantle water reservoirs

with different water contents are required, implying that the Martian mantle has almost

always been heterogeneous. If so, we cannot use Martian meteorite samples to infer

the bulk mantle water content, because they may only represent the source regions

where their parental magmas were generated (e.g., olivine-phyric shergottites were likely

generated at 3–5 GPa or 255–425 km Filiberto and Dasgupta 2011). However, we may

directly compare the water content in the mantle source regions of the Martian meteorites

(15–23 ppm wt in the depleted shergottite source and 36–72 ppm wt in the enriched

shergottite source; McCubbin et al., 2016) with the mantle water storage capacity at
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the same depth (480–650 ppm wt at Tp = 1500–1900 K) to infer the hydration state

of the source region (expressed as a percentage of the bulk water storage capacity at

this depth), which yields 2–5 and 6–15 hydration for the depleted and enriched sources,

respectively.

3.3.2 Estimates of the Solid Martian Mantle H2O Storage

Capacity as a Function of Mantle Tp

The total water storage capacity integrated over depth for the solid Martian mantle was

calculated for each Tp from 1500 K to 1900 K (Fig. 3.4d–e and Table B.6). For the

present-day Martian mantle with Tp = 1600 K, the bulk mantle water storage capacity

is 9.0+2.8
−2.2 km GEL. If the Martian mantle was 100–200 K hotter at the beginning of the

Noachian (∼4.1 Ga; Filiberto, 2017), its mantle water storage capacity would have been

7.3+2.1
−1.9 km GEL and 6.1+1.9

−1.7 km GEL for Tp = 1700 K and 1800 K, respectively. These

water storage capacities for the early Noachian (Tp = 1700–1800 K) are approximately

1.7–2.9 km GEL smaller than the present-day water storage capacity (Tp = 1600 K).

The water storage capacity for the initial Martian mantle with Tp = 1900 K can also be

estimated to be 4.9+1.7
−1.5 km GEL.

To date, the scarcity of Martian rock samples has not allowed for a robust

reconstruction of the planet’s thermal history. Based on orbital spectroscopy of the

Martian surface, the estimated mantle Tp associated with its major volcanic provinces

is ∼1600–1650 K during the Amazonian (∼3–0 Ga) and ∼1650–1700 K during the

Hesperian (∼3.7–3 Ga) (Baratoux et al. 2011). Geochemical analyses of Noachian

basalts in Gusev Crater, Gale Crater, and Meridiani Planum (∼4.2–3.7 Ga), as well as
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clasts in the Martian meteorite NWA 7034 (pre-Noachian, ∼4.4 Ga), suggest a range

of average early mantle Tp of 1600–1800 K (Filiberto and Dasgupta 2015; Filiberto

2017). Some ol-phyric shergottites indicate a much higher mantle Tp of 1800–2000 K,

but these samples might only represent a regional temperature anomaly (Filiberto 2017).

Therefore, we consider Tp = 1600 K and 1800 K to be pertinent to the average Martian

mantle today and at the beginning of the Noachian period (∼4.1 Ga), respectively,

with an estimated uncertainty of ±100 K. Tp = 1900 K is prescribed as the highest Tp

corresponding to a mostly solidified Martian mantle, because the adiabatic areotherms

at Tp > 1900 K are significantly above the nominally anhydrous Martian mantle solidus

(see Fig. B.1 and references therein) and hence would cause extensive melting of the

Martian upper mantle.

We adopted Tp as a simple proxy for the Martian mantle thermal state and took

the adiabats as a first-order approximation to the temperature gradient in the Martian

mantle. This assumption is likely unrealistic for early Mars because its temperature

gradients may have deviated from adiabats in the solid shallow mantle where they

exceeded the solidus, causing partial melting (Fig. S1 Rey 2015). From the depths where

the adiabats exceed the solidus to the base of the crust (∼50 km), therefore, we only

include the unmelted portion of the shallow mantle in our bulk mantle water storage

capacity calculation. Consideration of a moderate temperature deviation of ∼100 K

(e.g., between the solid mantle adiabats and the melt adiabats, Fig. S1) in the shallow

mantle contributes a small error to the water storage capacity of < 9 m GEL, which is

negligible compared to the mantle H2O storage capacities. However, such a simple shift

from the adiabats may not be sufficient to reflect the actual lithospheric temperature

deviation through time; conductive cooling from the surface leads to the formation of a
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lithospheric lid that thickens with time. The thickening of a much cooler lithospheric

lid may result in a considerable temperature deviation of a few hundred kelvins and

hence contribute a moderate error of tens of meters GEL to our bulk mantle water

storage capacity estimates (at least 1–2 order of magnitude smaller than ∼9 km GEL at

Tp = 1600 K). If water-saturated (with several wt% H2O), a number of dense hydrous

magnesium silicates (DHMSs) would stabilize at Martian mantle pressures (Ganskow

and Langenhorst 2014), especially within a much cooler lithospheric mantle (Wade et al.

2017). However, without efficient recycling of water back to the interior, Martian mantle

assemblages would be water-undersaturated and primarily composed of NAMs only.

Therefore, a thicker and cooler lithosphere does not substantially change our results.

In this study, we used the canonical bulk silicate Mars (BSM) model from Taylor

(2013) (T13), but we do not mean to imply that the BSM composition is well-constrained

at present. The differences between some recently-published BSM models (e.g., Taylor

2013; Liebske and Khan 2019; Yoshizaki and McDonough 2020; Khan et al. 2022) are

another potential source of uncertainty in our calculation. Two main parameters of the

BSM models that affect their bulk mantle water storage capacities are Mg# (molar) and

Mg/Si (in wt%) (Fig. 3.5 and Tables B.6–B.10). For example, with similar Mg#, the

BSM model derived from mixing of meteoritic isotopic compositions (e.g., “EH+L” from

LK19) has a lower Mg/Si ratio than T13, resulting in less olivine and more pyroxene in

the Martian mantle (Fig. B.3), which lowers the bulk mantle water storage capacity by

0.4 km GEL (<5%) at Tp = 1600 K (Fig. 3.5). Alternatively, with the same Mg/Si,

YM20 proposed an FeO-poor BSM model with a higher bulk silicate Mg# of 79, in

contrast to the T13 model, with a bulk silicate Mg# of 75. As discussed in Section

3.3.1, the effects of Fe on ol and wd are typically positive, and the effect of iron on rw is
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Figure 3.5 (following page): Sensitivity of bulk mantle water storage capacity to

mantle composition at (a) 1600 K (blue) and (b) 1900 K (red). T13 and LK19

(EL+H) with an Mg of 75–76 are more enriched in FeO than YM20, LK19 (EH+L), and

K22 with an Mg of 79–81. T13, YM20, and K22 have an Mg/Si of 1.04–1.05, similar to

Earth. In contrast, two LK19 compositions have a lower Mg/Si of 0.83 and 0.91, lead-

ing to lower olivine and higher pyroxene abundances in the calculated Martian mantle

assemblages (Figs. 3.2–3.6). The canonical T13 composition and the other four composi-

tions represent the entire possible range of the bulk Mg and Mg/Si for the Martian mantle.

Within this range, the bulk H2O storage capacity of the Martian mantle decreases slightly

with increasing bulk Mg and increases slightly with increasing bulk Mg/Si (insets, a), but

in general it varies by less than ∼13–17% (Tables B.6–B.10). Hence, our estimates based

on T13 in Fig. 3.4 are reasonable first-order approximations.
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negligible or slightly negative, so the bulk mantle water storage capacity based on YM20

is lower than that based on T13 by 1.3 km GEL (<15%) at Tp = 1600 K (Fig. 3.5). The

five different BSM models we selected represent the full possible range of bulk silicate

Mg# and Mg/Si. We tested the sensitivity of our bulk mantle water storage capacity

estimates to BSM composition at Tp = 1600 K and 1900 K (Fig. 3.5, B.8 and Tables

B.6–B.10) and found the effects of mantle composition contribute an error of < 5–15%

(Fig. 3.5, B.8). A detailed discussion of the effects of bulk composition on Martian

mantle mineralogy and areotherms is beyond the scope of this study.

3.3.3 Comparing the Solid Mantle H2O Storage Capacities of

Mars and Earth and Their Evolution Through Time

For Earth’s mantle with a bulk silicate Mg# of ∼89, the water storage capacity of the

ol-dominated upper mantle remains ∼4–6 orders of magnitude lower than that of the

wd-dominated transition zone at similar P–T conditions where ol and wd coexist (∼13–15

GPa), forming a sharp water storage capacity increase at the 410-km discontinuity of

Earth’s mantle (Fig. 3.3b Dong et al. 2021). In contrast, the ol-dominated upper portion

of the Martian mantle (bulk silicate Mg# ≈ 75) (Fig. 3.3a) can incorporate much more

water than Earth’s upper mantle (bulk silicate Mg# ≈ 89) due to the positive effect

of Fe on olivine water storage capacity. The water storage capacity of the Martian

mantle ol -dominated layer can reach and even exceed that of the wd -dominated layer

(Fig. 3.4a–c). Even though the increased abundance of Fe in rw does not change its

water storage capacity significantly, the bulk water storage capacity in the lowermost

Martian mantle (rw -dominated layer) can be much higher than that in the Earth at
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similar pressures when the temperature is high. This is because the equilibrium phase

assemblage of the Earth’s mantle is mostly comprised of gt and ferropericlase (fp) above

2100 K at 20 GPa (Fig. 3.3b), and gt + fp has a much lower water storage capacity

than rw. In contrast, the high Fe content of the Martian mantle stabilizes rw up to the

solidus, with no gt + fp field present in the equilibrium phase diagram (Fig. 3.3a).

The bulk water storage capacity of the Martian mantle increases with decreasing Tp

(Fig. 3.4), as in the Earth (Dong et al. 2021), which mainly results from the negative

effects of temperature on the water storage capacities of ol, wd, and rw. The evolution

of bulk water storage capacity in Mars and Earth as a function of Tp during secular

cooling are compared in Fig. 3.4e. On the one hand, with Tp = 1600 K (present-day),

the bulk water storage capacity of the Earth’s mantle (∼2.3 OM, where OM is the

modern surface ocean mass on Earth, 1.335 × 1021 kg H2O) is only a factor of ∼ 2.3

larger than that of Mars (∼1.0 OM), despite the volume of Earth’s mantle (∼9.1×1011

km3) being nearly ∼6.5 times larger than that of Mars (∼1.4×1011 km3). This difference

arises primarily from the Fe enrichment in the Martian mantle. On the other hand,

the bulk water storage capacities of Earth and Mars converge at higher Tp (Fig. 3.4e,

0.4–0.6 Earth’s ocean masses at Tp = ∼1950 K), because 1) the effects of temperature

on the water storage capacities of NAMs outcompete the effects of iron at high Tp,

and 2) contributions of Earth’s lower mantle to its bulk mantle water storage diminish

significantly at high Tp. Last but not least, though the evolution of mantle water storage

capacities in Earth and Mars follows the same increasing trend with secular cooling

(Fig. 3.4e), mantle rehydration by subduction (e.g., van Keken et al. 2011) may have

been increasing Earth’s actual mantle water content since the onset of plate tectonics

(light blue dashed arrow in Fig. 3.4e). In contrast, Mars lacks efficient water recycling
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Figure 3.6 (following page): Summary of the Martian water reservoirs in the sur-

face, crust, and mantle (water content in blue/pink and water storage capacity

in blue-green), as well as the estimates of the lost surface water potentially

associated with morphological features on Mars (red/orange). The gradients in

color represent the qualitative uncertainty for each bar. In general, these estimates are

subject to considerable uncertainty, but their orders of magnitude are much more robust.

Estimates from: Carr and Head (2015) (polar layered deposits and shallow ground ice),

Barnes et al. (2020) (crustal H2O content based on enriched shergottite mantle and large

ion lithophile elements (LILE) crustal abundance), Filiberto et al. (2019) (mantle source

region H2O content based on Yamato 980459 melt inclusions and Kaersutitic amphibole in

Chassigny), Clifford et al. (2010) (pore water volumes of the crust for different porosities),

Mustard (2019) (hydrated minerals for different depths of crust), this study (bulk mantle

water storage capacity), Carr and Head (2003) (volumes of ocean contained by putative

shorelines for different elevations), Rosenberg et al. (2019); Luo et al. (2020) (volume of

water required to carve the Martian valley networks for different cavities).
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mechanisms such as long-term subduction-driven plate tectonics (Nimmo and Tanaka

2005), so its actual mantle water content may have remained relatively low to the present

(light red dashed arrow in Fig. 3.4e).

3.3.4 Possible Sources and Sinks for Water in the Martian

Mantle Through Time

During accretion, Mars acquired its primordial H2O/H2 from chondritic materials

(Brasser 2013) and/or the solar nebula (Olson and Sharp 2018). Some fraction of

this primordial water was retained in the Martian mantle upon solidification of the

magma ocean (e.g., Elkins-Tanton 2008; Kurokawa et al. 2021). Subsequently, volcanic

outgassing continued to release water onto the surface (e.g., Craddock and Greeley

2009; Phillips et al. 2001). The initial water content in the newly-solidified mantle was

limited by its bulk water storage capacity of > 5 km GEL at Tp = 1900 K. Assuming

that the early Martian hydrosphere was supplied by outgassing only, the amount of

water estimated for the putative early oceans (∼0.1–2.4 km GEL) (e.g., Carr and Head

2003; Sholes et al. 2021, Fig. 3.6) requires the initial Martian mantle reservoir to outgas

>2–48% of its water, and to fill up all global valley networks of ∼0.6–1.8 km GEL (e.g.,

Rosenberg et al. 2019; Luo et al. 2020, Fig. 3.6) would require the initial Martian mantle

reservoir to outgas >12–36% of its water.

The early hydrosphere initially outgassed from the mantle was lost either to

space through atmospheric escape (e.g., Kurokawa et al. 2014) or to the crust through

serpentinization (e.g., Chassefiere et al. 2013), or, most likely, to both (e.g., Scheller

et al. 2021). A return flux of water into the crust is estimated to be ∼0.1–1.5 km GEL
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H2O based on Martian surface D/H (Chassefiere et al. 2013; Scheller et al. 2021), which

is comparable either to the storage capacity of ∼0.2–0.9 km GEL H2O in the top 5–10

km of hydrated minerals in the Martian crust (e.g., Mustard 2019; Wernicke and Jakosky

2021, Fig. 3.6) or to the storage capacity of 0.1–1.0 km GEL H2O in the available

pore space of the permeable Martian crust to a depth of ∼26.5 km (e.g., Clifford and

Parker 2001; Clifford et al. 2010, Fig. 3.6). Such a return flux would be insufficient to

hydrate the lower crust and hence return water back to rehydrate the mantle, despite

the relatively large water storage capacity estimated for Martian basaltic materials at

shallow mantle conditions (Wade et al. 2017).

O’Rourke and Shim (2019) proposed that water stored in the rw -dominant layer at

the base of the Martian mantle may react with and enter the core as FeHx. However,

the nominally anhydrous rw layer in direct contact with the Fe-rich core would soon

become enriched in FeO and convert into a layer of dry iron-rich fp and stishovite (st) if

the core was reacting with the base of the mantle (Matsuzaka et al. 2000), which would

impede any further hydrogenation of the core. Therefore, a significant exchange of water

between the Martian mantle and core since their formation remains unlikely.

3.4 Summary and Conclusions

In this study, we applied a bootstrap aggregation method to model the effects of Fe on

the water storage capacities of major terrestrial mantle NAMs, ol, wd, and rw, based on

high-pressure mineral physics data in the literature. We assessed the variations of our

parameterization of the Fe effects based on the errors in the experimental data on water

measurements in NAMs. We found that our bootstrapped resampling typically indicates
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that iron increases the water storage capacities of ol and wd and has no/little effect on

the water storage capacity of rw.

We presented depth-dependent water storage capacity profiles for the Martian

mantle and found that the water storage capacity of the more Fe-rich Martian mantle is

in general higher than that of Earth at similar P–T , due to iron increasing the water

storage capacities of ol and wd as well as expanding the rw stability field to higher

temperatures. We also calculated the bulk water storage capacity of the solid Martian

mantle as a function of mantle Tp. As the mantle cooled, its water storage capacity

would have increased by 4.1 km GEL, from 4.9 km GEL (Tp = 1900 K, initial mantle) to

9.0 km GEL (Tp = 1600 K, present-day). We tested the sensitivity of those estimates to

BSM composition and found the effects of mantle composition contribute an error of <

5–15%. Despite an increase in its water storage capacity through time, the actual water

content in the Martian mantle today is lower than what it was in the pre-Noachian with

a net water loss to the surface, due to lack of an efficient deep-water recycling mechanism

on Mars.
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Chapter 4

Nonlinearity of the Post-spinel

Transition and Its Expression in

Slabs and Plumes Worldwide

Michelangelo was once asked how he had carved his marble masterpiece. The

sculptor apocryphally responded that nothing could be simpler; all one needed

was to remove everything that was not David. In this respect the laboratory

is not so different from the studio. As the artistic tale suggests, the task

of removing the background is not ancillary to identifying the foreground—

the two tasks are one and the same. [...] When the background could not

be properly circumscribed, the demonstration had to remain incomplete, like

Michelangelo s St. Matthew, in which the artist was unable to ”liberate” his

sculpture from its “marble prison.”
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—Peter L. Galison, How Experiments End

Abstract∗

At the interface of Earth’s upper and lower mantle, the post-spinel transition boundary

controls the dynamics and morphologies of downwelling slabs and upwelling plumes,

and its Clapeyron slope is hence one of the most important constraints on mantle

convection. In this study, we reported a new in situ experimental dataset on phase

stability in Mg2SiO4 at mantle transition zone pressures from laser-heated diamond anvil

cell experiments, along with a compilation of corrected in situ experimental datasets

from the literature. We presented a machine learning framework for high-pressure phase

diagram determination and focused on its application to constrain the location and

Clapeyron slope of the post-spinel transition: ringwoodite ↔ bridgmanite + periclase.

We found that the post-spinel boundary is nonlinear and its Clapeyron slope varies

locally from −2.3+0.6
−1.4 MPa/K at 1900 K, to −1.0+1.3

−1.7 MPa/K at 1700 K, and to 0.0+1.7
−2.0

MPa/K at 1500 K. We applied the temperature-dependent post-spinel Clapeyron slope

to estimate its lateral variation across the “660-km” seismic discontinuity in subducting

slabs and hotspot-associated plumes worldwide, as well as the ambient mantle. We found

that, in the present-day mantle, the average post spinel Clapeyron slope in the plumes

is three times more negative than that in slabs, and we then discussed the effects of a

nonlinear post-spinel transition on the dynamics of Earth’s mantle.

∗This chapter includes modified content from my preprint titled “Nonlinearity of the Post-spinel

Transition and Its Expression in Slabs and Plumes Worldwide,” which was previously posted on arXiv

in 2022.
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4.1 Introduction

The pressure-induced, endothermic breakdown of ringwoodite (rw) into bridgmanite

and ferropericlase (bm+ fp) in the iron-bearing system (Mg,Fe)2SiO4, typically referred

to as the post-spinel transition, coincides with a global scale seismic discontinuity

in the Earth’s mantle at approximately 660 km in depth (e.g., Deuss et al. 2013).

Significant changes in temperature, rheology, and buoyancy accompany the post-spinel

transition and influence mantle circulation through interaction with cold downwelling

(slabs) and hot upwelling (plumes). The reaction pressure of the post-spinel transition

in (Mg,Fe)2SiO4 is nearly independent of the presence of iron in small amounts (e.g.,

<0.01 GPa at 1700 K, corresponding to <250 m in the mantle Ishii et al. 2019).

Hence, the pressure (P ) and temperature (T ) conditions and Clapeyron slope of the

rw ↔ bm+periclase (pe) boundary in the iron-free system Mg2SiO4, can be used as a

proxy to investigate the interactions of the mantle transition zone with slabs and plumes.

Several generations of experimentalists have studied the location and Clapeyron

slope of the rw ↔ bm + pe post-spinel transition, along with other solid-solid phase

transitions/reactions in Mg2SiO4 at transition zone pressures: wadsleyite (wd) ↔ rw and

wd ↔ bm + pe, using ex situ (quench) or in situ experiments in multi-anvil (MA) press

(Ito and Takahashi 1989; Irifune et al. 1998; Suzuki et al. 2000; Hirose 2002; Katsura

et al. 2003; Fei et al. 2004; Inoue et al. 2006; Ishii et al. 2011; Ghosh et al. 2013) as

well as in situ experiments in laser-heated diamond anvil cell (DAC) (Shim et al. 2001;

Chudinovskikh and Boehler 2001). Despite several decades of experimental focus on

one phase diagram, there is not yet a global analysis of phase stability observations

in Mg2SiO4 that provides a statistically-optimized Mg2SiO4 phase diagram and
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determines its phase boundaries and their uncertainties self-consistently. Furthermore,

the post-spinel boundary has historically been conceived as a linear boundary, but a

recent experimental dataset reported by Chanyshev et al. (2022) suggests that the

post-spinel boundary is not linear based on free-hand drawing. A robust assessment of

the nonlinearity of the post-spinel boundary therefore becomes indispensable for more

realistic morphological and dynamical interpretation of slabs and plumes.

In this paper, we first reported a new set of the Mg2SiO4 phase diagram data

(Section 4.2). This dataset covers the P–T range (16–28 GPa, 1573–2723 K) for all three

phase transitions at transition zone pressures and includes the high temperature area

between the triple point and the Mg2SiO4 solidus (>∼2000 K) that has not been well

constrained by previous studies. Then, we proposed a machine learning framework for

high-pressure phase diagram determination. In combination with previously published

experimental datasets (Section 4.3), we applied this novel analytical methodology to

determine the locations and Clapeyron slopes of these phase transitions in Mg2SiO4

and the corresponding triple point (Section 4.4). Most importantly, we obtained a

robust estimate on the nonlinearity of the post-spinel transition Clapeyron slope and

its associated uncertainty, and then estimated the lateral variation of the post-spinel

Clapeyron slope in subducting slabs, hotspot-associated plumes, as well as the ambient

mantle at the base of the transition zone (Section 4.5).
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4.2 New In Situ Experimental Dataset on the

Mg2SiO4 Phase Diagram

4.2.1 Synchrotron X-Ray Diffraction Experiments

Our experimental dataset on the Mg2SiO4 phase diagram was collected in laser-heated

DAC experiments (LH-DAC) with in situ X-ray diffraction (XRD) at high pressure

and high temperature. Short symmetric cells and a gas-membrane cell were used to

generate high pressure. Double-sided laser heating and synchrotron XRD measurements

were performed at beamline 13-ID-D of GeoSoilEnvrio Center for Advanced Radiation

Sources (GSECARS) (Shen et al. 2005; Prakapenka et al. 2008), and beamline 16-ID-B,

High Pressure Collaborative Access Team (HPCAT) (Meng et al. 2015) at the Advanced

Photon Source (APS), Argonne National Laboratory (ANL). Starting materials were

powdered synthetic forsterite Mg2SiO4 mixed with tungsten (W). The mixed sample

was sandwiched between two potassium chloride (KCl) layers and loaded in a sample

chamber pre-dilled in a rhenium (Re) gasket. The KCl layers served as the pressure

medium, thermal insulator, and the primary pressure scale while the W powder was

used as a laser absorber and a secondary pressure scale. Both W and KCl have melting

temperatures higher than those of Mg2SiO4 Zhou et al. (2020); Errandonea (2005) and

are chemically inert at the relevant pressure and temperature range. More details of our

experimental setup can be found in Appendix C.1.

Sample temperatures (Tmeas.) were measured spectroradiometrically, and

temperatures of the KCl layers (TKCl) were estimated from the mean temperatures

between the sample (Tmeas.) and the diamond anvil culets, whose surface temperatures
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are 295 K (Campbell et al. 2009). Sample pressures PW and PKCl were determined based

on the equation of state (EoS) of W with Tmeas (Sokolova et al. 2016) and the EoS of KCl

with TKCl (Tateno et al., 2019, cross-calibrated with Sokolova et al., 2016), respectively.

The estimated PW deviates from PKCl significantly at high temperatures (Fig. C.1),

likely due to lack of thermal EoS data on W at >∼1673 K (Litasov et al. 2013; Sokolova

et al. 2016). Therefore, we chose KCl as our primary pressure scale, and all pressures

reported in the main text are based on the EoS of KCl from Tateno et al. (2019). The

unit cell parameters of both KCl and W and their estimated pressures can be found in

Table C.1.

4.2.2 Phase Boundary Detection

Here, we reported a new dataset of phase stability observations for Mg2SiO4 between

16 and 28 GPa and between 1573 and 2723 K (Fig. 4.1). These in situ phase

stability observations were collected upon heating and/or compression from 9 LH-DAC

experiments with 17 laser-heated spots. The P–T path of each experiment is shown in

Fig. 4.1c–i, and further details (including unit cell parameters and uncertainties) are

available in Table C.1. In a typical experiment with the short symmetric cell (Fig. 4.1, d,

f, g, h, j, and k), we first compressed the sample to a target pressure (usually 16–22 GPa)

and then pre-heated the sample to 1200–1500 K until the diffraction peaks of either wd

or rw became clear. After that, we began the heating cycle by increasing temperature

slowly while continuously taking diffraction patterns. Three of our experiments, D1m,

D4m, and D11m, were conducted in a gas-membrane cell; they were first heated up to

2000–2200 K at some pressures lower than 20–21 GPa, and then very small incremental
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loads were applied from a gas membrane system to increase the pressure remotely while

the sample was being heated (Fig. 4.1, c, e and i). In Fig. 4.1, we showed two

examples of our in situ phase stability observations in which phase transitions were

detected between two consecutive diffraction patterns upon heating. Figure 1a shows

the wd ↔ rw transition: all visible diffraction peaks of D13 S2 005 can be attributed

to wd, and wd is the only stable phase at 1616 K, 20.6 GPa. In the next diffraction

pattern, D13 S2 006, the rw peaks appeared in the heating cycle for the first time, and

Figure 4.1 (following page): In situ phase stability observations in Mg2SiO4 col-

lected in LH-DAC experiments with synchrotron XRD from this study. (a–b)

Representative diffraction patterns from run D13 demonstrating the first appearance of

the peaks of a new phase (marked by colored stars), from wd to rw (a), and then from

rw to bm (+ pe) (b). All visible diffraction peaks of D13 S2 005 can be attributed to wd,

including prominent peaks (040), (132), (152), (143), and (301), and minor peaks (211),

(123), (240), (251) (?), (015), (341), (253), and (215), and wd is the only stable phase

at 1616 K, 20.6 GPa. In D13 S2 006, the rw peaks appeared for the first time, (220),

(400), and (341), and wd began transforming into rw at 1785 K, 21.0 GPa. The rw peaks

of D13 S2 010 at 2052 K, 21.9 GPa continued to grow from D13 S2 006 at 1785 K, 21.0

GPa but became increasingly overlapped with the wd peaks at high temperatures (e.g.,

wd (040) and rw (220)). In D13 S2 011, the bm peaks appeared for the first time (112),

(202), (311), (132), (024), and (320), and rw began transforming into bm (+ pe) at 2173

K, 22.2 GPa. All peaks are identified and labeled by (hkl). (c–k) P–T paths of phase

stability observations in each experimental run (solid black line) with uncertainties (grey

crosses). Phases are color coded as follow: wd in red, rw in blue, bm+ pe in yellow.
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wd began transforming into rw at 1785 K, 21.0 GPa. Fig. 4.1b shows the rw ↔ bm+ pe

post-spinel transition near the triple point. Here, the rw peaks of D13 S2 010 at 2052

K, 21.9 GPa continued to grow from D13 S2 006 at 1785 K, 21.0 GPa but became

increasingly overlapped with the wd peaks at high temperatures (e.g., wd (040) and

rw (220)). In the next diffraction pattern, D13 S2 011, the bm peaks appeared in the

heating cycle for the first time, and rw began transforming into bm (+ pe) at 2173 K,

22.2 GPa. The relics of the wd phase remained in the diffraction pattern, and a few

peaks grew significantly (123) or reappeared (211) upon heating. The pe peaks were

rarely found in the diffraction patterns at the first appearance of the bm peaks due to

their overlap with silicate peaks. Additional details of phase identification and phase

boundary detection can be found in Supplementary Text S2.

4.3 In Situ Phase Stability Observations in Mg2SiO4

Compiled From Literature and Their Pressure

and Temperature Corrections

To compare our experimental observations (Section 2) with literature datasets, we

searched and compiled all available in situ experimental data on the phase stability of wd,

rw, and bm+pe available (Table C.2), corrected the temperatures and pressures originally

reported in each study (Table C.3), and performed a comprehensive analysis of their

inter-run and inter-lab uncertainties (Section 4). These previous in situ high-pressure

experiments on Mg2SiO4 were conducted with either MA or DAC. Additional details of

our data compilation can be found in Appendix C.3.
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One source of discrepancy among the literature datasets is the use of different

pressure scales (MgO, Au, Pt, etc.). Pressure estimates have often been incompatible

with each other due to the lack of cross-calibrated equations of state (EoS) for those

pressure scales used (e.g., Fei et al. 2007). Fortunately, most recent studies either

reported the unit cell parameters of the pressure scales directly or provided the estimated

pressure and the EoS references on which their pressure estimates were based. Therefore,

we can recalculate the pressures based on some internally consistent pressure scales

(Sokolova et al. 2016; Tateno et al. 2019).

Another source of discrepancy is the use of different temperature-measuring

techniques: temperature is determined with a spectroradiometer in DAC experiments

and with thermocouples in MA. Thermocouples provide higher precision temperature

measurements (smaller random errors) than the spectroradiometer in the DAC

experiment, but the pressure effects on the temperature–electromotive force (emf)

relationship in commonly-used thermocouples had not been systematically investigated

until very recently (Nishihara et al. 2020b,a). We used the two abovementioned studies

published by Nishi hara and others to correct the nominal temperatures originally

reported by the type D (W97Re3–W75Re25) and type S (Pt90Rh10–Pt) thermocouples

from MA experiments. These models for thermocouple pressure effects were obtained

at relatively low temperatures (<1173K), the temperature corrections we made here,

therefore, are provisional (Table C.3).
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4.4 Global Analysis of Phase Stability Observations

in Mg2SiO4

4.4.1 Multi-Class Logistic Model for High Pressure Phase

Diagram Determination

In principle, to precisely determine the location of a phase boundary from experiments, a

pair of phase stability observations, one on each side of the boundary, would be required.

However, such experimental brackets become increasingly difficult to obtain at higher

pressures, and the results reported from different runs and different laboratories may

not be fully consistent with each other. Thus far, most experimental studies determined

the phase boundary based on free-hand drawing across their own experimental brackets,

without quantitatively considering the inter-run and inter-lab uncertainties among the

literature datasets. This common approach does not get a maximum of information from

all the experimental constraints available for phase diagram determination, despite the

fact that these high pressure experiments are often expensive and time-consuming; it

also does not allow for a comprehensive assessment of the reliability and accuracy of the

experimental datasets. Here, we proposed a machine learning framework for the global

analysis of phase stability observations with multiple (more than two) stable phases

or phase assemblage fields. This analytical methodology consists of multi-class logistic

regression (this section) and supervised learning (Section 4.2). We performed a global

analysis of the Mg2SiO4 phase diagram data, compiled from Section 4.2 and 4.3, as a case

study to demonstrate our proposed analytical methodology for evaluating and selecting

models for a phase diagram as well as estimating the uncertainties associated with each
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phase boundary.

To build a statistical model to describe the stability fields of a high-pressure phase

diagram, the response variable (stable phase) must be categorical instead of numerical,

and hence determining the location of a phase boundary should be considered a

“classification problem” (e.g., Bishop 2006; James et al. 2013) since it involves assigning

the observations to one stable mineral phase (discrete and categorical response) at a

specific P–T condition (numerical predictor). Kavner and Jeanloz (1998); Kavner et al.

(2000) pioneered a similar but much simpler analysis of phase stability observations

through binary logistic regression and tested it on the melting curve of platinum

(Pt). However, their implementation 1) is limited to two stable phases with one phase

boundary, 2) requires additional assumptions on the shape of the phase boundary, and

3) does not include necessary procedures to prevent overfitting. For the Mg2SiO4 phase

diagram, with three stable phases or stability fields, wd, rw, and bm + pe at transition

zone conditions, we need to generalize the simple binary logistic model and estimate

the probabilities of observing multiple stable phases, p̂(Y |P, T ) simultaneously (Y = k,

where k can be wd, rw, or bm+ pe) at a given P–T condition. In the multi-class logistic

model we propose here, the scenarios that Y belongs (or does not belong) to one specific

phase stability field, k, can be modeled as:

p̂(Y |P, T ) =


0 , if Y = k

1 , if Y ̸= k

(4.1)

To describe the probability that gives outputs between 0 and 1, we can write the

probability of observing phase Y = k, p̂(Y = k|P, T ) at a given P–T condition as a

logistic function, ef(X)

1+ef(X) , where f(X) is a nth degree polynomial function with two
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variables, f(P, T ):

p̂(Y = k|P, T ) = e
∑n

i,j=0 β
k
i,jP

iT j

1 + e
∑n

i,j=0 β
k
i,jP

iT j
(4.2)

Alternatively, Eq. 4.2 can be rewritten as:

ln
p̂(Y = k|P, T )

1− p̂(Y = k|P, T )
= ln

p̂(Y = k|P, T )
p̂(Y ̸= k|P, T )

=
n∑

i,j=0

βk
i,jP

iT j = f(P, T ) (4.3)

The quantities ln p̂(Y=k|P,T )
p̂(Y ̸=k|P,T )

and ln p̂(Y=k|P,T )
1−p̂(Y=k|P,T )

are called log-odds and logit, respectively.

We can interpret the logistic model as fitting the log-odds or logit as a polynomial

function of P and T , f(P, T ).

We can then convert probability estimates from three separate models (when k

= wd, rw or bm + pe, K = 3) to one set of probability estimates using a multi-class

generalization of the logistic function, which is also known as the normalized exponential

or the softmax function:

p̂(Y = k|P, T ) = e
∑n

i,j=0 β
k
i,jP

iT j∑K
h=1 e

∑n
i,j=0 β

h
i,jP

iT j
(4.4)

The rescaled probability estimates add up to 1. We attribute the stable phase as

the class with the largest probability, and the tripe point is recovered at which

p̂(Y = wd) = p̂(Y = rw) = p̂(Y = bm + pe) = 1
3
. The coefficients, βk

i,j, are estimated

by minimizing a combined negative log-likelihood function, or total cross entropy, −L

(Bishop 2006):

−L = − 1

M

M∑
m=1

K∑
k=1

{tm,k(ym = k) · ln [pm(ym = k)] + tm,l(y ̸= k) · ln [1− pm(ym ̸= k)]}

(4.5)

where tm,l(yi = k) is 1 if and only if the observation m belongs to phase k , pm(ym = k)

is the output probability that the observation belongs to phase k, and vice versa; M

is the total number of observations. Unlike the binary case (e.g., Kavner et al. 2000),
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the multi-class logistic model does not produce a simple, easy-to-interpret analytic

solution, therefore the phase boundaries between the three phases and their triple point

in Mg2SiO4 are determined numerically with a Python package, scikit-learn (Pedregosa

et al. 2011). A comprehensive review of the multi-class logistic model can be found in

James et al. (2013).

4.4.2 Toward a Nonlinear Post-spinel Transition in Mg2SiO4

Thermodynamics of the Clapeyron Slope for the Post-spinel Transition

The Clapeyron slope of a coexistence curve, either a phase transition or a reaction,

is uniquely determined by the entropy change (∆S) of the phase transition/reaction

divided by its volume change (∆V ); when P and T are constant and the change in the

Gibbs free energy, ∆GP,T=constant = 0, we have T∆S = ∆H, and then γ can be written

as:

γ =
∂P

∂T
=

∆S

∆V
=

∆H

T∆V
(4.6)

Previous studies (e.g., Ito and Takahashi 1989; Irifune et al. 1998; Shim et al. 2001;

Katsura et al. 2003; Fei et al. 2004; Ishii et al. 2011; Ghosh et al. 2013) often adopted

a linear approximation for the post-spinel transition in Mg2SiO4, with visual inspection

and free-hand drawing. This assumption of a linear boundary was a reasonable choice,

given the considerable inter-run and inter-lab uncertainties in existing experimental

datasets and the lack of a robust statistical analysis; this linear assumption has often

been justified by the semi-empirical interpretation that the changes in ∆Spost-spinel and

∆Vpost-spinel along the reaction boundary between rw and bm+pe are small, gradual, and
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comparable. However, if we take a closer look at recent empirical thermodynamic models

of Mg2SiO4 that examined and extrapolated the low-temperature thermodynamic data

carefully (e.g., Fabrichnaya 2008; Kojitani et al. 2016, 2017), some of their calculated

transitions in Mg2SiO4, the post-spinel transition in particular, have a small but

non-negligible nonlinearity. A recent first-principles calculation suggested an increasingly

negative post-spinel Clapeyron slope in Mg2SiO4 with higher temperatures (Hernández

et al. 2015). This predicted nonlinearity of the post-spinel transition implies that

the thermal expansion coefficient (αrw) of rw increases slower than that of bm (αbm)

and the volume difference between rw and bm+pe (∆Vpost-spinel) would hence decrease

with temperature (Hernández et al. 2015; Belmonte et al. 2022); assuming ∆Spost-spinel

remains approximately constant, γpost-spinel is expected to become more negative with

increasing temperature. Such nonlinearity may be small enough to be ignored if we are

only interested in an averaged value for the Clapeyron slope within 100–200 K, and

evidently, earlier studies indeed focused on bracketing the transition near 1700–1900

K, a temperature range only pertinent to warm slabs and the average temperature

in ambient mantle across the “660-km” discontinuity. However, we need to take into

account the nonlinearity of the post-spinel transition when we consider it across a range

of several hundreds of kelvins because ∆Vpost-spinel may change substantially over the

entire mantle temperature range, from cold slabs to the ambient mantle and then to

hot plumes. Chanyshev et al. (2022) have revisited the post-spinel transition recently

with the state-of-the-art MA technique and reported the first experimental evidence of

a nonlinear post-spinel transition. Its estimated nonlinearity, however, is based on the

experimentalists’ visual inspection and free-hand drawing only, the robustness of their

reported Clapeyron slope and its compatibility with other experimental data needs to be
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assessed.

A Machine Learning Framework for the Nonlinearity of Phase Boundary

In the multi-class logistic model we proposed for phase diagram determination in Section

4.1, a nonlinear phase boundary can be implemented in the log-odd/logit function (Eq.

4.3), and it is mathematically simplified as a polynomial function of P and T . Ideally,

a phase boundary should be described by a function of thermoelastic properties such as

thermal expansion coefficient, entropy, heat capacity, etc., which can then be converted

into a function of pressure, temperature, and chemical composition. However, it would

be cumbersome to obtain analytic approximation of these thermodynamic functions

Figure 4.2 (following page): Machine learned phase diagram of Mg2SiO4 at tran-

sition zone conditions. (a–c) Probabilities of observing the (a) wd ↔ bm + pe, (b)

wd ↔ rw, and (c) rw ↔ bm + pe phase transition are predicted at (a) 2400 K and

(b–c) 1800 K, respectively, with multiple logistic regression and supervised learning algo-

rithms. Experimental observations made within 100 K of those prediction temperatures

are shown with the predicted probability curves in (a–c). The phase transition pressure at

the prediction temperature is the vertical solid line in each plot with uncertainties in the

vertical grey dashed lines. (d) Phase stability fields of wd, rw and bm+ pe are predicted

between 1500 and 2700 K and between 15 and 27 GPa with a bootstrapped confidence

interval (CI) of 10–90% in the grey dashed lines. Experimental observations (circles: this

study; squares: literature data) are shown with the predicted phase stability fields. P–T

conditions for (a–c) are indicated by point A, B and C in (d) with a white cross. Phases

are color coded as follow: wd in red, rw in blue, and bm+ pe in yellow.
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because such conversion would require solving a number of inexplicit functions in the EoS

for each phase. For simplicity, we used polynomials (Eq. 4.3) to capture the nonlinearity

of the phase boundary without the mathematical burdens to extract a complex analytic

solution from physical thermodynamics directly.

Overfitting is often the primary argument against using a polynomial in regression

models. The high degree of freedom we introduce to a conventional analysis would

allow the model to capture not only the location of the phase boundary, but also the

noise in the experimental dataset. As the degree of the polynomial keeps increasing, we

would begin to fit a squiggle that matches more data points, despite the fact that only a

smooth curve is expected for a phase boundary thermodynamically. On the contrary, this

proposed machine learning framework is a robust way to identify the shape of a phase

transition and to estimate its magnitude. Here, we applied a set of supervised learning

algorithms from common machine learning practices to avoid overfitting, accompanied

with regularization and bootstrapping: 1) we first split the compiled dataset into a train

set and a test set (70% and 30%). The train set is further divided into k-fold (k = 3–5)

for cross validation as well as (hyper-)parameter tuning to produce an optimized model

for a series of polynomial functions with different degrees (n = 1–5), while the test set

remained unseen to the models. Then, we used the test set to make the final selection

of the best degree of polynomials based on the classification scores of the test set, F1

score, a harmonic mean of precision and recall, where an F1 score reaches its best value

at 1 and worst score at 0. To further limit the behavior of the high-order polynomials,

we applied L1 regularization method (lasso) to allow the coefficients of some high-order

terms to shrink to zero (truncation of high-order terms) when necessary. Finally, we used

the selected model with the best degree of polynomials (regularized) to fit the entire
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dataset (Fig. 4.2).

During model selection, we used grid search to exhaustively consider all parameter

and hyperparameter combinations for the multi-class logistic model, including the

degree of polynomials (n), regularization strength (C), and optimization solvers. The

regularized 3rd order polynomial (with C = 1000 and some high-order terms truncated

by L1 regularization) is found to be the best model to describe the Mg2SiO4 phase

diagram, with the highest F1 scores of 0.78 for the test set and 0.82 for the train set.

In Fig. 4.3, the linear and 2nd order polynomial phase boundaries (polynomial with

degrees 1 and 2) are insufficient to fit the training data (underfitting). For higher

degrees, the models become stabilized but overfit the training data (with high F1 scores

for the training data and lower F1 scores for the unseen testing data). Definitions and

additional details of parameter tuning, regularization, and model selection can be found

in Appendix C.4. A schematic diagram of the model selection procedures is shown in

Fig. C.2; nevertheless, a full description of supervised learning algorithms cannot be

done here as comprehensively as in textbooks, for example, James et al. (2013).

With the selected best model, we estimated the uncertainty in our predicted phase

boundaries using bootstrapping. We resampled the compiled dataset with replacement

(67%) and created 5×103 copies of the bootstrapped dataset. We then fit the best model

to each resampled copy of the dataset, resulting in 5×103 sets of phase boundaries. We

reported 10–90% confidence intervals of the simulated distributions as the allowed P–T

regions (or uncertainty) for the phase boundaries.
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Figure 4.3 (following page): Model selection and evaluation for the Mg2SiO4

phase diagram. (a–e) Hyperparameter optimized predictions for phase stability fields

of wd, rw and bm + pe with different degree of polynomial functions (n = 1–5) using

multi-class logistic model and supervised learning. Legend is the same as in Fig. 4.2. (f)

Model performance (bias and variance measured by F1 score) as a function of degree of

polynomials. As the degree of the polynomial function increases, the performance of the

model over the train set (solid grey circles) increases continuously. On the other hand,

the performance over the test set (solid black circles) increases initially but after degree

2 (n = 3), the classification score of the test set starts to decrease. Among the degree of

the polynomial (n = 1–5) we tested in the study, n = 3 (highlighted in gold) is selected

as the best parameter to balance the bias- variance trade-off in the model.
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Figure 4.4 (following page): Temperature-dependent Clapeyron slope in the

post-spinel transition in Mg2SiO4. (a) Phase diagram for Mg2SiO4 up to 26 GPa.

Three phase boundaries, wd ↔ rw, wd ↔ bm+ pe, and rw ↔ bm+ pe, at the transition

zone conditions are statistically optimized from this study (solid black lines). The melt-

ing boundaries and the ol ↔ wd, ak ↔ bm, and pe + st ↔ bm (dashed black lines) are

adapted from Li et al. (2022) and Stixrude and Lithgow-Bertelloni (2022), respectively.

(b–d) The distributions of the estimated Clapeyron slopes of the rw ↔ bm+pe post-spinel

transition at (b) 1900 K, (c) 1700 K, and (d) 1500 K are produced with bootstrap resam-

pling (n = 5×103), and the local Clapeyron slope for the post-spinel transition is averaged

within 50 K of its prediction temperatures (in the vertical solid line in each plot) with a

bootstrapped confidence interval (CI) of 10–90% in the vertical grey dashed lines. P–T

conditions for (b–d) are indicated by point A, B and C in (a) with a cross. The present-day

ambient mantle adiabats were estimated based on Stixrude and Lithgow-Bertelloni (2011)

with mantle potential temperatures between 1550–1650 K. The slab surface temperatures

were extrapolated from a global compilation of subduction zone thermal models reported

by Syracuse et al. (2010).
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4.4.3 Machine Learned Phase Diagram of Mg2SiO4 At

Transition Zone Conditions

From the machine-learned phase diagram of Mg2SiO4 (Fig. 4.2), we found that the

Clapeyron slope of the rw ↔ bm+ pe post-spinel transition varies locally from −2.3+0.6
−1.4

MPa/K at 1900±50 K, to −1.0+1.3
−1.7 MPa/K at 1700±50 K, and to 0.0+1.7

−2.0 MPa/K at

1500±50 K, and that the wd ↔ rw boundary and the wd ↔ bm + pe boundary are

approximately linear, with estimated slopes of 6.2+1.6
−1.1 MPa/K at 1800±200 K and 0.4+1.8

−2.9

MPa/K at 2400±200 K, respectively (Fig. 4.2e–g,). The location of the triple point

is estimated to be ∼22 GPa and ∼2155 K. The probabilities of observing each phase,

p̂(Y |P, T ), k = wd, rw, or bm + pe, are shown as a function of P with a constant T of

1800 K and 2400 K, respectively (Fig. 4.2a–c).

The nonlinear post-spinel boundary (more negative with increasing temperature)

agrees visually with the corrected experimental data compilation (Fig. 4.2d). It is also

in general consistent with that reported by Chanyshev et al. (2022); However, their

post-spinel slope is on average slightly less negative (varies from 0.9 MPa/K at 2000 K

to 0.1 MPa/K at temperatures <1700 K) and increasingly deviates from our estimate

with increasing temperature. Except for Chanyshev et al. (2022) , all previous studies

on the post-spinel transition assumed a linear boundary and determined it with visual

inspection and free-hand drawing; hence those estimates are incommensurate with the

nonlinear post-spinel Clapeyron slope we reported here. Nevertheless, we performed

additional tests on the literature data using the simple binary logistic model with a

linear boundary for benchmarking the methodology with these previous studies. A more

detailed discussion on the comparison can be found in Appendix C.5 and Figs. C.3–C.5.
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The rw ↔ bm + pe post-spinel boundary has a considerable nonlinearity while the

wd ↔ rw boundary remains virtually constant over the same temperature range. This

marked difference is generally consistent with the temperature- and pressure-dependent

thermal expansivity trends in the Mg2SiO4 polymorphs, and more specifically, the

divergent trends in ∆Vwd↔rw and ∆Vpost-spinel: 1) αrw and αwd increase at a similar rate

with increasing temperature but αrw increases slower than αbm at high temperatures

(Hernández et al. 2015); 2) the temperature-dependent thermal expansivity in rw

becomes more pronounced at higher pressures (Belmonte et al. 2022). Therefore,

∆Vwd↔rw is expected to vary much less than ∆Vpost-spinel at their relevant P–T conditions.

In the meantime, the shape of the wd ↔ bm + pe boundary remains underdetermined

because the experimental constraints on the fields of wd and bm + pe above the triple

point remain sparse. Our global analysis with regularization/model selection chose

a relatively simple linear boundary for the wd ↔ bm + pe boundary when the data

is insufficient to fit a more complex, nonlinear boundary, and it demonstrates the

effectiveness of our proposed machine learning framework in avoiding overfitting.

The major limitation of all previous studies is that they focused on determining

one phase boundary at a time: for example, if the primary task of the study was to

determine the rw ↔ bm + pe post-spinel boundary, the information contained in the

phase stability observations of wd was typically ignored. The analytical methodology we

proposed here concerns the exact opposite, and the task of determining the wd ↔ rw and

wd ↔ bm+ pe boundaries is not ancillary to determining the post-spinel boundary—the

two tasks are one and the same. In other words, the post-spinel boundary here is

statistically optimized from and consistent with the phase stability observations of all

three phases/phase assemblages around the corresponding triple point, not just a simple
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inversion of the phase observations of rw and bm+ pe only.

Last but not least, our discussion is so far limited to determining the Mg2SiO4

phase diagram. However, this analytical methodology with multi-class logistic regression

and supervised learning can be applied generally to the inversion of any phase diagram

data (e.g., P–T , P–X, T–X, etc.). Many widely-used thermodynamic datasets for

modeling the Earth’s mantle followed the general strategy in selecting the minimal

possible set of phase stability studies that constrain the relevant phase diagrams based

on least-squares inversions (Holland and Powell 1990; Stixrude and Lithgow-Bertelloni

2011). Such approach is susceptible to significant errors if the experimental dataset

selected a posteriori were systematically biased. In addition, the least-squares fits used

to create the abovementioned databases are unstable with the presence of experimental

outliers. Our proposed analytical methodology can get a maximum of information

from all existing phase diagram data without overfitting them and is less susceptible to

both systematic bias and significant outliers, which help improve our ability to directly

estimate thermodynamic quantities (such as high-temperature entropy) for which

experimental measurements do not exist from the relevant phase boundaries, as well as

to indirectly invert other thermochemical parameters (e.g., free energy, characteristic

vibrational temperature, interaction parameters).
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Figure 4.5 (following page): Global mapping of mantle temperature and post-

spinel Clapeyron slope at the “660-km” discontinuity with superimposed sub-

ducting slabs and plume-fed hotspots locations. (a) Composite temperature map

of the “660-km” discontinuity for ambient mantle (color-coded background, based on glob-

ally compiled S660S observations from Waszek et al. (2021), subducting slabs (color-coded

square, based on 2D kinematic models from Syracuse et al. (2010) and plume-fed hotspots

(color-coded circle, based on global shear velocity constraints from Bao et al. (2022) The

temperature variation patterns in these three independently constrained thermal models

are consistent with each other; for example, temperature is the lowest around the West-

ern Pacific subduction zones while the plume-fed hotspots coincide with the positive T660

anomalies in the ambient mantle. (b) Composite post-spinel Clapeyron slope map of the

“660-km” discontinuity based on the nonlinearity of the post-spinel transition (Fig. 4.4

and Fig. C.5 from this study). A more negative post-spinel Clapeyron slope would pro-

duce stronger hindrance to the passage of mantle flow, both upwelling and downwelling.

The subducting slabs (colored square) and plume-fed hotspots (colored circle) dominated

by the post-spinel transition are color-coded based on the magnitude of Clapeyron slope,

while those dominated by the rw ↔ ak+pe transition (<1400 K in slabs) and post-garnet

transition (>2050 K in plumes) are highlighted with hatched square and circle, respec-

tively. Lateral variations of the post-spinel Clapeyron slope at the “660-km” discontinuity

in the ambient mantle are shown as the color-coded background, and the potential regions

of the ambient mantle influenced by the post-garnet transition (>2050 K) are hatched

and outlined in thin dotted black lines. The name and location of each subducting slabs

or plume-fed hotspot are listed with its post-spinel Clapeyron slope in Tables C.5–C.6.
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4.5 Mantle Expression of Nonlinear Postspinel

Boundary in Slabs and Plumes Worldwide

Our understanding of how phase transition Clapeyron slopes interact with mantle

flow, both upwelling and downwelling, can be briefly summarized as follows: an

endothermic transition/reaction with negative Clapeyron slope (latent heat is absorbed,

i.e., ∆H > 0 in (Eq. 4.6) impedes the passage of mantle flow, whereas an exothermic

transition/reaction with positive Clapeyron slope (∆H < 0) enhances it (e.g., Christensen

1995). In particular, the endothermic post-spinel transition can cause localized and

transient deflection to downwelling slabs and upwelling plumes. In this section, we

explored the mantle expression of the nonlinearity of the post-spinel transition. First,

we assembled a composite temperature map of the “660-km” discontinuity (referred to

as T660) that includes individual slabs and plumes across the globe as well the ambient

mantle (Fig. 4.5a). For consistency, T660 is defined as the temperature at 23 GPa

(slightly shallower than the depth where the post-spinel transition is expected to occur)

along the adiabatic geotherm of its respective mantle potential temperature (Tp). We

derived the lateral variations in T660 from the Tp estimates based on 2D kinematic

models for subducting slabs (Syracuse et al. 2010), global shear velocity constraints for

plume-fed hotspots (Bao et al. 2022), and globally compiled S660S observations for the

ambient mantle (Waszek et al. 2021). Further details of this composite T660 model can

be found in Appendix C.6. The mantle temperature variation patterns in these three

independently-constrained thermal models are consistent with each other; for example,

mantle temperature is the lowest around the Western Pacific subduction zones while the

plume-fed hotspots coincide with the positive T660 anomalies in the ambient mantle.
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The ambient mantle has a global average T660 of 1955±74 K (one standard

deviation, same hereafter). The post-spinel transition is the predominant bm-forming

reaction when T660 is between 1400 K and 2050 K near 23 GPa (Stixrude and

Lithgow-Bertelloni 2011). The “660-km” seismic discontinuity coincides with the

post-spinel transition, and it contains the sharpest changes in seismic properties. Equally

significant changes in temperature, rheology, and buoyancy are also accompanied by

the post-spinel transition. The Clapeyron slope of the post-spinel transition, γpost-spinel,

hence, becomes one of the most important constraints on mantle convection.

A nonlinear post-spinel transition means that its Clapeyron slope is temperature

dependent. To visualize this, we produced a global map of post-spinel Clapeyron slope

at the “660-km” discontinuity (Fig. 4.5b) based on the composite T660 map where the

post-spinel transition is predominant (Fig. 4.5a). The ambient mantle has a global

average γpost-spinel of –3.1±0.6 MPa/K (∼91% of the total surface of the “660-km” layer),

which is consistent with the seismically derived post-spinel Clapeyron slope of ∼–3

MPa/ K for the ambient mantle structure of the western half of the continental U.S.

(Tauzin and Ricard 2014). The slabs accompanied by the post-spinel transition have

an average T660 of 1569±125 K and an average γpost-spinel of –0.9±0.5 MPa/K (45 of

50 slabs considered here), while the hotspot-associated plumes have an average T660

of 2030±71 K and an average γpost-spinel slope of –3.3±0.6 MPa/K (5 of 26 plume-fed

hotpots considered here). We found that the post-spinel Clapeyron slopes associated

with the plumes (upwelling) are nearly three times more negative than those associated

with the slabs (downwelling).

The temperature-dependent post-spinel Clapeyron slope renders a varying degree of

hindrance to subducting slabs. Qualitatively speaking, the majority of the subducting
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slabs are cold (mostly clustered around the West Pacific with T660 = 1400-1600

K) and have a slightly negative post-spinel Clapeyron slope of –0.6––0.7 MPa/K;

these cold slabs are expected to encounter little to moderate hinderance from the

post-spinel transition across the “660-km” depth. On the contrary, several hot slabs near

Colombia/Ecuador (T660 = ∼1810 K), Central Cascadia (T660 = ∼1880 K), and North

Cascadia (T660 = 1930 K) have much more negative post-spinel Clapeyron slopes of

–1.8––2.9 MPa/K and are expected to encounter much greater hinderance to subduction

from the post-spinel transition. We caution that any quantitative interpretation of

the observed morphologies of subducting slabs must take into account other factors

including (1) the viscosity and/or compositional contrasts between the upper and lower

mantle and (2) the configuration and subduction history of the specific subduction zone

(e.g., shape, strength trench motion) (e.g., Goes et al. 2017). Therefore, we advocate

a reassessment of global subduction zone dynamics with the temperature-dependent

post-spinel Clapeyron slope, which would help elucidate the diverse range of observed

slab morphologies: some slabs remain neutrally buoyant temporarily (stagnation) at the

base of the transition zone while others penetrate the lower mantle. Furthermore, if we

consider the temporal evolution of one single slab, the effects of rheology and buoyancy

driven by the temperature-dependent post-spinel transition may vary its dynamics

and morphology over its lifetime as the slab becomes thermally equilibrated with the

surrounding ambient mantle.

For the hotspot-associated mantle plumes accompanied primarily by the post-spinel

transition near the “660-km” depth (T660 = 1870–2050 K in the compilation of global

volcanic hotspots by Bao et al. (2022), 5 plumes in total considered here), the post-spinel

Clapeyron slope is estimated to range from –2.5 MPa/K at T660 = 1890 K (Ascension)
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to –3.8 MPa/K at T660 = 2010 K (Cape Verde). According to geodynamic modeling

(e.g., Bossmann and Keken 2013), the post-spinel transition tends to trap plume heads at

γ = <∼–3.4 MPa/K while plumes ascend into the upper mantle at γ = >∼–2.8 MPa/K;

ring-shaped secondary plumes may form when γ is between –3.4 and –2.8 MPa/K.

Therefore, the “660 km” depth is expected to hinder the passage of three post-spinel

dominated plumes, Cameroon (γpost-spinel = –3.5 MPa/K at T660 = 1980 K), Crozet

(γpost-spinel = –3.6 MPa/K at T660 = ∼1995 K), and Cape Verde (γpost-spinel = –3.8

MPa/K at T660 = ∼2010 K); while the plumes in two locations, Ascension (γpost-spinel =

–2.5 MPa/K at T660 = ∼1890 K) and Manus Basin (γpost-spinel = –2.8 MPa/K at T660

= ∼1920 K), ascend across the “660 km” depth without much impediment. In addition,

the dynamic topography of large igneous provinces above the post-spinel dominated

plumes is influenced by γpost-spinel and can be used to estimate the T660: the dynamic

subsidence decreases and lasts shorter as γ becomes more positive, from 100 m and 14

Ma at γ = –3.0 MPa/K to 200 m and 20 Ma at γ = –3.2 MPa/K ((Leng and Zhong

2010), and such change in surface subsidence can be attributed to a difference of 20 K in

mantle temperature (from 1940 to 1960 K).

If the Earth’s mantle is made of the simplified Mg2SiO4 system only, a bm-forming

reaction, wd ↔ bm + pe with the Clapeyron slope of ∼0 MPa/K, would replace the

post-spinel transition when T660 is above ∼2155 K (above the wd–rw–bm/pe triple

point). In a more realistic mantle composition (e.g., pyrolite), however, wd becomes

increasingly less stable than majorite garnet (gt) (Stixrude and Lithgow-Bertelloni

2011). The post-garnet transition, gt ↔ bm, rather than the post-spinel transition or

the wd ↔ bm + pe transition, is expected to dominate some hotspot locations (hatched

symbols in Fig. 4.5b) where T660 is above ∼2050 K (Stixrude and Lithgow-Bertelloni
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2011), such as the Eastern and Southern Pacific; it is expected to affect less than 2% of

the total surface of the “660-km” depth of the ambient mantle (hatched areas in Fig.

5b, the areal fraction distorted visually due to projection). This post-garnet transition

is analogous to the one in the MgSiO3 system and displays a positive Clapeyron

slope of 1–4 MPa/K (e.g., Hirose 2002; Ishii et al. 2011), with opposite sign to the

post-spinel transition; the magnitude of the post-garnet Clapeyron slope currently

remains underdetermined by existing experimental constraints.

Another bm-forming reaction, akimotoite (ak) ↔ bm may replace the post-spinel

transition in a small number of extremely cold slabs when T660 is below 1400 K,

such as Tonga (T660 = ∼1320 K) as well as Kamchatka, Kurile, and West Banda Sea

(T660 = ∼1380 K). The presence of ak ↔ bm has been seismically observed in the

coldest Tonga slab. The rw ↔ ak + pe transition in Mg2SiO4 is nearly identical to the

same transition in pyrolite and has a negative Clapeyron slope of -8.1 MPa/K at low

temperatures up to 1300 K (Chanyshev et al. 2022) and hence significantly hinder the

passage of subducting slabs towards the lower mantle. The extremely cold condition for

the ak ↔ bm transition is unlikely to be present in the ambient mantle today based on

our temperature estimates.

The global map of lateral variations in the post-spinel Clapeyron slope along

with the identified regions of the post-garnet and rw ↔ ak + pe transitions provides a

spatial guide for us to study subducting slabs and hotpot-associated plumes worldwide

(buoyancy-driven, active upwelling and downwelling) in their specific Clapeyron slope

magnitude. In addition, the temperature-dependent post-spinel Clapeyron slope also

permits a varying degree of convective layering and hence an evolving temperature

contrast across the “660-km” depth through time. These nonlinear effects ultimately
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depend on T660 and remain virtually unexplored in geodynamical models. It is therefore

critical to model the thermal and dynamical evolution of slabs, plumes and the ambient

mantle consistent with the temperature-dependent post-spinel Clapeyron slope.

4.6 Summary and Conclusions

The phase diagrams of mantle minerals have been investigated experimentally in the

past several decades thanks to developments in high pressure techniques. Of these,

the Mg2SiO4 phase diagram is the most extensively studied, because the Clapeyron

slope of its post-spinel boundary represents one of the most important constraints

on mantle dynamics. Yet the existing experimental datasets on the Mg2SiO4 phase

diagram still show notable discrepancies in the location and Clapeyron slope of the

post-spinel transition as well as the triple point of wd, rw, and bm + pe. The lack of

rigorous analysis on inter-run and inter-lab uncertainties in the experimental results

has motivated us to develop a machine learning framework with multi-class logistical

regression and supervised learning algorithms for the determination of high-pressure

phase diagrams. As a proof of concept, we have applied such analytical methodology

to the Mg2SiO4 phase diagram data, including the new dataset reported by this study

and previously-published datasets with redetermined P and T. Among our findings are

that the post-spinel Clapeyron slope varies locally from −2.3+0.6
−1.4 MPa/K at 1900±50

K, to −1.0+1.3
−1.7 MPa/K at 1700±50 K, and to 0.0+1.7

−2.0 MPa/K at 1500±50 K and that

the location of the triple point is statistically optimized at ∼22 GPa and ∼2155 K. Our

proposed analytical methodology with machine learning can be applied generally for data

inversion in phase diagram data and provides a tool to accurately predict thermodynamic
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modeling parameters.

Most importantly, the polymorphic phase transitions and solid-state reactions in

Mg2SiO4 have been historically conceived to be linear, but we found that the post-spinel

boundary is noticeably nonlinear and its Clapeyron slope temperature dependent.

To explore the mantle expression of the nonlinearity, we first presented a composite

temperature map of the “660-km” discontinuity with which the post-spinel transition

coincides and then estimated the lateral variation of the post-spinel Clapeyron slope, in

subducting slabs and hotpot-associated plumes worldwide, as well as most of the ambient

mantle. The nonlinearity of the post-spinel transition shifts our conceptual scheme of its

role in mantle convection: its geodynamical effects are temperature dependent and the

existing models of mantle flow across the “660-km” discontinuity, both upwelling and

downwelling, need to be reassessed with the temperature-dependent Clapeyron slope.
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Chapter 5

Afterword: A Critical Reflection

A building is not finished when its foundation is laid; and just as little is the

attainment of a general notion of a whole the whole itself. [...] In the same

way, science, the crowning glory of a spiritual world, is not found complete

in its initial stages.

—G. W. F. Hegel, The Phenomenology of Spirit

5.1 The Case for a Flooded Early Earth

Paul Voosen has written a news article in Science discussing our research presented

in Chapter 2, which focuses on the evidence for Archean “water worlds”—an early

Earth with completely submerged continents (Voosen 2021; Dong et al. 2021). While I

won’t go into the geological evidence for this hypothesis in this section, you can find a

comprehensive summary in my Chapter 2 or in Paul’s article, which explains it in plain
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language. Instead, I’ll provide a conceptual analysis of the term ”water world” through a

series of thought experiments, even if some might dismiss them as mere speculation. My

goal is not to argue that any of the conjectures I present are definitively correct. Instead,

my goal is to outline my thoughts on the interplay between water and land on the early

Earth’s surface, and to explore possible ways to test these ideas in the future, whenever

possible.

Paul and I used the term “water worlds” to describe a rocky planet that has a

significant amount of water on its surface, even though water is only a small percentage

of its total mass. This water forms a thin layer that covers all the rocky layers. In my

Chapter 2, I explore some possible configurations of early Earth’s oceans and continents

that could lead to an Archean water world. However, since we don’t know much about

the Archean Earth, such as whether there were continents, the density of the crust and

mantle, or the height of its mountains, I had to make some assumptions to create a

quantitative model. I followed the approach of Flament et al. (2008); Korenaga et al.

(2017), who used a modified version of modern hypsometry to represent the early Earth’s

surface. While this approach may not accurately represent the actual surface of the

Archean Earth, it is still useful for generating insights. The fact that this model is

admittedly flawed makes it profoundly heuristic—it helps us understand the concept of

“water worlds” and the factors that might lead to their formation.

In Chapter 2, I presented an Archean Earth configuration that imposed a dichotomy

between the oceanic and continental columns. This model included implicit assumptions

about the existence of a differentiated continental crust and, to some extent, a

subduction-driven plate tectonic system, which was necessary to create the oceanic

basins in the model. It is important to note, however, that none of these assumptions
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have been confirmed for the early Earth. In the following thought experiments, we will

explore what might happen if we deviate from these implicit assumptions, which could

be problematic.

Let’s start by considering an extreme hypothetical scenario where there is no

dichotomy in the Earth’s crust. Instead of having a lighter continental column and a

denser oceanic column creating the topographic relief that forms the ocean basins, we’ll

imagine a uniform layer of mafic crust covering the Earth’s surface. In this case, we

wouldn’t need much water to flood the surface of a rocky planet. Unlike today’s Earth,

where water must fill the ocean basins before it can reach the land, we could easily cover

the Earth with a thin layer of water without ocean basins due to the density contrast

between the oceanic and continental columns. This hypothetical scenario is not factual,

but it illustrates how little water is needed to create a “water world” planet. This

thought experiment also shows that determining whether the surface of a rocky planet

is covered by water is not as simple as having more water. It involves finding the right

balance between the amount of water on the surface and the amount of topographic

relief that the density contrast within the crust can support to sustain an ocean basin.

Let’s then examine the hypothetical case of a uniform mafic crust and explore its

inaccuracies and insights. To physically have a uniform global mafic crust, the crust

would have to have a uniform density. This would have been a challenge for the early

Earth. Some argue that the continental crust was more mafic in the Archean than it is

today, which would result in similar densities for the oceanic and continental columns.

However, this is only true if the temperature is constant.

Therefore, we need to further investigate the temperature of the early Earth. In
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modeling Earth’s thermal history, we tend to simplify and construct a 0-D model as a

function of time. While this theoretical representation is essential for understanding

planetary cooling, it is inadequate for capturing the spatial distribution of mantle

temperature and how these changes have affected the temperature of the continental

and oceanic columns. The temperature distribution is not the average calculated in the

model; it was quite heterogeneous.

Today, the Earth’s interior has large lower mantle structures that cannot be

explained by temperature anomalies alone. In addition, there are hotspots and large

igneous provinces that are significantly hotter than the average mantle. Considering

this complex 3-D view of temperature distribution inside the Earth, the solid mantle

temperature of the early Earth may have been even more heterogeneous, resembling the

“heat pipe” Earth that other researchers have proposed (Moore and Webb 2013). Now,

one may ask, “why does this temperature matter?”

Let’s return to the hypothetical case where the Earth has a uniform density mafic

crust. The heat pipe scenario suggests that a uniform density crust is impossible to

achieve due to temperature differences. Even if the composition is the same, some parts

of the Earth’s crust would become hotter and lighter. This excess heat not only heats

the mafic crust, but also melts it. The resulting silica-enriched melt would move upward

and form a slightly lighter crust, resembling oceanic islands or plateaus with distinct

topographic features. An important caveat here is that these melts are not necessarily

immediately light enough to be considered felsic.

Let’s bring water back into the discussion. Imagine that the Earth initially had

enough water on its surface to form a thin layer of water and an ocean over a crust that

132



CHAPTER 5. AFTERWORD

was mostly uniform in density. In some areas, excessive heat would cause the crust to

lighten and even melt, causing the crust to rise. This seems to be a plausible physical

account of what might have happened. The total amount of water on the Earth’s surface

then becomes relevant again, as it would determine how long it would take for these

areas of lighter crust and higher topography to rise out of the water.

Our conclusion in Chapter 2 about the Archean ocean is significant regardless of

the surface continents we assume. A vast ocean would make it difficult for continents

to rise above the water, which provides another valuable insight: the formation and

growth of the initial continents may be different from their eventual emergence from the

water. The question that remains is, what geochemical signatures could we look for to

distinguish these two events? This fascinating challenge is left to our almighty geologist

colleague to find a rock in the field.

5.2 A Wider View of Water Worlds

In the last year of my Ph.D., my interest shifted to a different type of ”water world” that

has been gaining attention in the exoplanet community. Thanks to more precise radius

and mass measurements provided by telescopes in space and on the ground, a growing

number of planets have been found to have densities lighter than rock but denser than

pure gas. At present, their structure is still uncertain, as these planets are presumed

to be composed of rocky layers and H2/He, or to have a thick water shell with rocky

layers. The constraints we have on their mass and radius are not sufficient to resolve this

uncertainty at this time. However, we can still consider potential testable hypotheses

that may allow us to rule out some cases with observations in the near future.
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Planetary scientists and astronomers have been investigating the formation

mechanisms for these planets, which is one direction to differentiate water worlds

and sub-Neptunes—focusing on testing the proposed mechanisms to form the ”radius

valley” that separates conventional terrestrial-type planets from the lighter water-rich

or sub-Neptunes on the other side. For water worlds, it has been proposed that

sub-Neptunes form outside the water-ice line of the protoplanetary disc and migrate

inside in orbits where their gas shells are blown off, resulting in the formation of water

worlds. However, since I do not study orbital dynamics, I will not speculate further on

the formation of these planets.

Another direction of distinguishing water worlds and sub-Neptunes that has not

yet been sufficiently explored by planetary scientists is from the perspective of material

properties and the type of structure that makes the most sense for these planets. For

the sake of simplicity, the majority of the exoplanet community treats sub-Neptunes and

water worlds as two distinct species—one with a gas envelope and a rocky core, and the

other with a water envelope and a rocky core. However, if they were to examine what

we have in the solar system, namely Uranus and Neptune, they would see that neither

falls into either of these categories. In fact, Uranus has a transition from a layer of gas,

to a layer of ice and water, to a rocky core. Of course, we will not know for sure until

NASA’s next flagship mission to Uranus.

Uranus is essentially a hybrid of a sub-Neptune and a water world, which has

been a topic of interest for many. In the simplest picture astronomers have of these

planets, they have layered structures with distinct boundaries, one layer of gas/water

and one layer of rock. They use equations of state for H2/H2O and MgSiO3 to build

interior structures. However, these mock planets are quite inaccurate in the eyes of any
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high-pressure physicist studying these materials. As pressure increases, especially in the

megabar range, the valence electrons that define the chemical behavior of an element

are squeezed into a small space, and electron degeneracy becomes more pronounced,

rendering the chemical distinctiveness of these species less and less significant. The

macroscopic manifestation of this is that the miscibility of these chemical species, which

is distinct at ambient pressure, becomes much higher—gas will mix with water and water

with rock.

From the point of view of material properties, the arbitrary boundary between

sub-Neptunes and water worlds becomes quite unnecessary. Astronomers often use the

mass-radius relation to determine the structure of exoplanets with observed masses and

radii. However, the problem is that these lines, derived from pure H2O or pure MgSiO3,

are unlikely to be informative in determining the structure of these planets. In fact, it’s

more accurate to say that a pure water or rock layer probably doesn’t exist anywhere,

but rather in some new phases whose chemical composition is a mixture of both.

It would be challenging, but not impossible, to use quantum mechanical simulations

such as DFT to build a unit cell of some combination of atoms with this mixture and

test its stability. However, DFT has the fallacy of not always predicting the stable

phase. One possible solution to this problem would be to look to the ice giants, inclduing

Uranus, in our solar system. If the upcoming ice giant mission takes a polar orbit, as the

Juno mission did for Jupiter, we would soon get a moment of inertia measurement that

will give us much better constraints on the density distribution in ice giants (Movshovitz

and Fortney 2022). We would know at the first order whether the water-rock layer is

continuous or has a sharp boundary.
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Such a discovery would have profound implications for Uranus as well as exoplanets.

If the boundary is distinct, with water, then ice, and then rock layers, there will be a

thermal boundary between water and ice that traps significant heat inside the planet.

Alternatively, if the water/ice and rock layers form a more continuous profile in density,

we might expect to see something that looks more like a double-diffusive connection,

such as something we see in our ocean or inside Jupiter, sustained by this gradient.

Once we distinguish between these two scenarios, we can compare the density to the

density of the ice-rock mix phase we found in DFT and significantly narrow down which

mineral/phase is actually allowed in Uranus and more broadly speaking, in sub-Neptunes

or water worlds.

This may seem like a tangent, but it is actually an essential step in understanding

exoplanet structures. Just as climate models often use incorrect scaling laws to describe

raindrops and clouds, many exoplanet models use oversimplified equations of state

to approximate the internal structures of these planets. To truly understand these

exoplanets and how their structures differ from one another, we need to dig deeper and

study the microphysics of the materials that actually exist inside them and how they

change with depth and temperature over time.

Many of the ideas presented here about this different kind of water world were

derived from many insightful conversations I had with Lars and Robin. In the spring of

2023, Planetary Journal Club (PJC), a joint journal club between EPS and the Center

for Astrophysics, dedicated a semester to discussing this topic, and I borrowed the title

of this section from PJC, which I believe was originally suggested by Robin.
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5.3 The Philosophy of Drawing a Phase Boundary

Mike Walter, the director of Carnegie’s Earth and Planets Laboratory, asked a

thought-provoking question during my interview for their postdoctoral fellowship about

my phase boundary work (Chapter 4). He asked, “JJ, your machine learning approach

to determining a global inversion of the phase boundary is interesting, but what if some

or even most of our previous experiments were wrong? How will we ever know the true

phase boundaries?” I was initially stumped by this question and couldn’t come up with

a convincing answer.

Mike astutely highlighted the philosophical challenge present in my work. Here, I

will take some space to share my thoughts, which have accumulated over the five years I

spent on this phase transition project. The immediate goal of Chapter 4 is to establish a

boundary for the post-spinel transition in Mg2SiO4. A number of experimental datasets

have been produced by different groups at various times, with each work drawing its

own post-spinel phase boundary based on the respective dataset. This would not pose a

problem if all the boundaries were consistent; however, the reality is that these studies

have produced vastly different results. While I have no intention of challenging the

expertise of the experimenters who produced the existing results, I am, in fact, humbled

by the effort and meticulousness in their work. The time devoted by many of these

experimenters to their own experiments is several orders of magnitude greater than the

time I spent on my two visits to Argonne. Although I believe each group has tried their

best to produce the “best” boundary based on their experience, we are still faced with

the practical question of whose boundary to trust.

Historically, attempts have been made to reconcile these experiments through the
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intercalibration of different pressure scales. Initially, all experimental observations

used to draw boundaries were measured using different pressure scales, such as gold,

platinum, magnesium oxide, and sometimes salts. When comparing phase stability

observations measured with these different pressure scales, inconsistencies among them

might introduce significant systematic errors to the perceived phase boundaries of

each group. If pressure calibration was the only source of significant systematic errors,

correcting historical data should resolve the issue, and any remaining errors in the

dataset could be assumed to be random. Consequently, these random errors should and

can be addressed using some statistical method (and devising such statistical method

is what I am committed to in Chapter 4). Several brilliant experimentalists devoted

nearly a decade to finding a unified, intercalibrated scale across various metals, oxides,

and salts. However, even with the best available cross-calibration to correct historical

data, we can only resolve most, but not all discrepancies among the existing dataset.

Are the remaining discrepancies between datasets suggesting that some fraction of data

is wrong? Or is there still an unknown systematic error that we could correct to resolve

the last bit of discrepancy?

The issue now revolves around the tension between systematic errors and random

errors. It seems that some additional systematic error is obstructing our attempts to

find a consistent post-spinel boundary. Thus, to rephrase Mike’s question slightly, he is

essentially expressing concern about these additional unknown systematic errors, asking,

“How can we ever know the true phase boundaries if some of our previous experiments

are wrong or alternatively they suffer from some additional systematic errors?” So the

ultimate philosophical challenge arises here: in either case, how can we draw a “true”

phase boundary when we still have these unknowns?
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Months later, in March 2023, I attended a roundtable discussion called ”Stylistic

Pluralism and Objectivity in the Sciences” with two of my favorite philosophers of

science, Hasok Chang and Peter Galison. Although this discussion was, at face value,

unrelated to Mike’s question, philosophically it touched on the heart of Mike’s concern.

In the roundtable, Peter raised an important point shared by Hasok and many

philosophers of science today—there is a difference between ”styles of reasoning” or

“systems of practice” in science, and the metaphysical binary of truth and falsity in

epistemology. Scientific objectivity may first appear to be ontological prima facie, but it

actually has had multiple meanings in its history; an “objective” way of doing science in

practice is not as transcendent as the metaphysical sense of the word ”truth”. When

doing science, instead of focusing on whether something is true or not, we often focus

on developing pragmatic methodological tactics that help us solve problems. After all,

most practitioners of science are less interested in metaphysical questions and more

interested in finding practical solutions. This procedural (instead of propositional) notion

of knowledge can be traced back to Percy Bridgman’s operationalism, who declared that

the meaning of a concept consisted solely in the method of its measurements. Hasok

brought back Bridgman’s empiricist doctrine and summarized it elegantly: “knowledge

resides in activities.”

We have already learned from the history of science that the “true” nature of an

object or its ontology is an unmanageable concept to work with. As we gain more

access to the inner workings of an object, our understanding of its “true” nature

constantly shifts, resulting in a complex and disjointed empirical world that lacks a

unified ontology. For example, we once believed that all particles behaved classically

according to Newtonian mechanics, but now we know that small particles like electrons
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and hydrogen atoms can also behave like waves. Each such modification changes the

ontology of the particle as we once knew it. Although I acknowledge the potential

existence of the ontology of the world, we may only gain clarity about it at “the end of

the inquiry.” We are not yet at the point in science where we can approach ontology in a

constructive way.

Once again, a pragmatic scientist would not be concerned with the issues mentioned

above; they often show little to no interest in the so-called ontology of the object they’re

studying. Instead, their main focus is on developing ad hoc methodological tactics to

solve immediate problems in their daily investigations in the lab or on the computer.

So, I will use Peter’s comment to explain the rationale of my work. Instead of falling

into the metaphysical trap of contemplating the unknowns and asking how we know

where the phase boundaries really are, it’s better to first understand and improve our

approach to finding a phase boundary. In the past, experimentalists would simply look

at a boundary and draw it by hand after making a series of phase stability observations.

The experimenter’s subjective judgment dictated how they perceived, quite literally, the

location of a phase boundary through their own visual analysis. Compared with the

remaining “unknown” systematic errors and a subset of potentially wrong data, the

eye-balling approach to drawing a phase boundary poses a much bigger existential threat

to our ability to determine where a phase boundary is from empirical evidence.

Similar to the scientist in Peter’s analogy, I’m not committed to the ultimate

ontology of the object I’m studying, which in this case is the ”true” location of a phase

boundary. Instead, I’m interested in developing a robust methodological tactic for

determining a phase boundary from existing empirical evidence. In this work, more
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specifically, my goal is to use statistical optimization to extract and utilize all of the

available data to draw a phase boundary and to maximize coherence with the global

inversion strategy based on all of our empirical knowledge about a given phase boundary.

Now, finally returning to Mike’s question, “What if some of the existing experiments

are wrong, [or suffer from unknown systematic errors]?” My response would be that we

would simply need more empirical evidence to show they are either wrong or suffer from

systematic errors. The less likely counterfactual scenario where most of our existing

experiments were wrong or suffered from unknown systematic errors, as well as our

ultimate concerns about our inability to know anything, are in fact external to the

methodology I’m designing here. I might even feel comfortable stating that even if some

of the existing phase observation data I include are likely to be “wrong,” the phase

boundary we provided from the global inversion is still faithful to all of our current

empirical evidence about the relevant phase relations. If additional empirical evidence in

the future suggests that a particular phase transition occurs at a different location than

the one presented in the figures in Chapter 4, I wouldn’t be surprised, because I never

make any guarantees about the ontology of a phase boundary from my work.

However, since we have developed a robust method based on our prior, potentially

incorrect empirical evidence, we can quickly incorporate new empirical evidence into our

phase diagram investigation using the same methodology when needed. Any potential

contradictory empirical evidence to the phase boundary I have produced here in my

dissertation cannot be known a priori by the method itself. Nevertheless, as long as

the method is robust and coherent, it can easily be used to provide a different, yet

still faithful, representation of our new empirical landscape as critical new evidence

emerges. Therefore, I am not suggesting that the specific phase boundaries I produced
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in Chapter 4 is “objective” and “true.” Instead, like Peter, Hasok, and Bridgman, I am

not interested in such metaphysical exercises. My focus is on creating a method that

remains viable regardless of the empirical evidence at the time and has the potential to

provide a robust representation of the object as new empirical evidence emerges.
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Supplementary Materials for

Chapter 2

A.1 Thermodynamic Model of Water Storage

Capacities in Nominally Anhydrous Minerals

Water is dissolved in nominally anhydrous minerals (NAMs) as hydroxyl groups (OH),

and the water storage capacity is primarily controlled by the amount of point defects

and at which sites they substitute with OH- groups. The thermodynamics of water

storage capacity can be generalized by considering the following reaction (Keppler and

Bolfan-Casanova 2006):

n

2
H2O+

n

2
O2− = (OH−)n (A.1)
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for which the equilibrium constant is:

K =
a(OH−)n

f
n
2
H2O

· a
n
2

O2−

(A.2)

where aO2− and a(OH−)n are the activities of the unprotonated oxygens and hydroxyls,

respectively; fH2O is the water fugacity; and n is the fugacity exponent. Assuming that

the unprotonated oxygens have an activity of approximately unity and remain constant

throughout the reaction (aO2− ∼ 1) and that OH− is a dilute species, and its activity

equals its concentration (a(OH−)n ∼ c(OH−)n ∼ n · cOH−), the hydroxyl concentration in

NAMs can be expressed as:

cOH− =
1

n
· f

n
2
H2O

·K (A.3)

For a given Mg endmember mineral, the equilibrium constant K can be described

by:

∆G∗ (P, T ) = −RT lnK = ∆H∗ − T∆S∗ +∆V ∗(P − P0) (A.4)

where ∆G∗ is the Gibbs free energy of hydration, ∆H∗ and ∆S∗ are the hydration

enthalpy and entropy, respectively, at a reference pressure P0, ∆V ∗ is the volume change

in the solid upon hydration, and R is the universal gas constant.

The Gibbs free energy of the concentration of hydroxyl defects (i.e., water storage

capacity) in NAMs, ∆G, is a function of the solid solution composition (e.g., the mole

fraction of iron, XFe). In ideal (Mg,Fe) solid solutions with minor amounts of Fe2+, the

Gibbs free energy of hydration may be approximated as a MacLaurin series (Schmalzried

1994; Zhao et al. 2004):

∆G∗ (P, T,XFe) ∼ ∆G∗ (P, T ) +XFe ·∆G∗ (P, T )′ + high-order terms (A.5)

where XFe · ∆G∗(P, T )′ represents the deviation of the Gibbs free energy of hydration

from that of the Mg endmember due to the presence of iron. For a small amount of
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Fe, as in mantle silicates, the higher-order terms may be neglected. By combining Eq.

A3–A5, we can express the water concentration cOH− in moles as:

cOH− =
1

n
· f

n
2
H2O

· e
∆S∗
R

−∆H∗
RT

−∆V ∗·(P−P0)
RT

−∆G∗(P,T )′·XFe
RT (A.6)

cH2O =
1

2
cOH− (A.7)

which, under water-saturated conditions, is equal to the water storage capacity. Eq. A6

can be further simplified into Eq. 1 of the main text in wt.% or ppm wt.:

ln(cH2O) = ln(
1

2n
) + a+

n

2
· ln(fH2O) +

b+ c · P + d ·XFe

T
(A.8)

where a, b, and c are constants related to the changes in entropy, enthalpy, and volume

of the hydration reaction, respectively, and d is related to the compositional effect.

At mantle-relevant conditions where P ≫ P0, P0 (typically 1 bar) becomes negligible

(i.e., P − P0 ∼ P ). The water fugacity was calculated by parameterizing the modified

Redlich-Kwong (MRK) equation of state (Frost and Wood 1997; Holland and Powell

1991; Otsuka and Karato 2011).

A.2 Selection and Correction of Experimental Data

on Water Storage Capacities in NAMs

It is possible that one of our criteria for selecting experimental data on water storage

capacity, the presence of a liquid phase, is not sufficient to ensure that water storage

capacities in NAMs have been established, especially at higher pressures when the liquid

phase is hydrous melt if the NAMs of interest coexisted with water-undersaturated melt.
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However, the water contents in the coexisting melt are often not reported in literature.

Thus, we did not exclude any dataset based on water content in the melt.

Moreover, for wadsleyite and ringwoodite, we excluded experiments at temperatures

less than 1673 K. At lower temperatures than this, their water concentrations approach

the structural limit for water storage capacity (Kudoh et al. 1996); i.e., there are no/few

available unprotonated oxygen atoms, which likely causes the water storage capacity

to become temperature-independent and deviate from the trend predicted from the

thermodynamic model (Demouchy et al. 2005).

Quantitative determination of water storage capacities in NAMs has often made

use of FTIR spectroscopy. Earlier FTIR measurements were based on two empirical

calibrations of the strength of frequency-dependent OH absorption bands that are generic

to all water-/hydroxyl-bearing minerals (Paterson 1982; Libowitzky and Rossman 1997),

which bear uncertainties as high as 30–50% and are inconsistent with one another.

In addition, these infrared absorption calibrations may cause unsystematic errors in

water concentration determination with the use of unpolarized light, and the associated

uncertainty remains difficult to assess. Several independent and more accurate infrared

absorption calibrations were later established specifically for OH in olivine, including

Bell et al. (2003) (cross-calibrated with 15N nuclear reaction analysis) and Withers et al.

(2012) (cross-calibrated with ERDA). The Bell et al. (2003) calibration revises the water

measurements upward based on the Paterson (1982) or Libowitzky and Rossman (1997)

calibrations by a factor of 2–4, and the Withers et al. (2012) calibration gives water

concentrations of ∼2/3 of the value from the Bell et al. (2003) calibration. To ensure

the compiled water storage capacity measurements are internally consistent, we have

corrected all the FTIR measurements for olivine to the Withers et al. (2012) calibration.
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Though no independent infrared absorption calibration has been established specifically

for OH in either wadsleyite or ringwoodite, it has been shown that the Paterson (1982)

calibration underestimates water concentrations in wadsleyite and ringwoodite by

approximately 55% relative to the ERDA technique (Bolfan-Casanova et al. 2018). Here,

we corrected those water concentrations in wadsleyite and ringwoodite determined by

FTIR based on the Paterson (1982) calibration by this amount.

Some water storage capacity measurements considered in this study were made

using another method, SIMS, which was often calibrated against standards whose

water concentrations were determined from FTIR. It has been shown that the SIMS

measurements are typically in good agreement with the ERDA measurements (an

absolute method for water measurement), at least for olivine (Bolfan-Casanova et al.

2018), so SIMS data in the compilation remain uncorrected. It would be ideal if the

regressions were performed with the sub-dataset of either FTIR measurements or SIMS

measurements exclusively, to avoid any potential systematic error from mixed-use of

measurements obtained by two different techniques. At the moment, both FTIR and

SIMS measurements are, however, required to encompass the P–T conditions of both

the present-day and early mantle. The possible errors arising from the mixed-use of the

two techniques are included in the variances of the regression coefficients, which have

been incorporated in the Monte Carlos simulation (Table S4).
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A.3 Parametrization of the Earth’s Hypsometric

Curve

To reconstruct the bathymetry curve (ocean floor topography from the ridge axis), a

hybrid area–age distribution of the seafloor was assumed, evolving from a rectangular

distribution to a triangular distribution as a linear function of χ = Acc

A∗
cc
, where χ is the

ratio of Archean (Acc) to present-day (A∗
cc) continental area. The age–area distribution

of the ocean floor can be parametrized as (Flament et al. 2008):

dA

dτ
= υ · (1− χ

τ

τmax

) (A.9)

τmax = υ · 2Aoc

2− χ
(A.10)

where υ is the global rate of seafloor spreading, Aoc is the surface area of Earth’s

oceanic crust (Aoc = AEarth − Acc), and τ and τmax are the age of the oceanic floor and

its maximum value, respectively. It has been suggested that the observed triangular

distribution of the present-day seafloor age is a deviation from the theoretical rectangular

distribution due to the presence of continents (Coltice et al. 2013).

A classical half-space cooling model was used to describe the subsidence of oceanic

plates, and the depth to the ocean floor from the sea level (d) can be parameterized as

(Korenaga et al. 2017):

d (τ, Tp) = d0 (Tp) + b (Tp) ·
√
τ (A.11)

b (Tp) = b0 ·
Tp

Tp,0

(A.12)

where the zero-age depth of mid-ocean ridges d0(Tp) and the subsidence rate b(Tp)

depend on mantle potential temperature Tp (with modern value Tp,0 = 1627 K), and b0
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= 0.323 km/
√
Ma (Korenaga and Korenaga 2008). In fact, the volumes of ocean basins

(from ocean floor to sea level) are not only associated with ridge spreading rate but also

influenced by dynamic topography (Gurnis 1992). The global rate of seafloor spreading

is taken as its present-day value, υ = υ0 ∼ 3 cm/yr (Rowan and Rowley 2016), consistent

with the recent paleomagnetic evidence for modern-like plate motion velocities at 3.2 Ga

(>2.50 cm/yr Brennan et al. 2020) as well as the scaling law for plate velocity adopted

in Korenaga (2013) and Korenaga et al. (2017) (cf. the slower plate tectonic scenario in

Korenaga et al., 2017). The bathymetry model described here remains kinematic but

serves as a first-order estimation on time scales of >109 years (Conrad 2013).
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Figure A.1 (following page): Water storage capacity profiles for Tp = 1550–

1950 K generated from the Monte Carlo sampling. In the upper panels, the thick

blue curves correspond to the optimal water storage capacity profiles through a series

of mantle geotherms at Tp = 1550–1950 K. These optimal profiles were calculated with

the combination of the best fit parameters listed in the Supplementary Information and

Table S4. The light blue curves correspond to 104 samples in a representative set of

Monte Carlo simulations. In the lower panels, the contributions of individual NAMs to

bulk water storage capacity are shown.
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Figure A.2: Distributions and differences in bulk mantle water storage capac-

ities for Tp = 1550–1950 K generated from the Monte Carlo sampling. The

sampling results are drawn as violin plots for the temperature-dependent storage capacity

scenarios. Each histogram shows the statistical distribution of the sampled bulk mantle

water storage capacities. The white dots and bold black lines in the histograms represent

the medians and interquartile ranges, respectively.
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Figure A.3: Distributions and differences in lower mantle water storage ca-

pacities for Tp = 1550–1950 K generated from the Monte Carlo sampling. The

sampling results are drawn as violin plots for the temperature-dependent storage capacity

scenarios. Each histogram shows the statistical distribution of the sampled lower mantle

water storage capacities. The white dots and bold black lines in the histograms represent

the medians and interquartile ranges, respectively.
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Figure A.4: Isostacy schematic for the continental freeboard modeling. The

present-day sea level (d) is flush with the top of the continental column. A sea level

increase (h ¿ 0) would cause additional flooding of the continents, and the flooded fraction

is determined by the ocean volume and hypsometric curve.
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Table A.4:: Coefficients and Covariance Matrices of Parameterizations for the Water

Storage Capacity Model, as Applied to Olivine, Wadsleyite, and Ringwoodite at High

Pressure and Temperature.

Phase Coefficients (SE)* Covariance matrix

olivine

n b n b

0.6447 (0.0483) 4905.5403 (416.2888) n 0.002336626 -19.08137476

b -19.08137476 173296.3502

wadsleyite

a b a b

-7.6356 (0.8952) 13739.5371 (1602.2032) a 0.8012935 -1428.74358

b -1428.74358 2567055.173

ringwoodite

a b a b

-6.8856 (1.3651) 12206.2676 (2400.7947) a 1.863515 -3271.070854

b -3271.070854 5763815.154

*Regression coefficients are shown with standard errors (SE) in parentheses.
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Table A.5:: Tabulated Parameters for Water Partition Coefficient Calculations in Eq.

2.2

Partition coefficient A n ∆V ∆H Ref.

(ppm/barn) (cm3/mol) (kJ/mol)

olivine 0.0066 1 10.6 — K96

Al-free orthopyroxene 0.01354 0.5 12.1 −4.563 M07

Al-bearing orthopyroxene* 0.042 0.5 11.3 −79.685 M07

clinopyroxene 7.144 0.5 8.019 — B04

garnet 0.679 0.5 5.71 — LK97

*The total water storage capacity in orthopyroxene is the sum of the water storage

capacity in MgSiO3 enstatite (Al-free orthopyroxene) and the additional water storage

capacity contributed from its Al3+-coupled substitution (Al-bearing orthopyroxene).

K96: Kohlstedt, D. L., Keppler, H., & Rubie, D. C. Solubility of water in the α,

β and γ phases of (Mg,Fe)2SiO4. Contributions Mineral. Petrol. 123(4), 345-357 (1996);

M07: Mierdel, K., Keppler, H., Smyth, J. R., & Langenhorst, F. Water solubility in

aluminous orthopyroxene and the origin of Earth’s asthenosphere. Science 315(5810),

364-368 (2007); B04: Bromiley, G. D., Keppler, H., McCammon, C., Bromiley, F. A.,

& Jacobsen, S. D. Hydrogen solubility and speciation in natural, gem-quality chromian

diopside. Am. Mineral. 89(7), 941-949 (2004); LK97: Lu, R., & Keppler, H. Water

solubility in pyrope to 100 kbar. Contributions Mineral. Petrol. 129(1) 35-42 (1997).
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Appendix B

Supplementary Materials for

Chapter 3

B.1 Density–Pressure Profiles for the Martian

Mantle

Conversion from pressure to depth was performed using a thin shell calculation based

on the density–pressure profiles pertinent to the potential temperature and bulk

composition:

hi+1 =
Pi+1 − Pi+1

(ρi+1+ρi)·gi
2

= ri − ri+1 (B.1)

Vi+1 =
4π

3
[r3i − (ri − hi+1)

3] =
4π

3
(r3i − r3i+1) (B.2)

gi+1 =
G(M−

∑n
i Vn+1

ρn+1+ρn
2

)

(ri − hi+1)2
=

G(M−
∑n

i Vn+1
ρn+1+ρn

2
)

r2i+1

(B.3)
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where G is the gravitational constant (G = 6.67408 × 10–11m3/kg/s2); the mass M and

radius R0 of Mars are 6.4171× 1023 kg (Konopliv et al. 2011) and 3390 km, respectively;

and the fictitious density of Martian surface rock ρ0 is 3 kg/m3.
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Figure B.1 (following page): Adiabatic temperature gradients (colored solid

lines) of the “T13” Martian mantle computed with HeFESTo (Stixrude and

Lithgow-Bertelloni 2005, 2011). Adiabats are shown for potential temperatures of

1500–1900 K, with a spacing of 50 K. When adiabats of the convective solid mantle inter-

sect its solidus, the actual mantle temperature will either continue to follow the adiabats

if the melts remain within the source rocks (e.g., in a deep mantle upwelling), or the

temperature will be deflected to follow the mantle solidus (e.g., in the case of lithospheric

thinning) as the primary melts produced at the solidus temperature are extracted and

ascend along their respective adiabats (colored dashed lines Collinet et al. 2021). Which

of these two cases will arise depends on the geodynamic setting of mantle melting (cf.

Rey 2015). The geodynamics of Martian mantle melting remain poorly constrained, and

in this study the solid mantle adiabats are taken as a first-order approximation to the

temperature gradients of the shallow mantle where the adiabats exceed the solidus. A

temperature variation of ∼100 K (e.g., between the solid mantle adiabats and the melt

adiabats) in the shallow mantle contributes an uncertainty of ¡0.1% of one Earth’s ocean

mass (¡0.001 OM) and is negligible. Only the unmelted portion of the shallow mantle

is included in the bulk mantle water storage capacity calculations. The respective melt

fraction at a specific P–T is estimated based on Collinet et al. (2021). Several Mar-

tian mantle solidi from the literature are shown as black curves: Duncan et al. (2018)

(dashed), Ruedas and Breuer (2017) (dashdotted), Kiefer et al. (2015) (dotted), Collinet

et al. (2021) (solid), and Filiberto and Dasgupta (2011) (dot-dot-dashed). The solid grey

curve is the solidus for Earth’s mantle from Herzberg et al. (2000).
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T13

a) TP = 1600 K

b) TP = 1900 K

Figure B.2: Examples of calculated phase assemblages for the “T13” Martian

mantle along the 1600 K (a) and 1900 K (b) adiabats. The upper panels show

modal phase proportions along the adiabats (colored regions, left axes) and the temper-

ature along the adiabat (white curves, right axes). The lower panels show the Mg of

olivine, wadsleyite, and ringwoodite along the adiabats.
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LK19 (EH+L)

a) TP = 1600 K

b) TP = 1900 K

Figure B.3: Examples of calculated phase assemblages for the “LK19 (EH+L)”

Martian mantle along the 1600 K (a) and 1900 K (b) adiabats. The upper

panels show modal phase proportions along the adiabats (colored regions, left axes) and

the temperature along the adiabat (white curves, right axes). The lower panels show the

Mg of olivine, wadsleyite, and ringwoodite along the adiabats.
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LK19 (EL+H)

a) TP = 1600 K

b) TP = 1900 K

Figure B.4: Examples of calculated phase assemblages for the “LK19 (EL+H)”

Martian mantle along the 1600 K (a) and 1900 K (b) adiabats. The upper

panels show modal phase proportions along the adiabats (colored regions, left axes) and

the temperature along the adiabat (white curves, right axes). The lower panels show the

Mg of olivine, wadsleyite, and ringwoodite along the adiabats.
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YM20

a) TP = 1600 K

b) TP = 1900 K

Figure B.5: Examples of calculated phase assemblages for the “YM20” Mar-

tian mantle along the 1600 K (a) and 1900 K (b) adiabats. The upper panels

show modal phase proportions along the adiabats (colored regions, left axes) and the

temperature along the adiabat (white curves, right axes). The lower panels show the Mg

of olivine, wadsleyite, and ringwoodite along the adiabats.
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K22

a) TP = 1600 K

b) TP = 1900 K

Figure B.6: Examples of calculated phase assemblages for the “K22” Martian mantle

along the 1600 K (a) and 1900 K (b) adiabats. The upper panels show modal phase

proportions along the adiabats (colored regions, left axes) and the temperature along the

adiabat (white curves, right axes). The lower panels show the Mg of olivine, wadsleyite,

and ringwoodite along the adiabats.
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Figure B.7 (following page): Pressure or temperature effects on the water storage

capacities of (a) olivine, (b) wadsleyite, and (c) ringwoodite at selected P–T

conditions. The open circles are a subset of the experimentally-determined water storage

capacity data, at these P–T. Their associated error bars are not displayed for clarity. The

blue curves correspond to 104 regressions in a representative set of bootstrapping (see

Section 2 of the main text for details).
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a)

b)

c)
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Figure B.8: Best-fit water storage capacity profiles along mantle adiabats for

five BSM compositions at (a) Tp = 1600 K in blue and (b) Tp = 1900 K in

red. “T13”: bold solid, “YM20”: dotted, “LK19 (EH+L)”: dashed, “LK19 (EL+H)”:

dot-dashed, and “K22”: dot-dot-dashed.
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Table B.1:: Bulk Silicate Mars Composition Based on Taylor (2013)

Component Oxide Component Cations

(wt%) (10 atoms)

MgO 30.5 Mg 4.07714

Al2O3 3 Al 0.32128

SiO2 43.7 Si 3.91862

CaO 2.4 Ca 0.23347

TiO2 0.1 Ti -

FeO 18.1 Fe 1.35735

Na2O 0.5 Na 0.09214

P2O5 0.2 P -

Cr2O3 0.7 Cr -

MnO 0.4 Mn -

Total 99.8 10

Mg# (molar) 75 Mg/Si (wt) 0.9
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Table B.2:: Bulk Silicate Mars Composition Based on Liebske and Khan (2019)

(“EH+L”)

Component Oxide Component Cations

(wt%) (10 atoms)

MgO 27.9 Mg 3.68255

Al2O3 2.8 Al 0.29218

SiO2 49.9 Si 4.41816

CaO 2.1 Ca 0.19922

FeO 16 Fe 1.18474

Na2O 1.3 Na 0.22316

Total 100 10

Mg# (molar) 76 Mg/Si (wt) 0.72
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Table B.3:: Bulk Silicate Mars Composition Based on Liebske and Khan (2019) (2019)

(“El+H”)

Component Oxide Component Cations

(wt%) (10 atoms)

MgO 30.5 Mg 3.96081

Al2O3 3.1 Al 0.31827

SiO2 50 Si 4.35563

CaO 2.1 Ca 0.196

FeO 13.5 Fe 0.9835

Na2O 1.1 Na 0.18578

Total 100.3 10

Mg# (molar) 80 Mg/Si (wt) 0.79
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Table B.4:: Bulk Silicate Mars Composition Based on Yoshizaki and McDonough (2020)

Component Oxide Component Cations

(wt%) (10 atoms)

MgO 31 Mg 4.06275

Al2O3 3.59 Al 0.43313

SiO2 45.5 Si 4.02396

CaO 2.88 Ca 0.27128

TiO2 0.17 Ti -

FeO 14.7 Fe 1.10832

Na2O 0.59 Na 0.10056

P2O5 0.17 P -

Cr2O3 0.88 Cr -

MnO 0.37 Mn -

Total 99.85 10

Mg# (molar) 79 Mg/Si (wt) 0.88

188



APPENDIX B. SUPPLEMENTARY MATERIALS FOR CHAPTER 3

Table B.5:: Bulk Silicate Mars Composition Based on Khan et al. (2022)

Component Oxide Component Cations

(wt%) (10 atoms)

MgO 32.81 Mg 4.24162

Al2O3 3.49 Al 0.3567

SiO2 46.66 Si 4.04638

CaO 2.66 Ca 0.24716

FeO 13.68 Fe 0.99213

Na2O 0.69 Na 0.11601

Total 99.99 10

Mg# (molar) 81 Mg/Si (wt) 0.91
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Appendix C

Supplementary Materials for

Chapter 4

C.1 Experimental Procedures

Short symmetric cells and a gas-membrane cell were used with 300 µm culet diamonds

anvils to generate high pressure. Re gaskets were pre-indented to 20–28 GPa using the

ruby fluorescence pressure and diamond anvil Raman (Akahama and Kawamura 2006;

Dewaele et al. 2008), and the Re gaskets were drilled to form a sample chamber with 120

µm diameter.

Starting material was powdered synthetic forsterite Mg2SiO4 (Alfa Aesar, synthetic,

99%). W powder (Alfa Aesar, puratronic, 99.999%) was ground and mixed in with the

sample material in a ratio of ∼1:3 by volume using a ball mill. The bulk composition

and homogeneity of the starting material were confirmed by energy-dispersive X-ray
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spectroscopy (EDS). The powder mixtures were compressed between two diamond anvils

to form a flake ∼10 µm thick, then loaded between two layers of KCl. The KCl powder

was oven-dried for at least 6 hours before sample loading. The samples were handled

under clean, dry conditions at all stages of preparation and baked at 393–413 K (120–140

°C) under vacuum for 1–7 hours to remove residual moisture after loading but before

closing the cell.

During laser heating, the sample was heated from both sides by two identical Yb

fiber lasers (λ = 1064 nm). The X-ray beam was monochromatized to a wavelength of

0.3344 Å and focused to an area of 5.3 µm × 4.4 µm at GESCARS, and to a wavelength

of 0.4066 Å and focused to an area of 2.9 µm × 4.8 µm at HPCAT. Diffraction images

were recorded with X-ray exposure times of 3–60 seconds and then were integrated into

1-D patterns using Dioptas (Prescher and Prakapenka 2015).

Backgrounds of the integrated XRD patterns were identified using the least-squares

fit of the Chebyshev series to data (implemented with the NumPy package in Python,

Harris et al., 2020) and then subtracted. The peaks of W and KCl were identified and

fitted with a combination of Gaussians, Lorentzians, and Voigt functions (implemented

with the lmfit package in Python, Newville et al., 2014; Ostrouchov, 2018), and their

2θ values (related to the angles of diffraction) were estimated and used to calculate the

unit cell parameters of W and KCl. Typically, the diffraction lines of (110), (200), (211),

(220), (310) and (321) were used to determine the unit cell volume of W; (110), (200),

(211) and (220) for the unit cell volume of KCl. The diffraction lines, their precision,

and the propagated error to pressure were reported with the estimated pressure for each

data point in Table S1
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C.2 Phase Identification and Phase Boundary

Detection

In general, 1) we used the first appearance of the peaks from the newly formed phase(s)

between two consecutive diffraction patterns to detect phase transition, and 2) we tracked

the trend of the peak intensity of the existing phase(s) between the phase boundaries

detected in each heating cycle. The downside of the second criterion is that changes

in peak intensity may also result from the non-random orientation of a small number

of newly formed crystal grains and/or peak sharpening upon heating (e.g., Chanyshev

et al. 2022). Therefore, as an additional criterion, we relied on the “spottiness” of Debye

rings in the 2D XRD images to track the stability of existing phase(s) when the intensity

of their diffraction peaks does not change in the same direction. In addition, to avoid

mistaking variations in peak intensity and location caused by temperature drop for phase

transitions, we excluded any diffraction pattern with a temperature drop of >50 K in

the heating path.

One of the goals of this study is to explore the location of the Mg2SiO4 triple

point as well as the high-temperature area between the triple point and the solidus.

To reach this target P–T range (∼21–23 GPa and 1900–2300 K), we started some of

our experiments 3–4 GPa lower than this target pressures to account for the thermal

pressure upon heating (from ∼17–20 GPa and 1300–1600 K). This choice means that

the newly formed rw and the relic wd often coexist throughout most of the experiment

because the P–T conditions are close to the wd ↔ rw phase boundary (with a lower

reaction rate when approaching the boundary, Chanyshev et al., 2022). wd with the

orthorhombic structure has a much higher density of diffraction peaks than rw with the
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cubic structure, most of which are located near corresponding cubic features in the XRD

patterns, which makes the detection of the first appearance of rw peaks particularly

challenging.

Ideally, we would want to reverse the P–T path and observe the phase transitions

again upon cooling. In practice, however, it is difficult to completely recombine the

dissociated bm + pe back to one single phase upon cooling for the time frame allowed for

fast-paced synchrotron experiments due to a slow diffusion rate (Shimojuku et al. 2014)

and the separation of the bm and pe grains (Ishii et al. 2018). Reversed experiments are

often only feasible in multi-anvil experiments because the compression-decompression

cycle and heating-cooling cycle can be controlled simultaneously and in small increments

by a resistance heater and a hydraulic ram. However, the accuracy of temperature

measurements in a multi-anvil press is limited by the thermocouple calibrations, and the

pressure effects on emf remains unconstrained experimentally at > ∼1000 K and, for

example, would introduce a systematic temperature error of > 80 K at 1773 K for the

type D thermocouple, which significantly affects the determination of Clapeyron slopes

(Nishihara et al. 2020b). Therefore, LH-DAC experiments provide an effective way to

collect a relatively large dataset with less systematic errors (at the cost of larger random

errors) in temperature measurements.
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C.3 Selection of Phase Stability Observations From

Literature

Historically, experimental studies determined the P–T conditions of a phase transition

using the ex situ method, and these ex situ studies (e.g., Ito and Takahashi 1989; Ishii

et al. 2011) reported pressures based on “fixed point” calibrations (typically with one at

room temperature and one at high temperature, e.g. Irifune et al. 2014). In these ex situ

experiments, however, pressure usually varies with temperature, and this temperature

dependence of pressure is a complex function of thermal pressure and material relaxation

and depends on the P–T path of the run (Fei et al. 2004). It is difficult to compare and

correct the pressures of these ex situ datasets, and we hence excluded them from the

compilation. For temperature correction, one in situ study, Fei et al. (2004), used the

type C (W95Re5–W74Re26) thermocouple; No extrapolatable calibration of its pressure

effects is available for the type C thermocouple (Li et al. 2003). Therefore, we also

excluded the Fei et al. (2004) dataset from the compilation. These excluded datasets

represent only a very small fraction of total data points of our data compilation, and

they had minimal effects on the location and slope of the post-spinel boundary when

they were included in the global analysis.

C.4 Supervised Learning Procedures

In the framework of supervised learning (Fig. S2), the data compilation was first split

into a train set (70%) and a test set (30%). The multi-class logistic model for the

Mg2SiO4 phase boundaries would be eventually evaluated on both the train set and
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test set because the model could overfit the train set to predict perfect responses but

fail to perform well in the unseen test set. In this study, we used the polynomials

of P and T by degree 1 to 5 to describe a phase boundary. Overfitting might occur

without supervised learning if the degree of the polynomial we chose is too large,

and to prevent overfitting, we applied a regularization method called Lasso, or L1

regularization. The regularization method constrains or regularizes the coefficient

estimates, βj, by modifying the least-squares loss function, L(β), into a regularized loss

function, LLasso(β) = L(β) + λ
∑n

i,j=1 |βi,j|, where λ is a scaler that assigns weights to

the regularization term, or the regularization strength, λ
∑n

i,j=1 |βi,j|. We then used λ to

discourage/penalize extreme values of βj to avoid overfitting: when λ is sufficiently large,

the regularized loss function LLasso(β) becomes increasingly sensitive to λ
∑n

i,j=1 |βi,j|; in

such scenario, a successful convergence would shrink βLasso to zero, or close to zero.

The hyperparameter (C), or the inverse of regularization strength (λ = 1
C
),

along with other parameter choices in the scikit-learn package including “multi class”

(classification strategies) and “solver” (algorithms to use in the optimization problem),

need to be tuned to optimize the multi-class logistic models. We performed (hyper-

)parameter tuning using grid search with k-fold cross-validation, in which the train set

was further split into k folds (k = 3–5): the model was trained using k–1 of the small

folds, and the resulting model was validated on the reminder of the train set, a single

fold held out as the validation set. The final evaluation of the parameters was based on

the average over the k folds.

The next step was to choose an evaluation metric. Two common metrics are

precision ( true positive
true positive + false positive

) and recall ( true positive
true positive + false negative

): for example, if

we were to draw a phase boundary between rw and bm + pe, precision describes the
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proportion of the data points the estimated phase boundary identified as rw actually

were rw ; while recall describes the proportion of all rw data points the estimated

phase boundary actually identified as rw. The precision and recall of a model are

inversely corelated, and in phase diagram determination, we need to maximize both

precision and recall. So, their harmonic mean is used as the evaluation metric, F1 score

(2 × precision×recall
precision+recall

) and it has the advantage of penalizing extreme values. A high F1

score means a better balance between precision and recall. The hyperparameter-tuned

model was then fit to the train set and test set, and the degree of polynomial that has

the maximum F1 score on the test set became the best-fit model. Then, we used the

multi-class logistic regression with the selected degree of polynomial to fit the original

data set (the train and test set recombined) and produced a statistically-optimized phase

diagram.

C.5 A Brief Review of Previous Data and Their

Comparison With This Study

To benchmark the logistic model used in this study, we applied the simple binary logistic

model (Kavner et al., 2011) with the assumption of a linear boundary to the individual

uncorrected literature dataset. The phase boundaries redetermined by on the logistic

models in general agree with the free-hand drawn boundaries, which validates the logistic

functions as a model to describe phase stability observations. We now review previous

individual experimental datasets and compare it with our global analysis.

The Clapeyron slope of the post-spinel transition in Mg2SiO4 has been studied

210



APPENDIX C. SUPPLEMENTARY MATERIALS FOR CHAPTER 4

extensively because of its relevance to the “660-km” seismic discontinuity, and except

for Chanyshev et al. (2022), the majority of the literature assumed a linear boundary.

Earlier experimental studies usually report a more negative Clapeyron slope for the

post-spinel boundary, −3–−4 MPa/K (Ito 1982; Ito and Takahashi 1989; Ito et al. 1990;

Akaogi and Ito 1993; Chopelas et al. 1994; Irifune et al. 1998); the pressures reported by

these earlier studies were determined ex situ based on “fixed-point” calibrations, so they

were more susceptible to systematic biases than in situ pressure scales (Li et al. 2022).

More recent work with improved experimental techniques (e.g., pressure determination,

phase identification, etc.) suggest the post-spinel slope is less negative, from −1–−2 to

virtually 0 MPa/K (Katsura et al. 2003; Fei et al. 2004; Ghosh et al. 2013; Ishii et al.

2011; Chanyshev et al. 2022). The estimates on the post-spinel Clapeyron slope have

become less negative over several decades of experimental investigation. This trend

suggests inadequate assumption of the linear boundary that would cause overestimation

of the post-spinel Clapeyron slope magnitude if it was averaged over a larger temperature

range: indeed, earlier experimental studies that reported the slopes of −3–−4 MPa/K

typically averaged their slopes between 1200 to 2100 K while more recent works averaged

their slopes of −1–−2 MPa/K over 1600 to 2100 K. The nonlinearity we introduced

in this study rendered the multi-class logistic model to capture the increasing negative

post-spinel slope that the linear assumption was insufficient to describe.

We also found a nearly vertical wd ↔ bm + pe boundary of 0.4+1.8
2.9 MPa/K at

2400±200 K, which is generally consistent with the dataset reported by Chudinovskikh

and Boehler (2001) and Hirose (2002). The Chudinovskikh and Boehler (2001) dataset

is uncorrectable due to the lack of the EoS information about its pressure scales, so it is

not included in our compilation and therefore can be considered as an independent test.
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Hirose (2002) suggested a slightly negative wd ↔ bm + pe slope (∼–2 MPa/K), but its

slope was only implied by a single pair of experimental brackets at 2273 K, so its slope

was not effectively constrained. In general, the wd ↔ bm + pe slope remains less well

constrained even with the compiled dataset, due to the increasingly scattered data above

the triple point.

Lastly, we found a wd ↔ rw slope of 6.2+1.6
−1.1 MPa/K at 1800±200 K, which is

consistent with the free-hand drawn slopes reported by Katsura and Ito (1989) and

Suzuki et al. (2000) (∼7 MPa/K) and slightly more positive than the free-hand drawn

slopes from Kuroda et al. (2000) and Inoue et al. (2006) (∼3–4 MPa/K). A relatively

more positive slope between 1500 and 2100 K is more consistent with the corrected

experimental observations and it is also more consistent with the phase diagram globally

because a relatively linear wd ↔ rw slope of ∼3–4 MPa/K would intersect and form at

a triple point that does not agree with the majority of the wd ↔ bm + pe boundary

observations (Chudinovskikh and Boehler 2001; Hirose 2002, this study). We noticed

that the redetermined wd ↔ rw slope (∼1 MPa/K) from the Suzuki et al. (2000) data is

significantly smaller than the values originally reported (∼7 MPa/K); it implies that the

wd ↔ rw boundary may become much more nonlinear when temperature is lower than

1500 K. Unfortunately, the low-temperature constraints on the wd ↔ rw boundary are

still lacking; our speculation on the nonlinearity of the wd ↔ rw boundary below 1500

K requires future experimental evidence to confirm.

212



APPENDIX C. SUPPLEMENTARY MATERIALS FOR CHAPTER 4

C.6 A Composite Mantle Temperature Model for

the “660-km” Discontinuity

The composite mantle temperature model for the “660-km” discontinuity estimates

the lateral variations in the mantle temperature at the “660-km” depths, T660 (Fig.

5a). It combines three existing thermal models derived from seismic, geophysical and

geodynamical constraints: 1) 2D kinematic models for subducting slabs (Syracuse et al.

2010), 2) global shear velocity constraints for plume-fed hotspots (Bao et al. 2022), and

3) globally compiled S660S observations for the ambient mantle (Waszek et al. 2021).

To extrapolate slab temperatures to the “660-km” depth, we used the P–T paths

of the slab surface for all arc segments from the W1300 case of Syracuse et al. (2010)

(up to 250 km). The gradients of most subduction temperature profiles become virtually

constant after 150 km (∼5 GPa) and vary between 0.3 and 0.5 K/km (Shirey et al.

2021). We, therefore, calculated the average slope of each subduction temperature profile

between 150–250 km (∼5–8 GPa) and then estimated the T660 for each subduction

segment by extrapolating their P–T paths to the 660-km depth with their respective

temperature gradient.

Our estimates of the T660 for plume-fed oceanic hotspots were obtained based on

their mantle potential temperature estimates reported by Bao et al. (2022) (Table S6).

We first calculated the mantle adiabats for each plume-fed oceanic hotspot with their

respective mantle potential temperature using HeFESTo, assuming a depleted MORB

mantle (DMM). We then took the mantle temperature at the “660-km” depth along the

respective mantle adiabat as the T660 for that specific hotspot.

213



APPENDIX C. SUPPLEMENTARY MATERIALS FOR CHAPTER 4

Similarly, our estimates of the T660 for the ambient mantle were extrapolated from

the global mantle potential temperature map reported by Waszek et al. (2021). We

calculated the mantle adiabats for each geographical location based on their respective

mantle potential temperature using HeFESTo, assuming a mechanically mixed (MM)

mantle of 20% basalt and 80% harzburgite. We then took the mantle temperature at

the “660-km” depth along the respective mantle adiabat as the T660 for that specific

geographical location.

The simple extrapolations we used here to estimate T660 may introduce significant

errors. For example, slab geometry may vary significantly beyond 250 km for some arc

segments, and our assumption of the constant temperature gradient for all slab segments

is likely unrealistic. The actual mantle temperatures for some slab segments at the

“660-km” depths may deviate from our estimates. With that being said, this composite

T660 model serves as reasonable first-order approximations for the lateral variation of

mantle temperature across the “660-km” discontinuity.

214



APPENDIX C. SUPPLEMENTARY MATERIALS FOR CHAPTER 4

Figure C.1: Difference between pressures (in GPa) calculated based on the W

scale (Sokolova et al. 2016) and pressures based on the KCl scale (Tateno et al.

2019). The PW estimates deviate significantly from those of PKCl at high temperatures,

likely due to lack of thermal EoS data on W at >∼1673 K (Litasov et al. 2013; Sokolova

et al. 2016). Therefore, we chose KCl as our primary pressure scale, and all pressures

reported in the main text are based on the EoS of PKCl from Tateno et al. (2019) The

PW estimates upon heating in D14 spot 1 are plotted in blue circles; their respective PKCl

estimates are plotted in a solid yellow line with the uncertainty range in dashed yellow

lines.
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Original data set

Training set
(70%)

Testing set 
(30%)

Hyperparameters

Grid search with
cross-validation

Hyperparameter-
optimized model 

Polynomial degree
n = 1− 5

Training scoreTesting score

Final evaluation

Figure C.2: Flow chart of machine learning procedure. The original dataset is

split into two sets: a training set (70%) and a testing set (30%). With the training dataset,

hyperparameters in the multi-class logistic model are optimized using grid searching with

cross-validation. The F1 scores are estimated for the hyperparameter-optimized multi-

class logistic models of the polynomials by degree 1 to 5 on the train set and test set,

respectively; The best model is selected based on the F1 score of the testing set in the

final evaluation.
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Figure C.3 (following page): Benchmarks on the rw ↔ bm + pe post-spinel tran-

sition with the simple binary logistic model for each literature dataset. Phase

stability observations on rw and bm + pe are color-coded in blue and yellow, respectively.

Phase boundaries predicted by the simple binary logistic models are plotted as solid red

lines while the free-hand drawn phase boundaries previously reported by their respective

studies are plotted as dashed black lines. Clapeyron slopes estimated by the simple binary

logistic models and free-hand drawing are shown in red and black, respectively. Addi-

tional information about the literature dataset is listed above each subplot, including the

abbreviations for the relevant study, the type of high pressure techniques used, whether

the data was collected in situ or ex situ, the type of pressure scale or calibration used,

and the type of temperature measurement. The following abbreviations are used: I89,

Ito Takahashi (1989); I98, Irifune et al. (1998); S01, Shim et al. (2001); K03, Katsura

et al. (2003); F04, Fei et al. (2004); I11, Ishii et al. (2011); G13, Ghosh et al. (2013);

C22, Chanyshev et al. (2022); MA, multi-anvil press; DAC, diamond anvil cell; TC,

thermocouple; Spec., spectroradiometer.
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Figure C.4: Benchmarks on the wd ↔ bm+pe transition with the simple binary

logistic model for each literature dataset. Phase stability observations on wd and

bm + pe are color-coded in red and yellow, respectively. Phase boundaries predicted by

the simple binary logistic models are plotted as solid red lines. Clapeyron slopes estimated

by the simple binary logistic models are shown in red. Additional information about the

literature dataset is listed above each subplot, including the abbreviations for the relevant

study, the type of high pressure techniques used, whether the data was collected in situ

or ex situ, the type of pressure scale or calibration used, and the type of temperature

measurement. The following abbreviations are used: C01, Chudinovskikh & Boehler

(2001); DAC, diamond anvil cell; Spec., spectroradiometer; misc., miscellaneous pressure

scales.
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Figure C.5 (following page): Benchmarks on the wd ↔ rw transition with the

simple binary logistic model for each literature dataset. Phase stability obser-

vations on wd and rw are color-coded in red and blue, respectively. Phase boundaries

predicted by the simple binary logistic models are plotted as solid red lines while the free-

hand drawn phase boundaries previously reported by their respective studies are plotted

as dashed black lines. Clapeyron slopes estimated by the simple binary logistic models

and free-hand drawing are shown in red and black, respectively. Additional informa-

tion about the literature dataset is listed above each subplot, including the abbreviations

for the relevant study, the type of high pressure techniques used, whether the data was

collected in situ or ex situ, the type of pressure scale or calibration used, and the type

of temperature measurement. The following abbreviations are used: S00, Suzuki et al.

(2000); I06, (Inoue et al., 2006); I11, Ishii et al. (2011); MA, multi-anvil press; DAC,

diamond anvil cell; TC, thermocouple; Spec., spectroradiometer.
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Table C.2:: In situ phase stability observations in Mg2SiO4 compiled from literature

with corrected pressures and temperatures.

Exp # T (K) P (GPa) Phase

C22 1238 22.9 rw

C22 1238 23.0 rw

C22 1239 23.3 rw

C22 1240 24.2 bm

C22 1292 23.5 rw

C22 1344 23.4 rw

C22 1345 23.7 bm

C22 1397 23.6 rw

C22 1450 23.6 rw

C22 1450 23.7 bm

C22 1450 23.5 rw

C22 1451 23.9 bm

C22 1556 23.4 rw

C22 1556 23.4 rw

C22 1556 23.5 rw

C22 1557 23.8 bm

C22 1557 23.7 bm

C22 1557 23.6 rw

C22 1610 23.6 rw

C22 1610 23.8 bm
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C22 1610 23.5 rw

C22 1610 23.6 bm

C22 1663 23.7 bm

C22 1663 23.5 rw

C22 1663 23.6 rw

C22 1663 23.7 bm

C22 1716 23.5 rw

C22 1717 23.6 bm

C22 1717 23.6 bm

C22 1770 23.5 rw

C22 1770 23.7 bm

C22 1823 23.4 rw

C22 1824 23.6 bm

C22 1824 23.5 bm

C22 1877 23.4 rw

C22 1877 23.5 bm

C22 1931 23.3 rw

C22 1931 23.4 bm

C22 1984 23.2 rw

C22 1984 23.4 rw

C22 1985 23.5 bm

C22 1985 23.5 bm

C22 2038 23.0 rw
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C22 2038 23.2 rw

C22 2038 23.4 bm

C22 2038 23.3 rw

G13 1273 21.0 rw

G13 1273 21.2 rw

G13 1273 21.3 rw

G13 1273 21.3 rw

G13 1273 21.4 rw

G13 1273 21.4 rw

G13 1273 21.9 rw

G13 1273 20.9 rw

G13 1273 21.1 rw

G13 1273 21.2 rw

G13 1273 21.3 rw

G13 1273 22.2 bm

G13 1273 22.3 bm

G13 1273 22.3 bm

G13 1273 22.3 bm

G13 1273 22.3 bm

G13 1273 22.5 bm

G13 1273 22.5 bm

G13 1273 22.4 bm

G13 1273 22.5 bm
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G13 1273 22.5 bm

G13 1273 23.9 rw

G13 1273 23.9 rw

G13 1273 23.9 rw

G13 1273 23.9 rw

G13 1273 23.9 bm

G13 1273 23.9 bm

G13 1273 23.9 bm

G13 1273 23.9 bm

G13 1373 24.1 bm

G13 1373 24.0 bm

G13 1373 24.1 bm

G13 1373 21.8 rw

G13 1373 21.9 rw

G13 1373 21.9 rw

G13 1373 22.0 rw

G13 1373 22.0 rw

G13 1373 22.6 bm

G13 1373 22.7 bm

G13 1373 22.7 bm

G13 1373 22.8 bm

G13 1373 22.7 bm

G13 1373 22.6 bm
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G13 1373 22.5 bm

G13 1373 22.6 bm

G13 1473 22.1 rw

G13 1473 22.1 rw

G13 1473 22.1 rw

G13 1473 22.5 bm

G13 1473 22.5 bm

G13 1473 22.6 bm

G13 1473 22.5 bm

G13 1473 22.6 bm

G13 1473 22.7 bm

G13 1473 22.7 bm

G13 1473 22.7 bm

G13 1473 22.7 bm

G13 1473 22.5 bm

G13 1473 22.6 bm

G13 1473 22.3 bm

G13 1473 21.7 rw

G13 1473 21.8 rw

G13 1473 22.0 rw

G13 1573 22.9 bm

G13 1573 22.6 bm

G13 1573 22.6 bm
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G13 1573 21.3 rw

G13 1573 21.2 rw

G13 1573 21.1 rw

G13 1573 21.2 rw

G13 1573 21.1 rw

G13 1573 21.2 rw

G13 1573 21.1 rw

G13 1573 20.7 rw

G13 1573 20.9 rw

G13 1573 20.8 rw

G13 1573 20.6 rw

G13 1573 20.5 rw

G13 1573 20.5 rw

G13 1573 20.5 rw

G13 1573 22.2 bm

G13 1573 22.2 bm

G13 1573 21.9 bm

G13 1573 21.9 bm

G13 1573 22.2 rw

G13 1573 21.0 rw

G13 1573 22.2 bm

G13 1573 21.0 bm

G13 1623 22.6 bm
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G13 1623 22.4 bm

G13 1623 22.2 bm

G13 1623 22.4 bm

G13 1623 22.1 bm

G13 1623 22.2 bm

G13 1623 22.0 bm

G13 1623 22.1 bm

G13 1673 22.2 bm

G13 1673 22.0 bm

G13 1673 21.9 bm

G13 1673 22.1 bm

G13 1673 22.0 bm

G13 1673 21.9 bm

G13 1673 21.9 bm

G13 1673 23.0 bm

G13 1673 22.2 bm

G13 1673 22.0 bm

G13 1673 22.4 bm

G13 1673 22.5 bm

G13 1673 22.6 bm

G13 1673 21.6 rw

G13 1673 21.5 rw

G13 1673 21.5 rw
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G13 1673 21.3 rw

G13 1773 20.2 rw

G13 1773 20.3 rw

G13 1773 20.2 rw

G13 1773 22.3 bm

G13 1773 22.3 bm

G13 1773 22.4 bm

G13 1773 22.4 bm

G13 1773 22.3 bm

G13 1773 22.3 bm

G13 1773 22.5 bm

G13 1773 22.5 bm

G13 1773 20.5 rw

G13 1773 20.5 rw

G13 1873 19.9 rw

G13 1873 20.2 rw

G13 1873 20.1 rw

G13 1873 20.0 rw

G13 1873 20.2 rw

G13 1873 20.0 rw

G13 1873 19.8 rw

G13 1873 22.6 bm

G13 1873 22.6 bm
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G13 1873 22.9 bm

G13 1873 22.8 bm

G13 1873 22.8 bm

G13 1873 22.8 bm

G13 1873 22.7 bm

G13 1873 22.8 bm

G13 1873 22.8 bm

G13 1873 20.7 rw

G13 1873 20.7 rw

G13 1873 20.6 rw

G13 1873 21.3 rw

G13 1873 20.4 rw

G13 1923 20.4 rw

G13 1923 19.8 rw

G13 1923 19.3 rw

G13 1973 19.8 rw

G13 1973 19.7 rw

G13 1973 19.7 rw

G13 1973 19.7 rw

G13 1973 19.6 rw

G13 1973 19.4 rw

G13 1973 19.5 rw

G13 1973 22.8 bm

242



APPENDIX C. SUPPLEMENTARY MATERIALS FOR CHAPTER 4

G13 1973 22.8 bm

G13 1973 23.0 bm

G13 1973 23.2 bm

G13 1973 23.3 bm

G13 1973 23.0 bm

G13 1973 23.0 bm

G13 1973 22.3 bm

G13 1973 22.5 bm

G13 1973 21.7 rw

G13 1973 21.5 rw

G13 1973 21.5 rw

G13 1973 21.0 rw

G13 1973 19.3 rw

G13 2023 23.3 bm

G13 2023 23.1 bm

I11 1673 24.6 bm

I11 1673 25.0 bm

I11 1673 25.5 bm

I11 1673 23.8 rw

I11 1673 23.3 rw

I11 1673 22.9 rw

I11 1673 24.1 rw

I11 1673 24.1 bm

243



APPENDIX C. SUPPLEMENTARY MATERIALS FOR CHAPTER 4

I11 1673 22.3 rw

I11 1673 26.2 bm

I11 1673 26.7 bm

I11 1773 22.9 rw

I11 1773 23.3 rw

I11 1773 22.9 rw

I11 1773 24.6 bm

I11 1773 24.1 bm

I11 1773 23.8 rw

I11 1773 23.8 bm

I11 1773 23.8 rw

I11 1773 23.8 bm

I11 1873 25.0 bm

I11 1873 24.1 bm

I11 1873 24.6 bm

I11 1873 23.8 rw

I11 1873 23.8 bm

I11 1873 22.3 rw

I11 1873 22.9 rw

I11 1873 23.3 rw

I11 1873 21.1 wd

I11 1873 23.8 rw

I11 1873 23.8 bm
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I11 1873 22.9 rw

I11 1873 21.8 rw

I11 1973 22.9 rw

I11 1973 22.3 wd

I11 1973 22.9 rw

I11 1973 23.8 bm

I11 1973 23.8 bm

I11 1973 23.3 rw

I11 1973 23.3 bm

I11 1973 21.1 wd

I11 2073 22.9 wd

I11 2073 22.9 bm

I11 2073 23.3 rw

I11 2073 23.3 bm

I11 2073 22.9 wd

I11 2073 22.9 bm

I11 2073 22.3 wd

I11 2073 25.0 bm

I11 2073 23.8 bm

I11 2073 23.3 rw

I11 2073 23.3 bm

I11 2073 28.0 bm

I11 2073 27.0 bm
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I11 2073 26.2 bm

I11 2073 25.5 bm

I11 2073 21.1 wd

I06 300 13.9 wd

I06 300 15.2 wd

I06 300 15.3 wd

I06 1473 18.9 rw

I06 1573 18.8 rw

I06 1573 19.0 rw

I06 1573 19.0 rw

I06 1573 18.5 rw

I06 1573 18.5 rw

I06 1573 18.8 rw

I06 1573 18.8 rw

I06 1573 19.0 rw

I06 1573 19.0 rw

I06 1573 18.9 rw

I06 1573 18.3 wd

I06 1573 18.5 wd

I06 1573 18.5 wd

I06 1573 18.9 wd

I06 1623 19.0 rw

I06 1673 19.2 rw

246



APPENDIX C. SUPPLEMENTARY MATERIALS FOR CHAPTER 4

I06 1673 19.5 rw

I06 1673 19.5 rw

I06 1673 19.2 rw

I06 1673 19.1 rw

I06 1673 18.4 wd

I06 1723 18.8 wd

I06 1723 18.3 wd

I06 1723 18.3 wd

I06 1773 19.7 rw

I06 1773 19.5 rw

I06 1773 17.9 wd

I06 1773 17.8 wd

I06 1773 19.4 wd

F04 1673 23.4 bm

F04 1673 23.4 rw

F04 1673 24.6 bm

F04 1873 22.1 rw

F04 1873 22.1 rw

F04 1873 22.7 rw

F04 1873 22.4 rw

F04 1873 23.1 bm

F04 1873 25.6 bm

F04 2023 22.6 rw
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F04 2023 23.0 bm

F04 2173 21.6 wd

F04 2173 22.5 wd

F04 2173 22.8 wd

F04 2173 22.8 rw

F04 2173 22.8 bm

K03 1200 24.8 bm

K03 1350 24.4 bm

K03 1550 23.2 bm

K03 1550 22.8 bm

K03 1550 22.2 bm

K03 1550 21.4 rw

K03 1557 22.9 bm

K03 1557 22.7 bm

K03 1600 24.3 bm

K03 1600 22.1 bm

K03 1600 21.8 rw

K03 1607 22.3 bm

K03 1650 22.3 bm

K03 1650 21.8 rw

K03 1650 21.5 rw

K03 1660 22.1 bm

K03 1700 22.5 bm
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K03 1700 21.8 rw

K03 1750 21.8 rw

K03 1784 22.2 bm

K03 1800 22.4 bm

K03 1800 23 bm

K03 1800 20.6 rw

K03 1800 20.4 rw

K03 1800 21.6 rw

K03 1850 20.9 rw

K03 1900 23.1 bm

K03 1900 22.8 bm

K03 1900 21.4 rw

K03 1900 20.8 rw

K03 2000 23.2 bm

K03 2000 22.5 bm

K03 2000 23.6 bm

K03 2050 22.2 bm

K03 2050 20.9 rw

K03 2100 21.1 rw

S01 1699 21.0 rw

S01 1699 21.3 rw

S01 1670 21.4 rw

S01 1534 22.4 rw
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S01 1576 23.1 rw

S01 1502 23.0 rw

S01 1509 23.9 rw

S01 1502 24.1 rw

S01 1730 21.7 rw

S01 1466 30.4 bm

S01 1731 29.7 bm

S01 1879 30.0 bm

S01 1461 27.4 bm

S01 1591 27.7 bm

S01 1701 28.3 bm

S01 1809 28.5 bm

S01 1869 28.4 bm

S01 1882 28.6 bm

S01 1964 28.0 bm

S01 2145 27.5 bm

S01 2135 27.0 bm

S01 2233 26.3 bm

S01 2195 25.6 bm

S01 2218 24.9 bm

S01 2235 24.9 bm

S01 1779 25.1 bm

S01 1771 24.9 bm
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S01 1556 25.9 bm

S01 1461 24.7 bm

S01 2027 23.6 bm

S01 2032 23.2 bm

C01 1800 25.8 bm

C01 1800 22.6 rw

C01 1800 22.6 bm

C01 1880 23.0 bm

C01 1950 22.0 rw

C01 1950 24.0 bm

C01 2000 21.2 wd

C01 2000 21.2 rw

C01 2030 23.0 rw

C01 2030 23.0 bm

C01 2030 22.2 rw

C01 2050 21.1 rw

C01 2100 21.3 wd

C01 2100 21.3 rw

C01 2200 22.5 rw

C01 2200 22.5 bm

C01 2230 22.2 rw

C01 2300 20.0 wd

C01 2330 22.7 wd
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C01 2350 23.0 bm

C01 2350 21.7 bm

C01 2350 24.0 bm

C01 2360 21.1 wd

C01 2430 21.9 wd

C01 2870 22.0 bm

S00 922 15.0 rw

S00 924 15.3 rw

S00 973 16.4 rw

S00 1075 16.3 rw

S00 1174 17.2 rw

S00 1275 17.4 rw

S00 1073 18.3 rw

S00 1204 18.9 rw

S00 973 19.5 rw

S00 1024 15.3 wd

S00 1146 15.0 wd

S00 1173 14.9 wd

S00 1372 14.9 wd

S00 1261 15.9 wd

S00 1154 16.3 wd

S00 1328 17.1 wd

S00 1376 15.8 wd
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S00 1477 16.6 wd

S00 1479 17.9 wd

S00 1775 18.1 wd

I98 1673 20.3 rw

I98 1673 21.3 rw

I98 1673 21.8 bm

I98 1673 22.1 bm

I98 1673 22.5 bm

I98 1723 21.5 rw

I98 1773 19.5 rw

I98 1773 20.4 rw

I98 1773 20.4 rw

I98 1773 20.9 rw

I98 1773 21.0 rw

I98 1773 21.2 rw

I98 1773 21.5 bm

I98 1773 21.7 bm

I98 1823 21.1 rw

I98 1823 21.2 rw

I98 1848 20.6 rw

I98 1873 20.6 rw

I98 1873 20.9 rw

I98 1873 21.0 rw
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I98 1873 21.3 bm

I98 1873 21.1 bm

I98 1923 21.1 bm

I98 1923 21.2 bm

I98 1973 21.1 bm

I98 1973 21.2 bm

I98 1973 21.2 bm

I98 1973 21.3 bm

I98 1973 21.3 bm

I98 2023 21.2 bm

I98 2053 20.4 rw

I98 2073 20.8 bm

I89 1273 25 bm

I89 1273 24.5 rw

I89 1273 24.8 rw

I89 1273 24.8 bm

I89 1373 25 bm

I89 1373 24.8 bm

I89 1373 24.5 rw

I89 1373 24.5 bm

I89 1373 24.2 rw

I89 1573 24.8 bm

I89 1573 24.5 bm
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I89 1573 24 rw

I89 1573 24 bm

I89 1573 23.5 rw

I89 1873 24.5 bm

I89 1873 24.1 bm

I89 1873 22.8 rw

I89 1873 23.1 rw

I89 1873 23.1 bm

I89 1873 22.8 rw

The following abbreviations are used: [C22] Chanyshev, A., Ishii, T., Bondar, D.,

Bhat, S., Kim, E. J., Farla, R., Nishida, K., Liu, Z., Wang, L., Nakajima, A., Yan,

B., Tang, H., Chen, Z., Higo, Y., Tange, Y., & Katsura, T. (2022). Depressed 660-km

discontinuity caused by akimotoite–bridgmanite transition. Nature, 601(7891), 69–73.

[G13] Ghosh, S., Ohtani, E., Litasov, K. D., Suzuki, A., Dobson, D., & Funakoshi, K.

(2013). Effect of water in depleted mantle on post-spinel transition and implication for

660km seismic discontinuity. Earth and Planetary Science Letters, 371–372, 103–111.

[I11] Ishii, T., Kojitani, H., & Akaogi, M. (2011). Post-spinel transitions in pyrolite

and Mg2SiO4 and akimotoite-perovskite transition in MgSiO3: Precise comparison by

high-pressure high-temperature experiments with multi-sample cell technique. Earth

and Planetary Science Letters, 309(3–4), 185–197. [I06] Inoue, T., Irifune, T., Higo, Y.,

Sanehira, T., Sueda, Y., Yamada, A., Shinmei, T., Yamazaki, D., Ando, J., Funakoshi,
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K., & Utsumi, W. (2006). The phase boundary between wadsleyite and ringwoodite in

Mg2SiO4 determined by in situ X-ray diffraction. Physics and Chemistry of Minerals,

33(2), 106–114. [F04] Fei, Y., van Orman, J., Li, J., van Westrenen, W., Sanloup,

C., Minarik, W., Hirose, K., Komabayashi, T., Walter, M., & Funakoshi, K. (2004).

Experimentally determined postspinel transformation boundary in Mg2SiO4 using MgO

as an internal pressure standard and its geophysical implications. Journal of Geophysical

Research: Solid Earth, 109(B2). [K03] Katsura, T., Yamada, H., Shinmei, T., Kubo,

A., Ono, S., Kanzaki, M., Yoneda, A., Walter, M. J., Ito, E., Urakawa, S., Funakoshi,

K., & Utsumi, W. (2003). Post-spinel transition in Mg2SiO4 determined by high P–T in

situ X-ray diffractometry. Physics of the Earth and Planetary Interiors, 136(1–2), 11–24.

[S01] Shim, S.-H., Duffy, T. S., & Shen, G. (2001). The post-spinel transformation in

Mg2SiO4 and its relation to the 660-km seismic discontinuity. Nature, 411, 571–574.

[C01] Chudinovskikh, L., & Boehler, R. (2001). High-pressure polymorphs of olivine

and the 660-km seismic discontinuity. Nature, 411, 574–577. [S00] Suzuki, A., Ohtani,

E., Morishima, H., Kubo, T., Kanbe, Y., Kondo, T., Okada, T., Terasaki, H., Kato, T.,

& Kikegawa, T. (2000). In situ determination of the phase boundary between wadsleyite

and ringwoodite in Mg2SiO4. Geophysical Research Letters, 27(6), 803–806. [I98]

Irifune, T., Nishiyama, N., Kuroda, K., Inoue, T., Isshiki, M., Utsumi, W., Urakawa,

S., Uchida, T., & Ohtaka, O. (1998). The Postspinel Phase Boundary in Mg2SiO4

Determined by in Situ X-ray Diffraction. Science, 279(5357), 1698–1700. [I89] Ito, E.,

& Takahashi, E. (1989). Postspinel transformations in the system Mg2SiO4–Fe2SiO4 and

some geophysical implications. Journal of Geophysical Research, 94(B8).
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Table C.3:: In situ phase stability observations in Mg2SiO4 compiled from literature

with uncorrected pressures and temperatures.

Exp # T (K) P (GPa) Phase

C22 1238 22.9 rw

C22 1238 23.0 rw

C22 1239 23.3 rw

C22 1240 24.2 bm

C22 1292 23.5 rw

C22 1344 23.4 rw

C22 1345 23.7 bm

C22 1397 23.6 rw

C22 1450 23.6 rw

C22 1450 23.7 bm

C22 1450 23.5 rw

C22 1451 23.9 bm

C22 1556 23.4 rw

C22 1556 23.4 rw

C22 1556 23.5 rw

C22 1557 23.8 bm

C22 1557 23.7 bm

C22 1557 23.6 rw

C22 1610 23.6 rw

C22 1610 23.8 bm
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C22 1610 23.5 rw

C22 1610 23.6 bm

C22 1663 23.7 bm

C22 1663 23.5 rw

C22 1663 23.6 rw

C22 1663 23.7 bm

C22 1716 23.5 rw

C22 1717 23.6 bm

C22 1717 23.6 bm

C22 1770 23.5 rw

C22 1770 23.7 bm

C22 1823 23.4 rw

C22 1824 23.6 bm

C22 1824 23.5 bm

C22 1877 23.4 rw

C22 1877 23.5 bm

C22 1931 23.3 rw

C22 1931 23.4 bm

C22 1984 23.2 rw

C22 1984 23.4 rw

C22 1985 23.5 bm

C22 1985 23.5 bm

C22 2038 23.0 rw
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C22 2038 23.2 rw

C22 2038 23.4 bm

C22 2038 23.3 rw

K09 309 11.8 wd

K09 309 19.0 wd

K09 310 14.6 wd

K09 311 14.6 wd

K09 312 13.2 wd

K09 312 15.6 wd

K09 312 17.2 wd

K09 313 12.6 wd

K09 313 16.3 wd

K09 313 16.2 wd

K09 320 14.1 wd

K09 507 12.8 wd

K09 507 12.0 wd

K09 508 14.7 wd

K09 508 14.8 wd

K09 508 15.8 wd

K09 508 16.5 wd

K09 508 16.4 wd

K09 509 17.4 wd

K09 711 12.4 wd
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K09 712 13.0 wd

K09 713 15.0 wd

K09 713 15.2 wd

K09 713 16.1 wd

K09 713 16.6 wd

K09 714 16.8 wd

K09 714 17.8 wd

K09 917 13.4 wd

K09 917 12.7 wd

K09 919 15.4 wd

K09 919 15.6 wd

K09 920 16.5 wd

K09 920 17.3 wd

K09 920 16.9 wd

K09 921 18.1 wd

K09 1123 13.2 wd

K09 1124 13.7 wd

K09 1126 15.8 wd

K09 1127 16.1 wd

K09 1128 17.1 wd

K09 1128 17.7 wd

K09 1128 17.2 wd

K09 1129 18.7 wd
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K09 1332 14.1 wd

K09 1332 13.7 wd

K09 1335 16.2 wd

K09 1336 16.6 wd

K09 1337 17.6 wd

K09 1337 17.6 wd

K09 1338 18.3 wd

K09 1339 19.1 wd

K09 1437 14.3 wd

K09 1540 13.7 wd

K09 1541 13.9 wd

K09 1541 14.1 wd

K09 1542 14.5 wd

K09 1542 14.8 wd

K09 1545 16.6 wd

K09 1546 17.2 wd

K09 1546 17.1 wd

K09 1547 17.9 wd

K09 1547 17.7 wd

K09 1548 18.1 wd

K09 1548 18.1 wd

K09 1549 18.8 wd

K09 1645 13.7 wd
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K09 1647 14.6 wd

K09 1647 14.5 wd

K09 1653 17.7 wd

K09 1752 14.7 wd

K09 1755 15.9 wd

K09 1757 17.0 wd

K09 1758 17.5 wd

K09 1759 17.7 wd

K09 1760 18.5 wd

K09 1760 18.4 wd

K09 1761 19.0 wd

K09 1761 19.0 wd

K09 1762 19.4 wd

K09 1762 19.7 wd

K09 1867 18.7 wd

K09 1867 18.6 wd

K09 1976 20.0 wd

K09 2193 20.8 wd

K09 2193 20.8 wd

I06 300 14.4 wd

I06 300 15.7 wd

I06 300 15.8 wd

I06 1473 19.0 rw
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I06 1573 18.8 rw

I06 1573 18.4 wd

I06 1573 18.6 wd

I06 1573 18.6 wd

I06 1573 18.6 rw

I06 1573 18.5 rw

I06 1573 18.9 rw

I06 1573 18.9 rw

I06 1573 19.0 wd

I06 1573 19.1 rw

I06 1573 19.1 rw

I06 1573 19.0 rw

I06 1573 19.0 rw

I06 1573 19.1 rw

I06 1623 19.1 rw

I06 1673 18.5 wd

I06 1673 19.3 rw

I06 1673 19.6 rw

I06 1673 19.6 rw

I06 1673 19.3 rw

I06 1673 19.2 rw

I06 1723 18.9 wd

I06 1723 18.3 wd
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I06 1723 18.3 wd

I06 1773 18.0 wd

I06 1773 17.9 wd

I06 1773 19.8 rw

I06 1773 19.6 rw

I06 1773 19.5 rw

K04 300 0.2 rw

K04 302 4.3 rw

K04 302 5.0 rw

K04 303 10.0 rw

K04 304 15.4 rw

K04 305 19.9 rw

K04 305 18.8 rw

K04 305 19.2 rw

K04 305 19.4 rw

K04 305 20.8 rw

K04 305 21.5 rw

K04 305 22.1 rw

K04 305 22.2 rw

K04 305 20.1 rw

K04 305 16.9 rw

K04 306 22.5 rw

K04 309 19.5 rw
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K04 407 20.1 rw

K04 407 18.9 rw

K04 508 15.4 rw

K04 509 20.1 rw

K04 509 19.0 rw

K04 509 19.5 rw

K04 509 17.1 rw

K04 510 22.3 rw

K04 510 20.3 rw

K04 612 20.2 rw

K04 612 19.1 rw

K04 713 15.6 rw

K04 714 17.4 rw

K04 715 20.3 rw

K04 715 19.3 rw

K04 715 19.9 rw

K04 715 20.6 rw

K04 716 22.5 rw

K04 716 22.6 rw

K04 818 19.4 rw

K04 819 20.5 rw

K04 919 16.1 rw

K04 921 17.9 rw
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K04 922 20.7 rw

K04 922 19.6 rw

K04 922 20.3 rw

K04 923 21.0 rw

K04 924 22.9 rw

K04 1026 19.8 rw

K04 1027 20.9 rw

K04 1127 16.6 rw

K04 1129 18.3 rw

K04 1130 20.0 rw

K04 1131 21.1 rw

K04 1131 21.2 rw

K04 1131 21.4 rw

K04 1133 23.2 rw

K04 1133 23.3 rw

K04 1235 20.2 rw

K04 1236 21.3 rw

K04 1338 18.8 rw

K04 1340 20.4 rw

K04 1342 21.6 rw

K04 1342 21.8 rw

K04 1342 21.9 rw

K04 1344 23.6 rw
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K04 1344 23.7 rw

K04 1446 20.7 rw

K04 1447 21.9 rw

K04 1450 23.8 rw

K04 1550 19.3 rw

K04 1551 20.3 rw

K04 1551 20.0 rw

K04 1552 20.9 rw

K04 1552 20.9 rw

K04 1553 21.7 rw

K04 1554 22.6 rw

K04 1554 22.1 rw

K04 1554 22.2 rw

K04 1554 22.3 rw

K04 1555 23.4 rw

K04 1556 24.0 rw

K04 1556 24.0 rw

K04 1608 22.6 rw

K04 1658 21.1 rw

K04 1659 22.4 rw

K04 1660 22.4 rw

K04 1660 22.0 rw

K04 1661 22.7 rw
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K04 1661 22.6 rw

K04 1714 22.6 rw

K04 1764 20.7 rw

K04 1765 21.3 rw

K04 1765 21.5 rw

K04 1767 22.6 rw

K04 1767 22.2 rw

K04 1767 22.3 rw

K04 1767 22.2 rw

K04 1767 22.2 rw

K04 1768 22.7 rw

K04 1768 23.2 rw

K04 1768 22.7 rw

K04 1769 23.8 rw

K04 1769 23.5 rw

K04 1821 22.9 rw

K04 1872 21.2 rw

K04 1872 21.5 rw

K04 1873 22.1 rw

K04 1874 22.5 rw

K04 1874 22.4 rw

K04 1874 22.1 rw

K04 1875 22.7 rw
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K04 1876 23.3 rw

K04 1928 22.8 rw

K04 1977 20.5 rw

K04 1978 21.0 rw

K04 1978 20.7 rw

K04 1979 21.3 rw

K04 1979 21.4 rw

K04 1979 21.2 rw

K04 1980 21.9 rw

K04 1980 21.9 rw

K04 1980 21.6 rw

K04 1982 22.7 rw

K04 1982 22.6 rw

K04 1982 22.5 rw

K04 1983 23.3 rw

K04 2036 22.5 rw

K04 2088 21.9 rw

K04 2089 22.5 rw

K03 1240 26.0 bm

K03 1398 25.7 bm

K03 1607 22.5 rw

K03 1608 23.4 bm

K03 1609 24.0 bm

269



APPENDIX C. SUPPLEMENTARY MATERIALS FOR CHAPTER 4

K03 1610 24.5 bm

K03 1616 23.9 bm

K03 1617 24.1 bm

K03 1661 23.3 bm

K03 1661 23.0 rw

K03 1664 25.7 bm

K03 1669 23.5 bm

K03 1714 23.0 rw

K03 1714 22.7 rw

K03 1715 23.5 bm

K03 1725 23.3 bm

K03 1767 23.0 rw

K03 1769 23.8 bm

K03 1821 23.0 rw

K03 1858 23.5 bm

K03 1872 21.7 rw

K03 1872 21.5 rw

K03 1874 22.8 rw

K03 1876 23.7 bm

K03 1877 24.4 bm

K03 1926 22.1 rw

K03 1980 22.0 rw

K03 1981 22.6 rw
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K03 1984 24.2 bm

K03 1985 24.5 bm

K03 2091 23.9 bm

K03 2093 24.7 bm

K03 2094 25.1 bm

K03 2142 22.1 rw

K03 2145 23.6 bm

K03 2196 22.3 rw

S01 1461 28.6 bm

S01 1461 25.9 bm

S01 1466 31.6 bm

S01 1502 24.1 rw

S01 1502 25.3 rw

S01 1509 25.1 rw

S01 1534 23.6 rw

S01 1556 27.2 bm

S01 1576 24.3 rw

S01 1591 28.9 bm

S01 1670 22.7 rw

S01 1699 22.3 rw

S01 1699 22.6 rw

S01 1701 29.6 bm

S01 1730 23.0 rw
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S01 1731 31.0 bm

S01 1771 26.3 bm

S01 1779 26.4 bm

S01 1809 29.9 bm

S01 1869 29.7 bm

S01 1879 31.4 bm

S01 1882 30.0 bm

S01 1964 29.5 bm

S01 2027 25.0 bm

S01 2032 24.7 bm

S01 2135 28.5 bm

S01 2145 29.1 bm

S01 2195 27.2 bm

S01 2218 26.5 bm

S01 2233 27.9 bm

S01 2235 26.5 bm

I98 1736 21.4 rw

I98 1738 22.5 rw

I98 1739 23.0 bm

I98 1739 23.3 bm

I98 1740 23.7 bm

I98 1791 22.7 rw

I98 1841 20.5 rw
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I98 1843 21.5 rw

I98 1843 21.5 rw

I98 1844 22.0 rw

I98 1844 22.1 rw

I98 1844 22.3 rw

I98 1845 22.6 bm

I98 1845 22.9 bm

I98 1898 22.3 rw

I98 1898 22.4 rw

I98 1924 21.7 rw

I98 1950 21.8 rw

I98 1951 22.0 rw

I98 1951 22.1 rw

I98 1951 22.3 bm

I98 1952 22.5 bm

I98 2005 22.3 bm

I98 2005 22.4 bm

I98 2059 22.3 bm

I98 2059 22.4 bm

I98 2059 22.5 bm

I98 2059 22.5 bm

I98 2060 22.6 bm

I98 2113 22.4 bm
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I98 2143 21.5 rw

I98 2166 22.0 bm

The following abbreviations are used: [C22] Chanyshev, A., Ishii, T., Bondar, D.,

Bhat, S., Kim, E. J., Farla, R., Nishida, K., Liu, Z., Wang, L., Nakajima, A., Yan,

B., Tang, H., Chen, Z., Higo, Y., Tange, Y., & Katsura, T. (2022). Depressed 660-km

discontinuity caused by akimotoite–bridgmanite transition. Nature, 601(7891), 69–73.

[K09] Katsura, T., Shatskiy, A., Manthilake, M. A. G. M., Zhai, S., Yamazaki, D.,

Matsuzaki, T., Yoshino, T., Yoneda, A., Ito, E., Sugita, M., Tomioka, N., Nozawa, A.,

& Funakoshi, K. I. (2009). P-V-T relations of wadsleyite determined by in situ X-ray

diffraction in a large-volume high-pressure apparatus. Geophysical Research Letters,

36(11). [I06] Inoue, T., Irifune, T., Higo, Y., Sanehira, T., Sueda, Y., Yamada, A.,

Shinmei, T., Yamazaki, D., Ando, J., Funakoshi, K., & Utsumi, W. (2006). The phase

boundary between wadsleyite and ringwoodite in Mg2SiO4 determined by in situ X-ray

diffraction. Physics and Chemistry of Minerals, 33(2), 106–114. [K04] Katsura, T.,

Yokoshi, S., Song, M., Kawabe, K., Tsujimura, T., Kubo, A., Ito, E., Tange, Y., Tomioka,

N., Saito, K., Nozawa, A., & Funakoshi, K. I. (2004). Thermal expansion of Mg2SiO4

ringwoodite at high pressures. Journal of Geophysical Research: Solid Earth, 109(12),

1–10. [K03] Katsura, T., Yamada, H., Shinmei, T., Kubo, A., Ono, S., Kanzaki, M.,

Yoneda, A., Walter, M. J., Ito, E., Urakawa, S., Funakoshi, K., & Utsumi, W. (2003).

Post-spinel transition in Mg2SiO4 determined by high P-T in situ X-ray diffractometry.

Physics of the Earth and Planetary Interiors, 136(1–2), 11–24. [S01] Shim, S.-H., Duffy,
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Table C.5:: Subducting slabs and their T660 and γpost-spinel.

Name Lat. Lon. T660 (K) γpost-spinel (MPa/K)

Subducting slabs accompanied by the post-spinel transntion

NC Chile -24.72 -68.53 1637 -0.9

Solomon -5.83 154.93 1466 -0.6

Ryukyu 27.85 128.25 1522 -0.6

Scotia -57.78 -26.45 1468 -0.6

Java -7.81 111.76 1461 -0.6

C Sumatra 0.08 99.98 1611 -0.8

S Antilles 13.33 -61.18 1649 -0.9

N Chile -20.83 -68.63 1568 -0.7

Sunda Strait -6.75 106.68 1404 -0.7

N Phil 16.33 120.55 1565 -0.7

C Chile -35.24 -70.57 1762 -1.5

S Vanuatu -20.2 169.83 1448 -0.6

Bonin 27.24 140.88 1483 -0.6

Alaska Peninsula 56.53 -158.8 1520 -0.6

New Zealand -37.86 176.98 1532 -0.6

Kermadec -30.2 -178.47 1451 -0.6

Hokkaido 44.62 147 1409 -0.7

S Marianas 17.6 145.83 1448 -0.6

S Sumatra -3.38 102.37 1462 -0.6

New Britain -5.53 150.9 1537 -0.6
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Alaska 58.87 -153.55 1573 -0.7

North Cascadia 42 121.5 1932 -2.9

N Marianas 21.93 143.44 1622 -0.8

N Vanuatu -13.8 167.47 1528 -0.6

Kyushu 31.22 130.57 1475 -0.6

GuatElSal 14.15 -90.42 1640 -0.9

Peru -16.61 -70.85 1646 -0.9

S Phil 9.59 125.52 1512 -0.6

Costa Rica 10.47 -84.73 1528 -0.6

E Banda Sea -6.73 129.5 1668 -1.0

Mexico 19.1 -99.5 1737 -1.3

N Sumatra 3.87 97.6 1662 -0.9

Central Cascadia 47 122 1877 -2.4

W Aleut 51.78 -178.8 1507 -0.6

Colombia Ecuador 0 -77.5 1813 -1.8

N Antilles 16.05 -61.67 1615 -0.8

S Chile -39.5 -71.7 1750 -1.4

E Aleut 54.13 -165.97 1493 -0.6

Izu 33.13 139.77 1475 -0.6

Nicaragua 12.5 -86.7 1623 -0.8

SC Chile -43.75 -72.8 1687 -1.1

N Honshu 40.65 140.88 1450 -0.6

Bali Lombok -8.42 116.47 1521 -0.6
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C Aleut 52.32 -172.52 1467 -0.6

C Honshu 37.62 140.28 1401 -0.7

Subducting slabs accompanied by the ak↔bm transntion

Tonga -174.87 -19.18 1324

N Kurile 155.43 50.25 1378

S Kurile 151.75 46.83 1379

Kamchatka 159.15 53.59 1376

W Banda Sea 121.83 -8.76 1382

Notes: Subduction sections and their thermal models are based on the compilation

of [S10]; When a subdcuting slab has a T660 of ∼ 1400 K, its passage across the

“660-km” depth is expected to be primaily accompancyed by the post-spinel transntion.

[S10]: Syracuse, E. M., van Keken, P. E., & Abers, G. A. (2010). The global range of

subduction zone thermal models. Physics of the Earth and Planetary Interiors, 183(1–2),

73–90.
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